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Abstract: By designing road infrastructure, it is necessary to adapt the real situation to current
development trends and respond accordingly to the intensity of traffic on the transport network. The
development of the traffic situation is generally very dynamic, difficult to predict and influenced by
a number of other factors. Modern technologies enable adaptive traffic flow management based on
the sharing and evaluation of traffic information obtained in real time from traffic monitoring systems
or even from vehicles as such (e.g. thanks to "Connected Vehicles" technology). The article first
carries out a literature review of professional literature and scientific articles dealing with the issue
of autonomous mobility and autonomous management of transport processes. That is followed by a
description and creation of own algorithm for autonomous control of vehicles at the level crossing,
including description of used data, methods and proposed solutions. Finally, the developed method
(algorithm) is tested by the Anylogic simulation program in a real environment, as a case study of

autonomous vehicle decision-making at the level crossing.
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1. Introduction

At present, autonomous mobility is a big topic and a future trend, which cannot be viewed only to a
limited extent in terms of the technology of its own autonomous vehicle control, but in terms of the
management of the transport system as a whole. Already in the 1960s, several projects were launched,
whose vision was to design a vehicle that will not need a person to drive. Unfortunately, most of these
projects were gradually terminated, partly due to insufficient results and partly due to their high
financial demands. From time immemorial, however, the fact that the human factor, although
irreplaceable in transport management processes, is at the same time the weakest link in the whole

system of ensuring the safety of transport infrastructure. For this reason, even today there is an effort
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to gradually move to an autonomous way of driving vehicles, which both eliminates human errors
and increases the safety, reliability and efficiency of the transport infrastructure. Particularly in large
cities and conurbations, the autonomous vehicle management system is intended to help address the
often limited conditions of street space, congested branches of level crossings and mitigate the effects
of traffic restrictions on the fluidity and safety of road traffic on detours and parallel roads.

In the following chapters of this article, a literature review of professional literature and scientific
articles dealing with the issue of autonomous mobility and autonomous management of transport
processes is first performed. That is followed by a description and creation of its own algorithm for
autonomous control of vehicles at the level crossing, including a description of the data used, methods
and proposed solutions. Last but not least, the developed method (algorithm) is tested by the Anylogic
simulation program in the context of a real environment, as a case study of autonomous vehicle

decision-making at a level crossing.

2. Literature Review

Traffic signal controls play an important role in regulating vehicular flow at road intersections.
Traditional systems are not capable of adjusting the timing pattern in accordance with vehicular
demand. Hence it is necessary to develop dynamic systems that can adjust the timing patterns
according to traffic demand, and autonomous vehicles should be involved in these dynamic systems.

Gulai et al. [1] have tested the idea of using connected vehicle technology to improve the
efficiency of intersections controlled with traffic lights. In their research they developed algorithms
to minimize total delay or number of stops. A simulation with algorithms showed a significant delay
reduction with increasing penetration rate under the proposed algorithms. Other authors and
researchers came with their algorithms and adaptive traffic control systems based on car-to-car
communication for improving dynamic traffic lights control system at intersections, with all leading
to increased efficiency of traffic control [2-4]. The simulations also showed that the data convergence
time and the communication delay between vehicles and traffic signals do not compromise the
efficiency of the system.

Furthermore, other researchers focused their work on using agent-based models to optimize
traffic signal control in a connected vehicle environment [5]. The models have an advantage in
studying several agents specified at various scenarios. Kari et al. [6] proposed an agent-based online
adaptive traffic signal control (ATSC) based on connected vehicle technology. Their proposed
framework consists of two types of agents: vehicle agents and signal controller agents. Each vehicle
agent communicates with others and signal controller agents transmit the estimation or prediction of
its key statistics. The statistics gathered by signal controller agents can then be aggregated into some

critical metrics at the lane to support the signal control.

227



While the majority of above papers optimize traffic performance, the agent-based models can be
also used for optimizing multi-intersection signal control. Ezawa et al. [7] proposed an adaptive traffic
signal control based on vehicle route sharing. It lies in sharing the position and path information, and
the route sharing information was used for calculating expected traffic congestion. Xiang et al. [8]
presented a multi-agent-based control method for an integrated network of adaptive traffic signal

controllers under V21 communication environment.

3. Data and Methods

When designing road infrastructure, it is necessary to adapt the real situation to current development
trends and respond accordingly to the increase in traffic intensity, crisis situation or changes in traffic
not only in the urban environment but also on the outskirts or completely outside the built-up area.
The development of the traffic situation is generally very dynamic, difficult to predict and influenced
by a large number of other factors directly and indirectly related to the current situation on the
transport network or the transport system as such.

Modern technologies today enable adaptive traffic flow management based on the sharing and
evaluation of traffic information obtained in real time from traffic monitoring systems or even from
vehicles as such (the already mentioned "Connected Vehicles" technology). Before the actual
introduction and direct intervention of modern traffic management systems in the current situation on
the transport network, it is appropriate to first use tools for modeling, simulation and subsequent
analysis of data obtained in comparison with the real form and requirements set for solving a specific
traffic situation. This simulation can serve not only as a tool to verify functional principles, solution
variants or possible scenarios, but also as a platform for simulating real events from the past using
data obtained from the current form of traffic flow: i.e. a simulation of an event under current
conditions and traffic system [9]. Ultimately, using such modern methods for the transport user
himself/herself increases quality, accessibility and user comfort, while the subsequent optimization
of traffic flows generally increases the economy, efficiency and safety of transport, which will further

reduce negative environmental and social impacts.

3.1 Simulations and Models

The use of models and simulations is nothing new in scientific practice. The advent of information
technology is directly linked to the use of simulation technologies. At the current pace of
development, new and more complex methods, technologies or procedures for imitating real systems
in a virtual environment are emerging. Thus, in general, a simulation can be defined as an attempt to
mimic a real system, state, or process in order to examine relevant stochastic or deterministic elements

or properties of the system through experiment. The model is therefore always based on the
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simplification or abstraction of reality. It is never possible to create a model that perfectly corresponds
to the real system in all its details [10]. If such a model could be created, it would not be possible to
use it for practical reasons, as the complexity of the model increases the demands on computer
computing power, increases the time required to perform the simulation and reduces the explanatory
power due to excessive complexity of subsequent output analysis. The usefulness of the model
therefore lies primarily in simplifying or reducing the complexity of the modelled object in order to
achieve a higher informative value of the obtained outputs. At the same time, however, comes the
need to evaluate to what extent and what elements of the model can be simplified, so as not to affect

or reduce the quality of the monitored outputs [11].

In the context of transport, it is therefore a general improvement of the design or planning process
and the subsequent easier management of the transport system or its elements. Although the first use
of traffic simulations can be traced back to the second half of the twentieth century, it is now an
integral part of any traffic planning and construction of new transport infrastructure. A significant
advantage of performing traffic simulations in a virtual environment is the ability to test various
scenarios in real or simulation time without the need to intervene in the real situation on the transport
network [12,13]. Real-world testing is usually not possible for practical, time, safety or financial
reasons, even if the transport section is available. The main benefit of traffic simulations lies mainly
in the possibility of using this technology in cases where other methods do not achieve the required
accuracy or are not able to imitate the situation [14]. Simulations can be divided according to several
criteria:

e static simulation - the state of the simulation does not change over time, so it is less demanding
on computing power, it can better capture more complex systems

e dynamic simulation - the state of the simulation changes over time, so it is necessary to
recalculate all simulated parameters during the simulation; this increases the demands on
computing power, but it also increases the ability to mimic real systems that change over time -
transport systems.

Next, simulations can be divided according to the extent to which the simulated system is described:

e macroscopic simulation - this simulation uses a lower level of detail, the system is simplified to
basic factors, allows the simulation of large systems where the real interaction of individual
agents is not essential,

e mesoscopic simulation - this simulation is a transition between macroscopic and microscopic
simulation, it can contain elements of both categories with regard to a specific situation; these
are simulations that depict individual elements of the system, but their interactions are limited,

e microscopic simulation - this simulation shows in detail the individual elements of the system as

well as their mutual interactions; in the context of traffic flow simulation, an example can be
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given when individual vehicles are in a collision path and mutual interaction is required, i.e. a
change of direction or braking.

Depending on whether the simulation uses probability or not, it is divided into:

e stochastic simulation - random numbers and probability distributions are used in the simulation

e deterministic simulation - during the simulation, the interactions between individual elements in
the system are unambiguously determined by the input data.

The creation of the simulation itself involves a number of follow-up tasks, which consist in an
analysis of the simulated system. It is about determining the specific elements of the system that need
to be included in the simulation, then it is necessary to evaluate what will be the form of input data
with respect to the required outputs. When simulating a traffic flow, it is therefore necessary to have
not only values of traffic intensities, but also the spatial arrangement of the road. In case of traffic
junction simulation, it is also necessary to include data concerning, for example, the control of an
intersection or the speed limit on a given road section [15]. Traffic intensity values can be obtained
by simple observation, measurement through traffic monitoring technologies or on the basis of design
or prospective traffic intensities calculated from historical data or from the theoretical permeability
of a given road. The next step is constructing the model itself, which is influenced mainly by the
platform used, or the type of simulation software, the available computing power of the computer and
the requirements for output data. After the simulation or during the simulation, the analysis of the
obtained information, its evaluation and often also repeated testing take place. When using simulation
software, there are a large number of tools and methods that in many cases have similar elements or

processes, but use different programming languages and provide different types of output.

3.2 Simulation System AnyLogic

To create a simulation model in this case study, the AnyLogic program from the multinational

company of the same name was used, which started developing it in 1992. It is a simulation software

using the Java programming language, which supports three basic simulation methods.

e Discrete event simulation (DES). When using the simulation of discrete events, the change in
time does not take place continuously, but changes abruptly at specific times, or when an event
occurs, such as an element entering the system or a change in the state of a system element after
interaction. This simulation method is typical for simulating queue theory and derived systems
[16].

e System dynamics simulation (SDS). In contrast to the simulation of discrete events, system
dynamics uses a continuous view of the flow of time. The simulation model is therefore evaluated
at all times and adjusts the individual variable values. It is used mainly in solving logistics flows,

where feedback systems are manifested.
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e Agent-based simulation (ABS). Simulations using agents, or also agent simulations, differ from
ther methods in the overall approach to simulation. While in the previous methods it is necessary
to enter the properties of the solved elements, their mutual interactions and properties within the
model, in the simulation using agents it is not necessary to enter the exact behaviour of the
simulated elements. The simulation is created "from below" - first it is necessary to adjust the
properties and behaviour of the basic elements of the simulated system. The final form of the
simulation is determined by the behaviour of individual agents, which represent the basic
elements of the investigated system. In case of traffic flow simulation, these are individual
participants in the traffic flow, i.e. vehicles or pedestrians.

The AnyLogic simulation program contains pre-prepared libraries. For the purpose of traffic
simulation, a road traffic library is pre-prepared, which enables the simulation of traffic flow [17].
Individual libraries can be used within one simulation model. The Road Traffic Library allows one
to model, simulate and then visualize road traffic. This library supports a detailed physical model of
vehicle movement. The AnyLogic program is therefore suitable for modelling motorway traffic, street
traffic, local transport in production plants, car parks or other systems with vehicles, roads and lanes
[18-20]. The simulation can then be displayed in 3D. In the simulation, individual cars calculate the
shortest route using Dijkstra's algorithm, which does not take into account the density of traffic on
the roads and always calculates only the shortest route. The library of road traffic can be combined
with the library of modelling of processes, pedestrians and railway transport. Thanks to this, it is
possible to create vehicle operation models with models of trucks, cranes, ships, trains, passengers,

production or business processes, etc.

4. Results

To simulate autonomous mobility and the "Connected Vehicles" system, it is appropriate to use the
integrated function of the program - Optimization Experiment. To create an optimization experiment,
it must be first decided what to optimize. Within this case study, it is basically a matter of creating a
system of adaptive control of the intersection of A. Barcala and M. Hordkova streets in Ceské
Bud¢jovice. To set up the experiment, it was first necessary to parameterize the time of the individual
light phases of the intersection arms. In this case, there were four parameters that determine the time
of each light phase of the intersection. An input value of 30 s was set for these parameters and then
these parameters were entered into the AnyLogic program in the field for the value of the duration of

individual phases in the "trafficLight™ block (see Fig. 1).
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Fig. 1 Setting the parameterization of the phases of adaptive control of a traffic light

Source: authors

After selecting the optimization, the experiment settings will be displayed. The aim of this study
was to minimize the average time spent in the simulation. After entering the command
"root.timelnModel.mean" you can it is possible to set the parameter type to discrete, specify the range
and the simulation step in which the range will change. Furthermore, it is possible to set the range of
computer performance that is used to perform the optimization and, last but not least, the number of
iterations that will be performed within the simulation. The last step was to create a basic (default)

user interface and run the whole experiment.
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Fig. 2 Optimization experiment. Source: authors

The graph in Fig. 2 shows the actual course of optimization, where the x-axis represents the
number of simulations and the y-axis shows the goal of optimization and its best and worst value.
After completing the optimization process, it is possible to copy the best achieved values and then
paste them into the parameter values. In this step, however, it is necessary to consider the fact that
the created algorithm takes into account only those vehicles that have left the simulation (or passed
the entire simulated section). In case of blocking the traffic section, it is first necessary to limit the

232



number of generated agents so that the blocking does not occur (vehicles do not leave the simulation
and their time spent in the simulation is not calculated). Subsequently, the number of vehicles can be

increased until the traffic section is blocked again.

4.1 Determination of the Optimal Route According to the Number of Vehicles
The "selectOutput™ block was used in this case study to simulate the determination of the optimal
route according to the number of vehicles on a given traffic section. This block routes incoming agents
to one of the output ports depending on a probabilistic or deterministic condition. This condition may
depend on the specific type of agent as well as external factors. In this case, the "If Condidion Is
True" function was used. Using the "size" command, it is possible in the AnyLogic software to refer
to the number of vehicles or a specific type of agent in a specific "carMoveTo" block (or road section).
Subsequently, it is possible to set conditions using mathematical logic operators.

Therefore, for this case study, a representative model of the road was first created (see Fig. 3),
where the vehicles try to gradually drive from:
e the upper left corner of the transport network to the lower right corner
e the upper right corner to the lower left corner
e the lower left corner to the upper right corner

e the lower right corner to the upper left corner.

[ I carSource selectDutput]  caroveTo carboweTo3 carboveTol calispose
c—¢ BB IR 9
[ [
EEa ———
| |
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e—¢ I B9
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Camingpstem  — saMave Ta enlevnTal

Fig. 1 Algorithm logic. Source: authors
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In the next step, a simple condition is inserted into the "selectOutput” blocks, which, depending
on the number of vehicles in a given turn, decide which way the vehicles should continue on. Table
1 shows the hourly traffic intensities in relation to the average time spent in the simulation using the
system of adaptive junction control with respect to an uncontrolled junction. The values in the table
were obtained via the "histogram" function and via the "timelnModel" command (time spent in the

simulation) and the "mean" function (average value for all agents in the simulation).

Table 1 Comparison of Controlled and Uncontrolled Intersections. Source: authors

Traffic
intensity 1000 1100 1200 1300 1400 1500 1600 1800 2000 2200 2400 2600
[veh/hrs]

Route time
in model
mean - 51.34 4954 50.67 54.8 55.12 5587 56.90 59.32 6240 67.97 93.25 115.0
Controlled

[s]

Route time
in model
mean —not 42.15 43.78 43.86 437 45.73 55.77 59.61 63.95 68.92 75.81 1175 218.9
controlled

[s]

Share of

82.09 88.38 86.54 79.6 8297 99.81 104.7 107.7 1104 1115 126.0 190.2
values [%]

The graph in Fig. 4 shows a comparison of the time spent in the simulation in the case of using an
adaptive junction control system and in the case of using an uncontrolled junction. The graph below
shows that the use of an adaptive junction management system is advantageous only from a certain

level of traffic density, in this case study it was a value higher than 1500 agents per hour.
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Fig. 2 Comparison of time spent in simulation in controlled and uncontrolled intersection. Source:
authors
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5. Conclusion

Using the AnyLogic simulation software, this case study reduced the average time spent in the
simulation as the main goal of the optimization experiment. In the context of autonomous mobility
and "Connected Vehicles" technology, this procedure can be used not only to optimize controlled
intersections in real time based on current numbers of vehicles on a given section, but also future
(prospective) values combined with the possibility of determining the optimal route according to the
number of vehicles on the given section at a given moment in time. In addition to the above, it is also
possible to use different types of agents and their preferences when passing through the transport
network or automatically divert traffic from the desired section, which can simulate the passage of
integrated rescue systems, public transport vehicles or other crisis situations. The increase in traffic
throughput in the simulation of autonomous mobility and the "Connected Vehicles" technology was
5 to 20%, depending on the specific situation in the locality in question, which was the subject of this
case study. Given that general optimization will lead to a reduction in the density and volume of
traffic in a given locality, another benefit of autonomous driving will also be a reduction in the energy

intensity of transport and greenhouse gas emissions, which is currently a very topical issue.
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