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Abstract

The main goal of this article is to determine a comprehensive and well applicable model architecture, which is adequate to estimate
the system level advantages with regard to automated transportation and which is appropriate to determine possible costs and losses
with regard to the approach of such transport modes. In the study the Budapest Transportation Model is applied. Taking autonomous
vehicle penetration into account as an external variable, in the analysis a constant growth is assumed in the penetration of automated
vehicles. This article has taken the most relevant factors of transportation network into account with regard to automated cars. It is
also important to mention that the paper presents the most important modelling phases, where automated cars can be taken into
account during the macroscopic modelling process. In the first step of the process during the network definition phase it is possible
to consider the effect of automated vehicles on the transport system (e.g. separated routes). The next phase where the effect of
automated vehicles should be taken into consideration is the mode choice step (e.g. different demand segments). And finally traffic

assignment step, where the effect of automated vehicles can be represented. The easiest way for this is the modification of passenger

car units through the parameter of assigned traffic per capacity ratio.
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1 Introduction

1.1 Literature review, initial considerations

In recent days, there is a significant development in the
automotive domain, which affect the traditional transpor-
tation system significantly (Zhao et al., 2018). The role of
automation plays a more and more important role with
regard to vehicles systems (Tettamanti et al., 2016). The
advantages of automated vehicles involve more efficient,
sustainable and safer transportation (Zdldy, 2018). It is
predicted, that autonomous transportation results in more
reasonable mobility demand structures in the field of good
and passenger transportation (Fiori et al., 2019). A com-
prehensive analysis have been presented by the authors
to analyze the assumed effect of some relevant interven-
tion (Torok et al., 2019). In that article, cyberattacks are
expected to target the transportation system and not the
individual drivers. To represent the impact of the ana-
lyzed interventions the Budapest transport model has been
applied. The analysis has been provided output related to

the performance of the system with regard to the tested
attacks (Kroger et al., 2018).

Due to the growing importance of automated cars with
regard to the producer and the user groups as well, it is
more and more relevant to consider the network effect of
automated transport system.

Many professionals predict more automated vehicles.
However these trends are significantly affected by rele-
vant factors, it can be concluded that these market pro-
cesses cannot be stopped (Fox-Penner et al., 2018). Other
studies have predicted that a significant load on the elec-
trical network can approach in the next few years due to
the growing number of electric vehicles. On the other hand
probably it is possible to satisfy the demands by the exist-
ing capacity (Farhan et al., 2018). Other models has proved
that the economic efficiency of car-sharing systems can
be provided if the proportion can achieve the 10 % level
(Ye et al., 2018). Relevant researches have investigated the
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impact of automated vehicles in case of traditional trans-
port environment. The efficiency improvement and the
developed saturation indicators have been validated by
the research (Iacobucci et al., 2018). There are also rele-
vant results in the field of economic modelling related to
automated transport systems, presenting that these novel
solutions (e.g. in Tokyo) can substitute more than 7 cars
(Tacobucci et al., 2018).

This study is based on the Budapest Transportation
model (Fig. 1).! During the assessment, a constant growth
has been taken into account with regard to the number
of automated vehicles. So, the evaluated alternatives are
investigated according to the penetration of automated
vehicles. Since the driving assistant systems are assumed
to develop continuously, reachable traffic density is esti-
mated to increase significantly. The increasing traffic den-
sity has been derived from the modal-split of automated
vehicles, because the existence of man-driven vehicles
makes it necessary to consider perception and intervention
time. Furthermore the research has not taken the growth
in the number of un-reserved parking places into account
and the cost savings with regard to decrease in traffic
peaks derived from the more efficient parking processes.
The introduced reduction related to the complexity of the
model will lead to minor the achievable social-economic
savings which support the main approach of the study to
rather provide a careful estimation framework.

The assessment has been performed by a general
transportation model framework, constructed from trip
matrixes and a graph based network representation mod-
ule. The trip matrixes describe the origin-destination data
of the analyzed user groups, and the network module is
built-up in the form of a directed graph. To examine the
pre-defined alternatives, the outputs of the general trans-
port model have been used (e.g. reduction in travelled
hours, increase in travel speed, etc.). On the other hand it
has been a core objective of the analysis to provide sub-
stantial consequences related to automotive engineering
perspective with regard to the unit effect of the assumed
automation. So, the final achievements of the evaluation is
the analysis of a nowadays transportation framework and
an automated system considering the city of Budapest.

So in the following part of the discussion the applied
approaches are described. After that the obtained results
are going to be outlined. In the final part of the paper the
most important findings are explained.

1 prepared by the Centre for Budapest Transport

Fig. 1 Representation of the Budapest model

2 Applied model structure

The structure of the analysis is built up from the follow-
ing parts: describing the involved methodological solution
and identifying the input parameter-set definition of model
parameters representing the applied assumptions.

The Transportation Model of Budapest ensured the
methodological solution. The methodological solution
has been implemented in PTV Visum framework. There
are more than nine hundred traffic inner districts (Fig. 2),
more than two hundred suburb districts and more than
twenty districts outside the city. More than one and a half
million travels are analyzed in the evaluation, which rep-
resents an ordinary day. The graph is constructed from
more than ten thousand points and more than thirty thou-
sand sections. The mobility activities have been examined
by the equilibrium approach.

The used software defines the equilibrium state of
the traffic structure according to Wardrop’s first rule
(Wardrop, 1952). This method determines the assigned
traffic by programing the travels to the links of the net-
work. The aim of the programing is to find new routes
with shorter travel time. If another faster route can be
found, the software can allocate travels to the other route.
This programming step modifies the travel time of the

Fig. 2 Zone structure of the applied model



involved routes, so the traffic structure is reorganized by
the program. The program is ended when a balance in the
traffic structure is set (Pigtkowski et al., 2013). The pre-
viously interpreted calculation process is defined as the
traffic assignment step, which is responsible for ordering
journeys to the links of the graph. This process supports
the derivation of travel data (e.g. time, length, etc.).

The traffic is assigned on the network through the fol-
lowing minimization process.

1
MIN _F = ini (x)dx (1)
k=17
Where F: is sum of impedance like functions character-
izing the i network component, R,(x): is the impedance of
network component i with x traffic, #,: traffic of network
component i.

The introduced objective function represents the sum
of traffic on the network with regard to the traffic of all
investigated network components (¢,) in case of all i. The
constraint of the problem is defined based on the traffic
going through a given point of the network. Accordingly,
the sum of traffic to a specific point is the same as the sum
of traffic leaving the given point. The goal of the optimi-
zation is to find the minimum of the sum of impendency
values R,(x) with regard to the external variable of CAV
saturation modifying parameter.

Section 3 tries to sum up the parameters, which should
be considered during the evaluation of the saturation effect
of automated vehicles (Friedrich et al., 2016).

As it is observable, Fig. 3 introduces the traditional
modelling approach. Based on the represented original
process, the novel methodological components and the
developed modelling modules can be described.

First of all in the first step of the process during the net-
work definition phase it is possible to consider the effect
of automated vehicles on the transport system (Fig. 4). The
reason for this, is assumption that in some cases the auto-
mated traffic might be channelized into dedicated corri-
dors. This can make it necessary to separate these dedi-
cated routes for connected and autonomous vehicles.

The next phase where the effect of automated vehi-
cles should be taken into consideration is the mode choice
step. The reason for this is the evaluation of transition
periods in which case a mixed traffic can be expected,
where traditional and automated vehicles can be expected
to be operated on the road at the same time. This expecta-
tion could make it necessary to represent traditional and
automated vehicle related demands in separated matrixes.
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Fig. 3 Traditional traffic modelling approach

Fig. 4 Core network of the applied model

And finally traffic assignment step, where the effect of
automated vehicles should be considered. The easiest way
for this is the modification of passenger car units through
the parameter of assigned traffic per capacity ratio. In the
next steps this simplified representation is going to be dis-
cussed in details.

The distance between the successive vehicles is cru-
cial related to the load factor of the graph links. The dis-
tance between the vehicles can be estimated based on the
assumed speed, reaction and brake time (Hartmann et al.,
2018; Rafat et al., 2019; Schramm et al., 2018). In case of
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human drivers, stopping distance consists of reaction dis-
tance and braking distance. Reaction distance is composed
of further components: mental processing time, sensation
time, perception time, response selection time, movement
time (Green et al., 2000). The analyzed researches related
to braking have proved that the process of decreasing the
velocity is a kind of response, since mostly the velocity
reduction is performed when dangerous event or factor
has been recognized. Beside this, it also reasonable to be
clarified that smaller the distance between the vehicles,
the less load will appear in the given network element
influencing the saturation of the whole network.

In the next step it seems to be unavoidable to determine
those time components from the above interpreted brake
process, that are advantageously influenced by an auto-
mated system elements.

To continue this thinking, it seems to be reasonable
that velocity reduction process is going to be influenced
also by external events or factors. This means that it is
going to be a kind of responsive process. The reason for
this is that a dangerous event or factor has to be started
with the recognition, and then can the automobile pro-
vide the adequate response for the given event or fac-
tor. The automated function of velocity reduction could
result a reasonable decrease in the value of the average
stopping distance. This assumption could be supported
by the expectation that automated functions could sub-
tract the effect of human reaction from transportation pro-
cesses. Furthermore, it can be clarified, that this develop-
ment phase can be improved further. The reason for this
is the future possibility of connected vehicles, which can
provide solutions to organize velocity reduction processes
based on preliminarily shared, highly reliable informa-
tion, getting around the responsive characteristic of the
velocity reduction process (Marilisa et al., 2018; Martin et
al., 2017; MikuSova et al., 2018; Rizvi et al., 2017).

When we assume that the automobiles of the inves-
tigated system communicate with each other, velocity
reduction can be expected to be transformed into an effi-
ciently predictable, safe and secured process in most of
the cases. The reason for this is the immediately available
set of information shared for example by the leading auto-
mobile of a platoon in case of an accident. Accordingly,
the new features of automated vehicles are expected to
cause significant improvement in operation efficiency on
a network level.

The introduced reasons have made us interpret
the expectable impacts of the development phases in

separated steps. So the automation phases are represented
according to their expected impact on network saturation
in a system level.

Due to the previously provided interpretation, it is rea-
sonable to start separation with the factors influencing
network saturation in a crucial way. To do this, the rele-
vant system parameters have to be linked to the affecting
automated functions.

After performing the mentioned analysis, the next
parameters are found to be crucial from the viewpoint of
the effectiveness of network:

* the relationship of assigned traffic and capacity on a

network element,

» secondary travel time components (walking, parking).

According to the above presented considerations, the
most important efficiency parameters (e.g. traffic per capac-
ity ratio of the network) have been applied in the model in
the light of automated and normal vehicle ratio. So the sat-
uration factor has been defined in light of the assumed pro-
portion of automated vehicles ordered to a given SAE level.

Assigned traffic per capacity ratio (TCR) is assumed to
influence the occupied road length of vehicle unit, applied
to describe the elemental parts of the traffic flows.

Based on the reviewed literature it has been become
clear that the deviation of TCR expected value is reason-
ably significant if automated transportation become the
ruling transport mode. The maximum capacity improve-
ment can be beyond 5 times larger than the baseline value
while the minimum value can be somewhere beyond 10
percent perceived capacity extension. Accordingly, TCR
value is considered to be reduced by 35 %.

Numerous studies have been proved that secondary
travel time including parking and walking can be about
averagely 10 minutes related to a single trip in a city
(Benenson et al., 2008; Shoup, 2006).

Summing up, based on the reviewed literature, auto-
mated transportation can averagely result in 35 % decrease
of TCR and over 10 minutes time saving at the most.
However this result can be achieved by the complete pen-
etration of fully automated vehicles, so the current level
of automation is assumed to be the baseline state, so it is
assumed to have no effect on the system.

3 Outcomes

The performed investigation has been based on the assess-
ment of the following values: sum of travel time changes,
sum of traffic volume changes and change in average



speed and travel time values. Basically, the introduction of
automated transportation should be evaluated depending
on the penetration of the vehicle clusters characterized by
different SAE levels. According to the most extreme opin-
ions, if all the vehicles are autonomous, the time distance
between the vehicles can be reduced to one second. This
can lead to a significant reduction in TCR value, where the
decrease can achieve the value of 60 %. However it has
to be clarified that the expected impact of the automation
processes should be separately investigated in case of the
city center and the agglomeration, since the typical satu-
ration and demand characteristics of the mentioned model
areas are reasonably different.

According to the performed analysis it can be con-
cluded that the expectable benefits of such a system devel-
opment process can provide proper financial background
for a major national level project.

4 Explanation

In Section 4 the evaluation possibility of the parameter
set is interpreted (Jankowska et al., 2015; Sipos, 2017). It
is needed to be mentioned that the objective evaluation
would make it necessary to calculate with system costs
as well. Beside this, it seems to be obvious that the larger
the proportion of automated vehicles is the more effec-
tive the system can be, so this conclusion verifies the con-
sideration to support the spread of automated vehicles as
strongly as possible (Madlenak et al., 2018; Rosenberger et
al., 2018; Zoldy et al., 2017).

As the result of the analysis presents, sum of travel
time changes in case of a small-scale proportion of auto-
mated vehicles can be over ten thousand. And this result
is very promising since this value can explain a major
national level project.

It can be observed that the growing proportion of auto-
mated vehicles would the system-scale change of trav-
eled vehicle kilometers behaves similarly to the sum of
travel time changes. Although, it has to be mentioned that
in the town-center the value of change in traveled vehicle
kilometers is lower than the sum of travel time changes,
since the length of journeys is typically much shorter in
the town center. Summing up, it can be concluded that a
small-scale proportion of automated vehicles can already
cause two minutes travel time decrease. The large-scale
spread of automated cars can cause over seven minutes
average travel time decrease.
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5 Conclusion

The main scientific contribution of our research is to pro-
vide a well-applicable modelling process structure, which
can be a proper tool to collect the expected effects of the
appearance of automated cars on our urban roads. Beside
this, the method can also be used to estimate the negative
effects of such a system (Buttyan et al., n.d.; Checkoway
et al., 2011; Szijj et al., 2015).

Beyond the summarized results, it is also important to
highlight that the paper presents the most important mod-
elling phases, where automated cars can be taken into
account during the macroscopic modelling process. In the
first step of the process during the network definition phase
it is possible to consider the effect of automated vehicles
on the transport system (e.g. separated routes). The next
phase where the effect of automated vehicles should be
taken into consideration is the mode choice step (e.g. dif-
ferent demand segments). And finally traffic assignment
step, where the effect of automated vehicles can be repre-
sented. The easiest way for this is the modification of pas-
senger car units through the parameter of assigned traffic
per capacity ratio.

The model has been developed in the official framework
of Budapest Macroscopic model based on a PTV VISUM
environment. Automated vehicles have been taken into
account during the representation phase by TCR parame-
ter and secondary travel times. Beside this, model alterna-
tives have been differentiated based on the assumed pro-
portion of automated vehicles.

The further research has been based on the consider-
ation that the expected impact of the automated car pen-
etration is strongly influenced by the SAE levels of the
vehicles. Accordingly, in the further steps of the research
the applied input parameters have been TCR and the
secondary travel time reduction. As mentioned before,
during the investigation four main output indicators have
been applied: sum of travel time changes, sum of traffic
volume changes and change in average speed and travel
time values. The result of our analysis can be briefly
summarized by the amount of expected change in total
travel during the investigated fifteen years long operation
period, which can achieve the two billion value. Beside
this the average duration of a journey can be decreased
by thirty percent.

This study has analyzed the main factors of the mobility
process with regard to automated road vehicles although
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there are other questions discussed new transport modes
which cannot be left out of consideration in the next steps
of the further development. As an outstandingly important
research orientation, possible effects of cyber-attack have
to be investigated in complex and thorough way.
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