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Preface

We are pleased to present thiee of two Proceedingsf the NEW
HORIZONS 2025 X International Scientific Conference of Transport
and Communications, held in hybrid format in Doboj, Republic of
Srpska, Bosnia and Herzegovina, from Novembé&;, 2@5. This year
marks a special mileston¢he 20 anniversary of the conference series
- organized biennially by the Faculty of Transport and Traffic Engi-
neering, University of East Sarajevo. Over the past two decades, New
Horizons has grown into a recaged regional platform for interdisci-
plinary exchange, fostering innovation and collaboration across
transport, communications, and related fields.

Modern transport and communication systems face increasing com-
plexity, driven by technological advancemestistainability impera-
tives, and global integration. This conference embraces a systems
oriented approach, addressing the design, optimization, and resilience
of multimodal networks, digital infrastructure, and intelligent systems.
Key topics span road, tamaritime, and postal transport, logistics and
supply chain management, ICT and telecommunication networks,
transport of dangerous goods, and operations research in transport.

In this edition of ouProceedingswe are proud to present a diverse
and insightful collection of scholarly paper3his edition includes a
total of 42 papers$ contributed by authors from many countries. The
papers span a wide array of topics, reflecting the multifaceted nature of
artificial intelligence applications, digitaiwins, smart solutions in
transport systems and logistics, the digital economy and business, soci-
etal transformation, and more.

The conference featured keynote lectures from leading experts in
connected vehicle communications, structural digital twins, @erd
sonalized mobility solutions, underscor
cuttingedge discourse. Each submission underwent a riggoeas
review process to ensure the highest standards of academic quality. Our
peer review system employed a singlemd mehod, where each paper

1 Total of 92 papers has been accepted and presented at conf@elactedpapers(50) from
the 10th International Conference of Transport and Communicatwitisbe published in
Lecture Notes in Intelligent Trapsrtation and Infrastructur&pringer.
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was evaluated by at least two reviewers, comprising both program
committee members and external experts, to provide a thorough and
fair assessment. We believe that this collection not only showcases cut-
ting-edge research but also taoutes to a deeper understandofghe
diverse perspectives and methodologies within these dynamic fields.

We extend our sincere gratitude to all authors, reviewers, and institu-
tional partners who contributed to the success of New Horizons 2025.
Their work enriches the scientific community and offers valuable in-
sights for researchers, practitioners, and policymakers navigating the
evolving landscape of transport and communications.

Gel j ko Stevil
Mi rosl av Kostadinovi
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Determining Serviceand Waiting Times at Ticket
Counters at theBus Terminal in Novi Sad

Milja SitmeNeawaidPavke®itkd?jZor an @Papi l

Universityof Novi Sad, Faculty of Technic8lciences, Serbiajlekovic@uns.ac.rs,
n.sauli@uns.ac.rspitka@uns.ac.rsnjele@uns.ac.rs

Abstract. Ticket counters are one of the basic elements of a passenger building,
where thehighest intensity of use occurs. Earlier methods of service, i.e. issuing
tickets, differed significantly from modern ones, which include the use of com-
puters, the Interngand other technologies. The existing research in the domes-
tic literature refersa the period of several decades, so it was expected that
many of the values valid at that time would have changed in the meantime. For
the purpose of this paper, a study was conducted to determine the waiting time
of users in queues and the service timicket counters. After obtaining the re-
search results, a comparison was made with the values from the existing litera-
ture.

Keywords: Waiting Time, Service Time, Bus Terminal.

1 Introduction

There are many carriers that provide intercity bus transportatiSerbia. The under-
development of other modes of transportation in our country contributes to the high
volume of passenger traffic on roads. Railway traffic is underdeveloped because little
has been invested in this mode of transportation for decadegt éxcthe Novi Sad
Belgrade route. Consequently, the number of passengers transported by rail is negli-
gible. River transport for passengers was never developed in Serbia. These factors
have contributed to the development of bus traffic as the primaryswdgrassenger
transportation to most destinations.

To adequately transport passengers, it is necessary to organize passenger terminals.
From the perspective of both the carrier and the user, the formation of passenger ter-
minals is significant since all ¢hnecessary services for the trip are available there.
Depending on the size of the city, terminals are formed with basic facilities and ac-
companying amenities that satisfy users' transportation needs. One of the basic ele-
ments necessary for the functioginf passenger terminals is ticket counters. Since
ticket counters are the area of the terminal with the highest user density, special atten-
tion should be paid to determining the number of counters and their placement. An
insufficient number of ticket coders leads to overcrowding and customer dissatisfac-
tion. Conversely, an oversized number of ticket counters leads to increased operating
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costs of passenger terminals. To determine the optimal number of ticket counters,
certain data must be collected, s the number of users and service time. New
technologies applied in the operation of bus terminals can significantly affect queuing
and service times. Today, most passenger terminals offer ticket sales through websites
and mobile applications, as well aslf-service terminals, all of which can reduce
waiting times.

In our country, there is very limited literature on passenger terminals, and all of the
research that has been carried out is decades old. Sincer¢ilcket! technology has
changed andmproved significantly, it is expected that the legalities adopted at that
time, which refer to passenger behavior and passenger terminal capacity, have
changed partially or completely.

This paper presents research related to the time it takes to sergeatisieket
counters, as well as the waiting time of service, that is the time of users waiting in
queue. The research results were compared with the data used in the existing litera-
ture.

2 Literature review

User satisfaction is greatly affected by the mgjttime in the queue [1, 2]. Therefore,

it is crucial to implement measures that increase the efficiency of service provision at
ticket counters. Efficiency is important because even when users choose the shortest
queue, it does not guarantee the showtedt time for service [3]. Thus, it is crucial to
conduct analyses to determine the factors influencing waiting and customer service
times at ticket counters. A review of the available literature reveals that little research
has been conducted on bus terals. Most studies have been conducted at airport
terminals and relate to passenger flow. However, these studies mainly refer to passen-
ger flow through airport terminals, which are significantly different from other pas-
senger terminals in terms of orgaatibn. Conversely, research conducted at railway
terminals related to waiting times at ticket counters can be compared with similar
research at bus terminals.

Research by Bulkova et al. has shown that introducing a common system of wait-
ing in lines is onef the most significant measures affecting the improvement of ser-
vice provision [1]. Many researchers in this field address routing problems to improve
the organization of transportation systems [4]. Kabalan et al. developed a model that
optimizes passengenovement through the terminal, directly reducing congestion and
improving customer service [5]. Stolletz developed a model to estimate waiting times
at airport counters [6]. Halim and Sufahani believe that satisfying users requires using
the theory of wiing to allocate resources as efficiently and effectively as possible to
meet demand [2]. Other researchers also support applying queuing theory to estimate
expected customer waiting time and queue lefgtB]. Almech and Roanesozano
modeledqueuing in front of train station counters that sell different types of tickets.
The goal of the modeling was to determine the optimal user distribution to minimize
waiting time [10].
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All of the aforementioned models are important for optimizing the operaf the
observed system and for the users themselves. In a poorly organized system, passen-
gers wait much longer for service. Inefficient counter services can also cause delays
for passengers [11]. Therefore, improving the service system at the passemdal
is significant and directly increases the level of service provided to users.

3 Research methodology

The "MAS Novi Sad" bus terminal in Novi Sad was chosen as the research location.

This passenger terminal is located in the northern part of thetcthe beginning of

one of its most iimportant and busiest roads, th
1). It is also located right next to the train terminal. The bus terminal's position rela-

tive to the city, the existing traffic network, and thejpoted network of public city

passenger transport lines affect the terminal's high level of accessibility.

Fig. 1. "MAS Novi Sad" bus terminal location.

The research was conducted on May 15, 2019, within the passenigérdgoat the
ticket counters. Two peak periods were included in the research: the first from 8:20
a.m. to 9:50 a.m. and the second from 2:20 p.m. to 5:20 p.m.

Nine of the total number of counters located in the passenger building are intended
for the saleof intercity transportation tickets. In front of the ticket counter in the pas-
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senger building hall, queues form. If users estimate that the wait time at another coun-
ter is shorter, they move there. Between the ticket seller and the passenger is a glass
paittition with an opening at the bottom through which information, tickets, and mon-

ey are exchanged. The ticket holder enters the necessary data, such as the route, date,
time, and ticket type. Then, he or she issues a printed ticket. Of the nine exigting tic
eting counters, the survey covered six counters due to the limited range of the camera
used to record, which was placed on the floor of the passenger building. For research
purposes, two Samsung and Sony cameras were used alternately, and the camera's
postion is shown in Figure 2.

Fig. 2. Recording posibn

The recordings made during the research were transferred to a computer, where
they were processed using the BS Player video playback program. This program is
ideal fa processing this type of data because it displays the time in hours, minutes,
and seconds, and it allows for quick and precise pausing and resuming of the record-
ing. The data were processed according to the following principle: when the client
arrived, tke time at which the passenger entered the queue was recordethén,
the moment the passenger reached the ticket counjear(d the time the passenger
was served() were determined. When there was no waiting queue, passengers ap-
proached the tiat counter immediately, so only their arrival time was recorded on
the service channel. Passengers sometimes moved from one queue to another, so spe-
cial attention was paid to this to record the total time spent waiting for service, regard-
less of how many wpues the passenger had been in previously. All established times
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were then entered into Microsoft Excel. The waiting time for passengers in the queue
is obtained by determining the difference betwéeando , and the service time is
obtained by deteriming the difference betweean ando .

4 Research results

A total of 854 users were recorded during the research. The results were processed
individually for each counter, as well as for each research period. The waiting time
and service time for each E@nger were obtained. Based on these times, the average
waiting and service times were calculated. Note that counter 5 was not operational
during the first period (8:20 a.m. to 9:50 a.m.), so no results could be obtained for it.
Counter 10 was operationdr only a few minutes, during which three users were
served. The remaining four counters operated with occasional short breaks that did
not significantly impact the results.

Based on the obtained service times, the servi
gers per hour, was determined for each counter, as well as the average for all coun-
ters, based on the following expression:

L — O )

Where is:
- 0 service time, expressed in seconds.

Table 1 shows the average waiting and service times for each counter during the
first time period. It is also shown in Fig. 3 and Fig. 4.

Table 1. The results obtained from the researcthimfirst period.

Number Number of Aver- Stand- Conf. Average Stand- Conf. u
of coun- passenger age ard Level service ard Level [pass/h]
ters waiting Devia- (95%) time [sec] Devia- (95%)
time tion tion
[sec]
Counter 5 0 T T ) ) i T i
Counter 6 65 27 0.027  0.007 47 0.025 0.006 77
Counter 7 47 14 0.014 0.004 48 0.018 0.005 75
Counter 8 40 20 0.019 0.006 46 0.020 0.006 78
Counter 9 44 32 0.025 0.008 40 0.019 0.006 90
Counter 3 45 0.038  0.095 54 0.034 0.084
10 67
Average 40 27.6 47 77
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Fig. 3. Average waiting time per counter and total average waiting time, during the
first research period.
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Fig. 4. Average service time per counter and total average service time, durfirgtthe
research period.

The average waiting time for one passenger varies from 14 to 45 seconds. The re-
sults show that counter 10 had an extremely high average waiting time of 45 seconds
compared to the other counters. One possible explanation is thathoedy clients
appeared at counter 10 during the first period, one of whom spent one minute and 47
seconds irthe queue, which significantly affected the result obtained at this counter.
In addition, the reliability of this value is low, as indicated byhey high standard
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deviation (0.038) and a wide 95% confidence interval (0.095). Considering the aver-
age waiting time of 27.6 seconds at all counters, it can be concluded that passengers
generally spend very little time waiting the queue, and these amecepablewaiting

times. For most other counters, the standard deviations are in the range of 0.014
0.027 with relatively narrow confidence intervals (0.004808), which suggestsas

ble and consistent results across the majority of service channels.

The service time observed at the counters and obtained through research ranges
from 40 to 54 seconds. The variations in service time at the counters are small, indi-
cating that each ticket holder needs approximately the same amount of time to receive
service.This is supported by low standard deviations, ranging from 0.018 to 0.034,
and narrow 95% confidence intervals (0.00®06 for most counters), which indicate
that the process of issuing tickets is highly standardized. The average service time at
all couners is 47 seconds.

Generally, an average service capacity of 77 users per hour is obtained when all
counters within the first research period are taken into account. The relatively low
variability in both waiting and service times, confirmed by the stahdaviation and
confidence interval values, demonstrates that the system functions reliably despite the
uneven distribution of passengers across counters.

Table2 shows the average waiting times and service times for each counter during
the second time pied. It is also shown in Fig. 5 and Fig. 6.

Table 2. The results obtained from the research in the second period.

Number Number of Aver- Stand- Conf. Average Stand- Conf. u
of coun- passenger age ard Level  service ard Level [pass/h]
ters waiting Devia- (95%) time Devia- (95%)
time tion [sec] tion
[sec]
Counter 88 40 0.030 0.006 61 0.033  0.007 59
5
Counter 128 24 0.021 0.004 40 0.018 0.003 90
6
Counter 109 22 0.021 0.004 45 0.030 0.006 80
7
Counter 152 22 0.021 0.003 36 0.014 0.002
8 100
Counter 113 20 0.0003 5.57E 33 0.0003 4.71E 90
9 05 04
Counter 54 20 0.022 0.006 59 0.059 0.016
10 109
Average 109 24.7 45.7 88
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Fig. 5. Average waiting time per counter and total averagging time, during the
first research period.
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Fig. 6. Average waiting time per counter and total average waiting time, during the
first research period.

The average waiting time for one passenger, as observed at@ater, ranges
from 20 to 40 seconds. The total average waiting time is 24.7 seconds. The majority
of counters recorded relatively low standard deviations for waiting times {0.021
0.030), with narrow 95% confidence intervals (0.0@806), which indicatea high
level of reliability of these results. The only exception is counter 5, where the stand-
ard deviation is slightly higher (0.030) and the confidence interval wider (0.006),
reflecting greater variability in waiting time¥he average service time peounter
ranges from 33 to 61 seconds. The total average service time observed for all counters
is 45.7 seconds. Here, too, the results are relativeblesmost counters show stand-
ard deviations between 0.014 and 0.033 with confidence intervals ofi 0.00Z,
confirming the uniformity of the ticketing process. However, counter 10 stands out
with a much higher standard deviation of 0.059 and a wide 95% confidence interval
(0.016), suggesting greater inconsistency in service duration at this counter.
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Table 3. Two-way ANOVA.

Factor o F p-value
Period (AM/PM) 1 4.86 0.0277
Counter
(6 different counters) > 1428 <0.0001
Interactlon 5 1.05 0.381
(period x counter)
Residual 1695 i I

Table 4. Tukey HSD poshoc test counter.

Group 1 Group 2 Meandiff p-adj Lower Upper Reject
Counter 10 Counter 5 10.723 0.1249 -1.5197  22.9657 False
Counter 10 Counter 6 -5.7607 0.6768 -16.8607 5.3393 False
Counter 10 Counter 7 -6.6405 0.557 -18.0367  4.7557 False
Counter 10 Counter 8 -9.7485 0.1234  -20.8551 1.3581 False
Counter 10 Counter9 -10.5828 0.0863 -21.979 0.8133 False

Counter5 Counter6 -16.4837 0.0 -25.5863 -7.3811 True
Counter5 Counter7 -17.3635 0.0 -26.825 -7.9021 True
Counter5 Counter8 -20.4715 0.0 -29.5821 -11.3609 True
Counter5 Counter9 -21.3058 0.0 -30.7673 -11.8444 True

Counter6 Counter 7 -0.8798 0.9996 -8.8074 7.0478 False
Counter6 Counter 8 -3.9878 0.6541  -11.4931 3.5175 False
Counter6 Counter 9 -4.8221 0.5084 -12.7497  3.1055 False
Counter 7 Counter 8 -3.108 0.8744  -11.0448 4.8288 False
Counter 7 Counter 9 -3.9423 0.7574 -12.2795  4.3949 False
Counter 8 Counter 9 -0.8343 0.9997 -8.7711 7.1025 False

Table 5. Tukey HSD poshoc test period.

Group 1 Group 2 Meandiff p-adj Lower Upper Reject

AM PM 0.9422 0.6567 -3.2145 5.0989 False

The results of the twavay ANOVA revealed that the Period (morning/afternoon)
and Counter factors significantly impactegiting time. However, the interaction
between these two factors was not statistically significant. This means that the effects
of period and counter occur independently of each other. A more detailed post hoc
analysis using the Tukey HSD method reveaked significant differences in waiting
time primarily occurred between counter 5 and counters 6, 7, 8, and 9. However, the
differences between the other counters were not statistically significant. Regarding the
period factor, the average waiting timestlire morning and afternoon did not differ
significantly, though the initial ANOVA test indicated a period effect. These findings
suggest that the load distribution among the counters is uneven, particularly at Coun-
ter 5, though changing the time of day does lead to significant systematic differ-
ences in average waiting time.
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5 Discussion

The research shows that the values obtained for waiting and service times are favora-
ble for bus terminal users in Novi Sad. Research during the two peak periods shows
thatthe average research time does not exceed one mamdehe average waiting

time is 30 seconds. Comparing the results of the first and second research periods
reveals that the counters have an average service capacity of 88 users per hour during
the secad period, significantly higher than during the first period. The average wait-
ing time and service time show minimal differences between the observed periods.
Since workers at all counters use the same technology, variations between counters
can be attribted to worker dexterity and the diversity of user requests.

For the entire research period and a total of 854 users, the average waiting time for
service was 26 seconds, while the average service time was 46.3 seconds.

A review of the literature revealetat researchers most often focused on optimiz-
ing waiting lines where waiting times in the queue or system were specified in literary
units. Research conducted by Bulkova et al. shows that the average waiting time in
the existing system is 105.5 seconds N¢ordin et al. determined through research
at an urban train station that the average waiting time in the morning is less than one
minute [11]. Halim and Sufahani conducted research at two bus terminals. Using the
theory of waiting lines, they calculaté¢lde average waiting time of passengers in the
system. For the first terminal, they calculated an average waiting time of 39.44
minutes per passenger, and for the second terminal, they calculated an average wait-
ing time of 41.25 minutes per passenger. €hlesg waiting times are explained by
the fact that these terminals serve a large number of transport lines and receive an
extremely large number of passengers. Patel et al. recorded the service time for 41
passengers and determined that it varies betdeand 78 seconds per passenger.
The mean value for all passengers observed on weekdays is one minute and six sec-
onds.

Researches in the literature [12, £8hductedat faculties in the Republic of Serbia
determined the waiting time of users in the queheut fifty years ago. The research
involved measuring waiting times and conducting user surveys. The survey included
1,035 respondents, and the results quantified their subjective impressions of short,
moderate, and long waiting times at ticket counté&ise results obtained based on
their answers are shown Trable6.

Table 6. Waiting time inthequeue [12, 13].

Impression of the Real waiting time Percentage of users
waiting time [%]
Short 4 min and 25 sec 57
Moderate 7 min and 13 sec 25
Long 18 minand 38 sec 18
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Based on the obtained data, it was concluded that thetabtmpaiting time is be-
tween four and seven minutes. If the average value is taken with sufficient reliability
based on the research conducted, the adopted waiting tirserice is five minutes.

It is very important to predict the user's waiting time in the system because passen-
gers base their arrival time at the terminal on this prediction. Passengers need to be
able to estimate how long they will spend in the systenep do not miss their de-
parture [14].

By comparing the values obtained from the research at the bus terminal in Novi
Sad with those from other studies, it was concluded that the waiting time in the queue
most closely aligns with the values obtained by Mgoet al. In general, a literature
review found that the aforementioned waiting times for service are longer compared
to the times obtained by the research in this paper. Since waiting time is a factor in
determining the number of ticket counters, theadadm existing domestic literature
is deemed outdated and irrelevant to modern work technologies.

6 Conclusion

Based on the research conducted at the Novi Sad bus terminal, it was concluded that
the average waiting time for service during the entire resgaetod was 26 seconds.
Specifically, it was 27.6 seconds during the first research period (from 08:20 to 09:50)
and 24.7 seconds during the second research period (from 14:20 to 17:20).

A drastic difference in these values can be observed by compaeath on the
average waiting time for service in the waiting queue obtained from the research at
the MAS Novi Sad bus terminal with the research data from the existing literature.
The waiting time obtained by the current research is much less than fingemi
which the domestic literature states as an aabdgwaiting time. Compared to other
research, lower values of waiting and service time were observed in relation to for-
eign literature. To determine the differences between the values obtaines stuthyi
and those in the literature, it is necessary to understand the conditions under which
other researchers conducted their studies. It is assumed that the differences compared
to the research presented in literature 12 and 13 are due to the faoe thBtS Novi
Sad bus station has modern equipment for issuing tickets. This equipment shortens
service time and reduces waiting time to a minimum. Previously, ticket agents wrote
and issued tickets manually or used technologies that required a signjfilcengtér
time to print tickets. Certain studies show that applying various modern systems and
online ticket sales can significantly increase ticket sales efficiency and reduce waiting
time [15, 16]. At the MAS Novi Sad bus terminal, however, tickets dliessid ex-
clusively at the counters. The introduction of online sales, sales through mobile appli-
cations, and sef§ervice would further reduce waiting times.

Additional research is certainly necessary to obtain more reliable data. This re-
search should e@r a longer period of time and a larger number of bus terminals.
Conducting research at only one terminal, where it was impossible to record all the
counters in the passenger building, limits the reliability of the results.
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Impact of urban planning documentation on traffic safety

Aleksandar Pavlovi{®, Darija Pavlovic

CIS inzenjeringloo, Odzacj Sebia, aleks.pavlovic@gmaitom darija@cisinzenjering.rs

Abstract. The aim of this paper is to highlight and emphasize the importance of
urban planning documentation and urban planning processes in relation to traf-
fic safety. To analyze this issue, various parameters wesrvaasand catego-

rized into three groups: general parameters, traffic safety parameters, and urban
planning documentation parameters. The results indicate that urban planning
documentation significantly influences traffic safety. Recognizing and estab-
lishing this correlation can and should play a key role in directing traffic safety
improvement efforts toward the development of kiglality urban planning
documentation. This paper continues research initiated in 2019, while the pre-
sented results cover therfmel from 2011 to 2023.

Keywords: Urbandocumentation, traffic safety

1 Introduction

Long-term monitoring of traffic safety and urban planning conditions in the Republic
of Serbia has revealed atablelack of research and action aimed at structuring the
relationship between urban planning and traffic safety. The goal of this paper is to
raise awareness and interest within the professional community regarding this issue,
thereby creating favorable conditions for further study and improvement of urban
plannng documentation in Serbia. Enhancing urban planning documentation by
involving transportation engineering professionals should not only improve the
quality of planning documents but also contribute to improvements in traffic safety.

To explore the relatimship between urban planning and traffic safety, an initial
data collection was carried out in both fields. For the purpose of evaluating urban
planning documentation in terms of its quality, an analysis was conducted using
publicly available documents fno official websites of local seljovernments. The
focus was placed on whether a certified traffic engineer participated in the preparation
of each urban plan. For traffic safety analysis, publicly available data were also
collected and processed to caltel specific parameters. Upon completion of the
individual analyses, a comparative assessment was conducted to explore the
interrelationship between urban planning and traffic safety.

The baseline for assessing urban planning documentation is represented by
publicly available documents collected in 2011. The data used for analyzing traffic
safety spans the period from 2011 to 2023. Due to the large volume of collected data
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and the limiations in presenting detailed comparisons, the results are shown through
percentagdased comparisons between the observed regions. All values are
expressed relative to a reference value for clarity.

2 Methodology and DataFramework

To analyze the correlaticbetween urban planning documentation and traffic safety, a
methodological framework was adopjedich included the following steps:

9 Definition of the study area and segmentation into characteristic spatial units,

1 Collection of data fodetermining baseline and general parameters,

9 Collection of data for assessing the initial state and quality of urban planning
documentation,

9 Collection of data for evaluating the initial state and trends in traffic safety

9 Separate analysis of the collati#ata,

1 Comparative presentation and analysis of the obtained results.

The territory of the Republic of Serbia was observed based on the official
statistical nomenclature (NUTS 1), topography, driver habits, attitudes, and behaviors,
as well as spatial angrban characteristics and data availability. The entire territory
was divided into two statistical units: SerfiidNorth and Serbi@ South (hereinafter
referred to as "North" and "South"). For the purposes of this study, the "North" region
includes only the local selgovernment units (LGUs) within the Autonomous
Province of Vojvodina, excluding Belgrade, while the "South" region includes all
remaining LGUs, excluding the Autonomous Province of Kosovo and Metohija. The
Belgrade region was excluded fromadysis due to its unique urban and traffic
characteristics, and the Kosovo and Metohija region due to data unavailability.

This regional division is also justified in terms of terrain &gt in the North
versus hilly and mountainous in the Sduthas wellas differences in driving habits
and behaviors.

After defining the study area and regional division, data were collected and
analyzed for 45 LGUs in the North and 102 LGUs in the South, totaling 147 local
selfgovernment units 111.

The regional grouping foLGUs enabled the collection and analysis of general
statistical data, including population size, number of registered vehicles, total road
network length, etc.

The planning documents representing the initial state of urban planning
documentation were adiined from official LGU websites, with a focus on documents
available in 2011. From each LGU, one urban plan was sefeeitider a general
urban plan or a detailed regulation plan. Priority was given to plans that addressed
traffic issues; if such plans we unavailable, general urban or general regulation
plans were used instead. The main quality criterion was whether a certified
transportation engineer participated in the planning process.
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This approach was partly dictated by limitations in accessingufbln planning
documentation for each LGU at the time of data collection. Furthernwre,
comprehensive analysis of all available plans for all LGUs would have required
significantly more time and personnel. Nonetheless, this selected approach is deemed
saisfactory for the scope of this research, as LGUs that involved transportation
engineers in the preparation of their urban documentation generally demonstrated
greater awareness of traffic issues, as well as higher expertise and a more responsible
attitude toward both urban development and traffic safety.

Traffic safety documentation analyzed in this study was also obtained from
publicly available sources, specifically the website of the Traffic Safety Agency of the
Republic of Serbia, covering the perikdm 2011 to 20231]. This dataset enabled
the calculation and analysis of several traffic safety indicators, including collective
risk, accident risk rate, vehicte-accident ratio, average traffic flow density, and the
number of fatalities per passengar unit (PCU).

3 Results

Data collection and processing were carried out across 147 locajoselfnment

units (LGUSs), of which 45 are located in the Northern region and 102 in the Southern
region. Due to the large volume of data and in order to prédsemesults more effec-
tively, all findings are expressed through a comparative ratio between the North and
South regions [2]. All results are presented and analyzed relative to an adopted refer-
ence value representing the ratio between the two regions.

3.1 ResUts of General Parameter Analysis

The analysis of general parameters showed that the North and South regions are ap-
proximately equal in terms of the number of LGUs and total population. However,
other parameters deviate from the reference value, particydapulation density
(number of inhabitants per km?) and road network length. These deviations indicate a
significantly higher population density in the Northern region compared to the aver-
age value, whereas the road network length is notably shorter.

Based on the analysis of these parameters, it can be concluded that the Northern
region is characterized by less favorable conditions for traffic flow and infrastructure
development.

A graphical representation of the obtained results is shown in Figure 1.

3.2 Resultsof Urban Planning Documentation Analysis

The analysis of urban planning documentation reveals significant deviations from the
average (reference) value. Ultimately, the results indicate a more favorable situation
in the Northern regiad specifically, a higher number of LGUs in this region have
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urban planning documentation that involved the participation of certified traffic engi-
neers in its development.
A graphical representation of the results is shown in Figure 2.
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Fig. 1. Presentation abbtained values and mutual relationship of the observed Regions regard-
ing general parameters
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Fig. 2. Presentation of obtained values and mutual relationship of the observed Regions regard-
ing urban planning documentation
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3.3 Results of Traffic SafetyAnalysis

The collected data, used as primary indicators of traffic safety, were calculated using
adapted formulas as follows:
- Collective Risk

KRd=——— 1)

Where:

KRd & collective risk,

SNPOGnNd total number of traffic acdients with fatalities on the entire road net-
work during the observed period,

SNTTPno total number of traffic accidents with seriously injured persons on the
entire road network during the observed period,

Ld & length of the road network in the region.

- Accident Risk Rate (Degree of accident risk)

z

sO ———— (2

Where:
SO0J accident risk rate,
Nnezgodad total number of recorded traffic accidents,
Q& number of registered vehicles,
L 0 length of the road network.

- Dependence of the Number Bfaffic Accidents on the Number of Vehicles:

Nsn ~ z0 3
Where:
Nsnd number of traffic accidents,
Q& number of registered vehicles,
a,bd coefficients.

- The data for the number of casualties, fatalities, traffic accidents, and derived
parameters werebtained and calculated from official documents and statistics
of the Traffic Safety Agency of the Republic of Serbia for the observed period.

Regarding the traffic safety analysis results, it is evident that parameters related
solely to the number of dffic accidents are close to the reference value, while all
other parameters significantly deviate. Based on the analysis, it can be concluded that
the Northern region presents considerably less favorable conditions for safe traffic
flow.

The graphical regsentation of traffic safety analysis results is shown in Figure 3.
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Fig. 3. Presentation of obtained values and mutual relationship of the observed Regions regard-
ing traffic safety analysis

4 Discussion

The values of all parameters gmesented in ascending order in the graph shown in
Figure 4.
The obtained results can be categorized based on their deviation from the adopted
reference value located in zone "0", which includes the basic values: number of local
self-government units (LGUB), number of fatalities, and population size. The graph
shows that the values are distributed into seven zones rangingitord.
Zones-1 and-2 highlight parameters with higher percentage values in the Southern
region. Zone “1" includes parametersich as road network length and the number of
LGUUs that have not publicly disclosed urban planning documentation, i.e., those for
which no information is available. Zone2™ contains parameters indicating the de-
pendency between the number of traffic aenid and the number of vehicles, as well
as the number of LGUUs that have urban planning documentation prepared without
the engagement of traffic engineers. These values point to unfavorable conditions in
the Southern region, reflected by parameters labeldt Wi t hout traffic enginee
AWithout information, 6 indicating | ower quality
the other hand, road length as a parameter shows a relatively better condition in the
Southern region, suggesting a higher percentage ofrooted road kilometers com-
pared to the Northern region.
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Parameters within zone "0" fall within the reference range (x10%) and include
basic indicators such as the number of LGUUSs, population, registered vehicles, and
the number of traffic accidents.
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Fig. 4. Comparative presentation of obtained parameter values of the observed Regions.

Parameters in zones 1 through 4 indicate higher percentage values in the Northern
region. Zone "1" includes parameters showing a higher number of fatalities, the num-
ber of traffic accidents normalized per passenger car unit, and a higher fatality rate
relative to population, all pointing to less favorable traffic safety conditions in the
Northern region. However, this zone also contains a positive parameter for the North-
ern regior® a higher percentage of LGUUs with urban planning documentation pre-
pared by certified traffic engineers.

Zone "2" consists solely of the parameter representing population density per
square kilometer, clearly indicating a higher population dgnsitthe Northern re-
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gion. From a traffic safety perspective, higher population density negatively impacts
traffic safety, positioning the Northern region at a disadvantage.

Parameters in zone "3" refer to average traffic flow density, the number of traffic
accidents per kilometer of road, and collective risk. Increased traffic density and
higher collective risk further emphasize the unfavorable and riskier traffic conditions
in the Northern region.

Zone "4" comprises the parameter representing the degreszafd for the occur-
rence of traffic accidents, which is markedly high in the Northern region, signifying
the most critical traffic safety situation there.

Analysis of parameters by zones has led to grouping them into three categories:

b The first group inludes parameters reflecting the traffic conditions in the Northern
region, indicating significantly less favorable safety conditions. This includes the
parameter below the reference Bnea lower percentage of constructed road net-
work in the Northern regi@ and parameters above the reference line, such as
higher vehicle numbers, population density, traffic flow density, collective risk,
and especially the degree of hazard, which significantly deviates from the refer-
ence.

b The second group includes parametsithin the reference range, i.e., zone "0,"
encompassing the number of fatalities, total traffic accidents, and accidents involv-
ing bodily injuries.

b The third group pertains to urban planning documentation parameters. Considera-

ble differences exist betwee par amet ers | abeled #AWi thout traf
AWith traffic engineers, o6 indicating better gL
region.

Overall, although the Northern region shows more unfavorable conditions for safe
traffic flow, the number of trdic accidents remains within or close to the reference
values. This suggests that the quality of urban planning documentation plays a crucial
role in traffic safety and that highguality documentation in the Northern region
may mitigate the adverse efte®f less favorable conditions.

In conclusion, the urban planning documentation parameter is a significant indica-
tor of traffic safety quality. Lack of engagement of certified traffic engineers and
poorquality urban documentation generally lead to poagigned traffic spaces,
resulting in unsafe traffic conditions and increased accident rates.

5 Conclusion

The greatest challenge in determining the interdependence between urban planning
documentation and traffic safety lies in the size and diversithefstudied areas.
While data collection and processing related to traffic safety are facilitated by the
availability of public data, obtaining data on urban planning documentation is much
more complex and requires detailed individual analysis of each LGUU.
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Complete systematization and analysis of urban planning documentation, including
quality assessment, degree of implementation, and expert involvement, would enable
more precise and comprehensive conclusions.

The lack of scientific and professional litareg on this topic [3,4], alongside the
need for multidisciplinary engagement and financial resources, represents additional
barriers to deeper analysis.

Despite these limitations, the results indicate a significant impact of urban planning
documentation onraffic safety. It is necessary to expand this research by involving
more experts and institutional approaches to systematically address this important
issue.
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Abstract. Noise is one of the most significant environmental risks, according to
data from the World Health Organizati@ndthus represents an important field

of research. In line with this fact, this paper presantanalysiof the impact

of road network noiseyith the aim of reducing ecological risk and mitigating
negative effects on animal populations. Results of experimental research in the
United States confirm a considerable reduction (37.5%) in the overall bird pop-
ulation in noisy road environments, aslias the complete avoidance of such
locations by certain specieBdmbycilla cedrorumand Setophaga petechia
demonstrating that road network noise is a key driver of negative ecological
consequences for animal populations. The trend of decreasing tapualensi-

ty near noisy roads is evident in most bird species. For exaBiftke canaden-
sisshowed an 86% decrease in occupancy near noisy rbadks migratorius

77%, Regulus calendul®3%, andPipilo maculatus17%. Furthermore, the
number of males abird mating sites exposed to traffic noise is 73% lower
compared to quiet locations. Studies conducted in the Netherlands also revealed
a reduced bird density near roads, with lower occupancy found in areas where
traffic noise exceeds 50 dB(A), and for smspecies even at 40 dB(A). A sig-
nificantly lower presence of several large mammal species has also been docu-
mented in habitats near @m In order to mitigate these adverse effects and
consequences on health, communication, reproduction, and more,tipeotec
measures have been proposed, aimed at achieving an optimal level of protection
for vulnerable populations.

Keywords: Traffic noise,road networkanimals,ecological consequencgso-
tection

TransportaCom 202523 - Doboj, 58 Novemigr



mailto:zastitad@gmail.com
mailto:slavko.djuric@sf.ues.rs.ba
mailto:mirjana.ceranic@fimek.edu.rs
https://orcid.org/0009-0004-8117-6063
https://orcid.org/0009-0004-9650-6379
https://orcid.org/0009-0000-5802-3107
https://orcid.org/0009-0003-5391-130X

X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

1 Introduction

The purpose of this paper is to present atiglistiplinary study on the noise impact
on fauna during road construction and operation, aiming to reduce noise and mitigate
negative ecological effects as much as possible. This represents the main goal of the
research, considering that noise is beconaingncreasingly significant factor threat-
ening animal and other populations, with numerous ecological consequences

According to the most commonly used definition, noise is any unwanted sound. It
shares the same physical characteristics as sourtdiffaus in that it causes disturb-
ance, harm, and various adverse effects on the health of both humans and animals [1]

Traffic and road networks have a very positive impact on the integration of people
and essential goods, but they also significantly atelogical communities and the
acoustic environment by generating and emitting nd&®d construction typically
involves the use of heavy machinery. Additionally, bridge and tunnel construction
often requires pile driving and blastinigoad traffic noig is generally of lower inten-
sity than construction noise but tends to be continuous andtéomg Noise caused
by moving motor vehicles can spread on either side of the road, significantly altering
the environment, leading to reduced animal populatiows degradation of natural
habitats. In parts of Europe and America with a high density of road networks, there
has been a significant reduction in the habitats of species sensitive toNaise.
emitted from road networks causes a range of ecologiadteffmaking it crucial to
consider these during the planning and design of new roads, as well as when imple-
menting noise control measures

By using available scientific data from the researched area in parts of Europe,
America, and elsewhere, and by appd appropriate research methods, this study has
produced significant results and findings. Thi
portant for the optimal design of road infrastructure and the implementation of appro-
priate technical and other protectiveanares, as well as for the development of mon-
itoring plans aimed at periodically reviewing and improving measures for the protec-
tion of endangered populatians

2 Methods

This study employed muitriteria methods of analysis and synthesis, includirey
comparative method. Relevant and available data from scientific and professional
studies were used, including those from the United States (USA) [2, 3], the Nether-
lands [4 6], Denmark [7], Serbia [1, 8], and other countries

In the structure of the subject vikprthe method of analyzing the presence of the
most significant bird species in the vicinity of a noisy road was primarily applied,
along with a comparison of their presence at minimal levels of traffic noise and the
synthesis of data. Additionally, methoaf analysis, comparison, and synthesis of
available scientific data were used in defining the ecological consequences of noise
from the road network on animal populations and measures for their protection. The
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application of all the aforementioned methadd the research generated significant
results and conclusions for this work.

3  Analysis, Results, and Discussion

3.1 Analysis of the Noise Impact on Bird Occupancy Near Noisy Roads

According to an experimental study conducted in the USA [2], the presengeci.e.
cupancy, of birds was analyzed near a quiet road (with a noise level of 37 dB(A)) and
a noisy road (with a traffic noise level of 57 dB(A)), within arbéter radius from
the road. This was done by comparing and synthesizing relevant data (approximate
bird counts), as presented Trables 1i 3. The analysis included the following most
significant bird speciesturdus migratoriuél, Regulus calendul2, Pipilo macula-
tug 3, Sitta canadensi4, Vireo cassinii 5, Piranga ludovician&6, Spizella passer-
inai 7, Poecile gambeli8, Bombycilla cedrorum9, Setophaga petectiia0, Em-
pidonax oberholserill, andSetophaga townsendi2.

Table1 shows the average number of 12 key bird species present in the environ-
ment near the experimental quiet road, whigble 2 presents the average number of
the same bird species in the environment near the experimental noisy road, in the
USA.

Table 1. Average number of the most significant bird species present near the quiet road [2]

Parameter Bird species

1 2 3 4 5 6 7 8 9 10 11 12
Average number 850 300 300 350 90 130 80 70 43 45 58 33
of birds present]

Table 2. Average number of the most significant bird species present near the noisy road [2].

Parameter Bird species

1 2 3 4 5 6 7 8 9 10 11 12
Average number 200 200 250 50 50 80 30 30 O 0 2 10
of birds presenf:]

In accordance with the results of the data analysis presenteabiss 1 and 2, an
average of 85Qurdus migratoriusirds were present along or near the quiet road at a
noise level of 37 dB(A), but their presence decreased by 77% (to 200 birds) with an
increase in traffic noise to 57 dB(A)

A decrease in presence is also evident in other listed bird species, although the
number of individuals per species decreased differently. For exampleR&dus
calendulabirds present along or near the quiet roadreased by 33% (to 200 indi-
viduals) under noisy traffic conditions; 3@9pilo maculatushirds decreased by 17%

(to 250 individuals); 35@itta canadensibirds decreased by 86% (to 50 individuals);

TransportaCom 202525 - Doboj, 58 November




X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

etc.- representing a significant reduction. The trefidiecreasing density of the men-
tioned animal population near noisy roads is evident in other bird species as well, with
certain variations

Table 3 presents the average number of all birds present in the vicinity of the ex-
perimental road in the USA, different levels of traffic noise

Table 3. Average number of all birds present in the environment of the experimental road at
specific noise levels [2].

Parameter Values
Traffic noise level [dB(A)] 37 57

Average number of all present birds [ 4000 2500

Analysis of the data froriiable3 shows that the total number of bird species present
in the environment of the quiet road decreased by 37.5% during the noisy. péeod
negative impact of road noise on birds and other animal populations leads to their
avoidance of the road and its surroundings, as well as other ecological consequences.
A significant reduction in the number of birds along and near the noisy roaallas w
as the complete avoidance of these locations by two bird spds@abycilla
cedrorumand Setophaga petechiaproves that road network noise is the main driver
of ecological consequences on the animal population

The results of the previous experimantesearch [2] in the USA confirm the con-
clusions of studies 8] in the Netherlands, which found reduced bird density near
noisy roads and demonstrated that bird populations decline in areas where traffic
noise exceeds 50 dB(A), even 40 dB(A) when ines to forest birds. In countries
with dense networks of roads of various categories, especially highways, such as the
Netherlands and other developed countries, traffic noise represents a significant threat
to animal populations, particularly birds, leaglito a reduction in population density

The obtained analysis results show that traffic noise can seriously affect bird abun-
dance. Furthermore, it is highly likely that other negative effects of the road network
will amplify the noise effects on numeropspulations

3.2 Ecological Consequences of Road Network Noise on Animal Populations
in Surrounding Habitats

Many animal species, such as birds, mammals, fish, frogs, insects, and others, com-
municate using sound, which serves multiple functions. Howevese rohitted from

the road network very often disrupts this communication and important interactions
between animals, which can have significant ecologamaisequences. In traffic
noiseaffected areas, the following ecological consequences often occlcultigs

in attracting mates, reduced reproductive success, decreases in population numbers
and species diversity, changes in the composition of ecological communities, and
more [9, 10].
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Due to road traffic noise, some animal species call or sing diffgrdnit these
changes are not sufficient to restore all lost communication [11]. Acoustic disturb-
ances generated by noise from the road network can increase animals' vulnerability to
various predators and reduce success in foraging for animals that nsetgdocate
their prey

Results of conducted researches [12] prove that some animal species, such as bats,
avoid foraging near noisy highways.

Noise from road construction and reconstruction, as well as road traffic noise, can
cause physiological stres&3] and frighten animals in the road environment. As a
consequence, animals often temporarily or permanently move away from areas affect-
ed by noise. Permanent avoidance of naifected areas along roads leads to a last-
ing reduction in available habitafigr various noisesensitive species. In regions with
a dense road network, such as parts of Europe and North America, this reduction can
be very significant [14]

An experimental study on the birBletrao urogallus(Western Capercaillie) in
North America[3] found that males of this species avoid lekking (calling) sites locat-
ed near noisyoads. According to this studthe number of males was 73% lower at
breeding sites exposed to traffic noise (accompanied by increased stress levels in the
birds) compare to quiet sites

Research results [15] demonstratiower presence of several large mammal spe-
cies (elephant, zebra, etc.) in habitats near roads

Noise emitted during the construction and operation of various categories of roads
often causes hearirigss in animals. High noise levels can damage the cochlea in the
inner ear, leading to increases in hearing thresholds and hearing injuries in animals
[13]. Such hearing damage may result from prolonged exposure to high noise levels
or from a single extremnoise event. Related to this, the conclusion of the conducted
research [16] is that continuous noise above 93 dB(A) emitted from roads can cause
an increase in hearing thresholds in birds, while impulsive noise above 125 dB(A) can
cause permanent hearidgmage.

Acoustic internal injuries to fish are most often caused by noise during road con-
struction (noise from pile driving of support posts into the substrate, etc.) in aquatic
habitats

3.3  Protection Measures for Populations Endangered by Noise Emitteddm
the Road Network

Due to various potential dangers and ecological impacts, it is necessary to plan and
design protective and mitigating measures against the negative effects of noise emit-
ted from roads, both on humans and animal populations. Thisésiakp important

in areas with endangered species populations where high noise levels from road con-
struction or traffic are expected. Noise mitigation from the road network often re-
quires significant financial investments, so it is essential to considearzalyze nec-

essary measures during the design phase, i.e., before road construction. Necessary
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expert preparation must include the collection of ecological data on various animal
population activities in habitats that will be affected by readtted nose

Findings based on numerous studies [17] in several European and world countries
indicate that a significant reduction of traffic noise produced by the contact of vehicle
tires with the road surface can be achieved by using porous or draining aspihalt in
surface layer of the road. Noise from motor vehicles traveling on roads can be re-
duced by structural improvements to the engine, exhaust system, tires, and other com-
ponents

Protective measures vary depempon the type of noise, roadxpected trdic
volume, and types of habitats that may be affected by the.noise

Sound barriers have been used for decades to protect people from high levels of
road traffic noise but are less frequently used solely for the protection of animals.
These barriers are tufrom various solid materials (concrete, earth, wood, steel,
glass, etc.) and can reach heights of 5 meters or more above ground level. Such pro-
tective structures are very effective. Depending on the category and type of noise
protection constructionheir effectivenessTable4) in reducing noise levels can be
up to 11 dB(A) or more

Table 4. Classification of noise protection constructions [8].

Category Type of construction Noise reductiofdB(A)]
Al Reflective upto4

A2 Absorptive from4to 8

A3 Highly absorptive from8to 11

A4 Super asorptive over 11

In addition to their relatively high efficiency, sound barriers have a drawback as they
prevent the movement of many animals (mammals, reptiles, amphibians, and inverte-
brates).

Birds in flight may collide withithe mentionedbarriers made of transparent terd:
als unless these barriers are patterned or painted to make them more visible. A sound
barrier with silhouettes of birds of prey (Figure 1), besides reducing noise from the
highway, also reduces the risk of bird collisions
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Fig. 1. Photographic appearance of a sound barrier with silhouettes of birds of prey [18]

Figure 2 is a photographic representation of a sound barrier with horizontal bright
colored stripes, which, besides reducing noise from the highway, also serves a safety
function (repelling birds and reducing the risk of collisions with the barrier)

Fig. 2. Photographic representation of a sound barrier with horizontal stripes [19].

On busy and noisy roadghere,solid sound barriers are installed, many animals are
prevented from crossing. To address these drawbacks of solid sound barriers, other
types of barriers are being developed. Significant solutions include green sound barri-
ers as shown in Figure 3, or aars that have a small openinfpr(the passage of
animal3. However, the effectiveness of most such barriers in reducing noise emitted
from roads is less than that of solid barriers

As a special type of sound barrier, Figure 4 shows a photographicappeaf a
sound tube designed to reduce road noise in Melbourne (Australia) while preserving
the aesthetic appearance of the surrounding area
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Fig. 3. Green sound barri¢20]. Fig. 4. Sound tubg21].

Within the protection masures set, important potential actions include reducing or
stopping noisgyenerating activities during certain periods in locations where animals
sensitive to noise are present

When considering the impact in terrestrial habitats, such measures mageinclu
temporary halts in road construction, temporary road closures, or reducing vehicle
speeds to lower traffic noise. Implementation of protective measures is considered
and planned during the breeding season of particular animal species that communicate
via sound (birds, frogs, etc.) [224]. However, these measures require reliable in-
formation about the distribution and breeding activities of these animals

To reduce the impact of pile driving noise on animal populations (fish and mam-
mals) during road cotrsiction in aquatic habitats, one important measure is the use of
air bubble curtains (Figure 5)

Fig. 5. Air bubble curtain [25].

The mentioned curtain produces air bubbles, which are most often released at the
bottom of the water andistributed throughout the water. Once they rise, the bubbles
interrupt the propagation of waves and reduce noise, i.e., they function as a barrier.

Results from experimental research in Denmark [7] indicate that noise from pile
driving were significantlyeduced when the mentioned curtain was in use
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4 Conclusion

From the analysis of scientific data in this study, an important conclusion emerges:
noise from roadtonstruction and roattaffic often has significant ecological conse-
quences for most animalswarious habitats surrounding roads

Experimental research results on the noise impact on bird populations along noisy
roads in the USA confirm a significant reduction in the abundance of all studied bird
species near noisy roads, amounting to 37.5%. kample,Sitta canadensiseeduced
its presence near noisy roads by 8@urdus migratoriudy 77%,Regulus calendula
by 33%, along with most other bird species. Some bird spegtsaliycilla cedrorum
and Setophaga petechiaincluded in the same study, colefely avoid noisy loca-
tions. At bird breeding sites exposed to traffic noise, the number of males was 73%
lower than at quiet sites. The conclusions of the experimental research in the USA
align with research findings in the Netherlands, which demondtnaeéuced bird
density near noisy roads. According to those results, bird presence decreased in areas
of the Netherlands where traffic noise exceeds 50 dB(A), even 40 dB(A) for noise
sensitive forest birds. Based on the analysis results, it is concluatetiatfiic noise
can significantly affect bird population abundance. Furthermore, analysis results show
reduced presence of several large mammal species in habitats adjacent to roads

The analysis and synthesis of research results confirm that road keivise can
very negatively impact animal populations and cause many consequences for them
and other populations. An integral part of the conclusion is that the negative ecologi-
cal consequences on animal populations, primarily driven by road noise, rhajeinc
increased health stress, various behavioral changes, injuries, or death of animals. High
noise levels emitted from roads often lead to hearing damage and increased hearing
thresholds in animals. Related to these conclusions, it is proven that ineputsse
above 125 dB(A) generally causes permanent hearing damage in birds, while contin-
uous noise above 93 dB(A) very often causes increased hearing thresholds. From the
perspective of animal populations, ecological consequences may include reduced
reprodictive success and lower survival probabilities in habitats affected by noise
from road networks

Due to the ecological risk and numerous consequences of road network noise, im-
plementation of appropriate protection measures for endangered animal populations is
often necessary. These measures must be carefully considered, analyzed, and planned
during he design and planning of road infrastructure. To achieve the best option for
planning and implementing protective measures for different animal groups, further
research is needed, which would significantly contribute to the field.

According to availablelata, it can generally be concluded that insufficient atten-
tion is currently given to the issue examined in this work, especially in developing
countries
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Abstract: Driver behavior is one of the key factors influencing traffamwv
conditions at unsignalized intersections. Gap acceptance models at such inter-
sections are based on the premise that drivers on minor approaches do not re-
ceive a signal but instead make independent decisions on when it is appropriate
to enter the intsection. Although the actions involved in performing minor
maneuvers are practically identical across drivers, the acceptance of time head-
ways depends almost entirely on the driver's individual judgment. Given the
specific characteristics that novice dms represent within the traffic stream,
their behavior was selected as the focus of this research. A comprehensive re-
view of the available literature revealed that this is the first theoretical analysis
addressing the influence of novice drivers on gagpiance uret real traffic
conditions. Fothe study, 3,882 headways were measured, and after data selec-
tion, a database of 3,313 headways was compiled for further analysis. To ana-
lyze novice driver behavior, accepted and rejected headway curves were deve
oped for minor maneuvers at three unsignalized intersections. These curves
were generated separately for novice and experienced drivers to enable a com-
parative behavioral analysis. The results clearly indicate the unpredictability of
novi ce dr iorvaeunsgbalizédeirtiessections in contrast to the more
consistent behavior of experienced drivers.

Keywords: Novice driversunsignalized intersectionseadway

1 Introduction

Intersections regulated by traffic signs and general traffic rules are thecammon

type of intersections. These intersections are internationally knownsagnalizecr
priority intersectionsAccording to[1], at unsignalized intersections, drivers are not
controlled, meaning they must deciibe themselvesvhen it issafe to enter the inter-
section.A driver attempting to enter the intersection must yield the right of way to
vehicles in the priority stream. Tk, every driver on the minor approach must assess
which headwaybetween vehicles in the major stream is long enough to safely per-
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form the desired maneuver. This process is known agahecceptance processd
it is expressed in seconds.

According to[2], headways between vehicles are defined in such a way that the
time of passage of any vehicle that comes into direct conflict with the subject vehicle
can be considered the beginning of the inteiva]3], headwayis definedas the time
interval betwer the arrival of one vehicle from the major stream at the intersection
and the arrival of the next vehicle from the same stream. To further define the gap
acceptance procesanother term was introduced, thecalled lag. More precisely,
lag represents ¢htime from the moment a vehicle from the minor stream arrives at
the stop line until the moment a vehicle from the major stream passes in front of the
approach where the minor stream vehislevaiting[2].

Previous studies have reported mixed findinggarding factors influencing gap
acceptanceln [4], there waso significant effect of driver age, whila [5] and []
age plays a role, with younger drivers being more aggressive and older drivers
accepting largeheadwayg. According to [f], younger driers are more inclined to
acceptheadwayg than older onessangole et al.g] further showed through a neuro
fuzzy model for twewheelers that driver age is a key factor. From a safety
perspective, Tupper et al9][ emphasized that gap acceptance can duriito
accidents, particularly among young drivers. These inconsistencies highlight the need
for further research to clarify how age and experience shape driver behavior in
complex traffic situations, which is the main focus of this study.

The availablee sear ch on novice driversd gap
simulatorbased settings. Mitsopoulétubens et al[10] showed that novice drivers

acceptan

tend to accept more headways than experienced ¢

zone. 0 Si miadl[@dl found différences in visdl information acquisition
strategies, with young novice and older experienced drivers classified as-fisther
compared to young experienced drivers. More recently, Tian gtZildemonstrated
that the original Ruralntersection Conflict Warning System (RICWS) reduced the
likelihood of accepting critical headways among older and midge drivers, but
had little effect on novice drivers, likely due to their limited attention to or misunder-
standing of the warning sign

The studies by [10], [11], and [12] are the only available works directly related to
the topic addressed in this paper. The scarcity of research on headways accepted by
novice drivers, both globally and within our region, provided the main motivation fo
undertaking this study. Unlike previous works that rely on driving simulators, this
research examines novice driversd behayv
is to analyze their actual behavior in situations where they are unaware thattheir
tions are being observed, with particular attentioth&r implications for traffic con-
ditions and safety. The novelty of this paper lies in the fact that it may represent the
first study to investigate such behavior under natural traffic condittbesgby con-
tributing to a better understanding of its impact on overall traffic performance.
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2 Methodology

In order to determine the influence of the highisit group of drivers on the gap
acceptance process, a comparative analysis of the behaviovioé drivers and ex-
perienced drivers as conducted within this studpuring the data collection process,

it was essential to ensure conditions of saturated traffic flow under daylight, without
the presence of rain or snow, in ordeltidolate the predefed headways. According

to [13], vehicles operated by novice drivers must be specially marked. These drivers
were identified based on the letter "P" displayed on their veHidle

A request was submitted to the Ministry of the Interior, Doboj Police Department,
outlining the research plan and the need for their assistance in collecting all necessary
and available data. Following a positive response, access was granted to review video
recordings of intersections in tiieban area of the city of Dobo;j.

The research was spatially focused on three unsignalized intersections located in
the urban area of the city of Doboj, Repalof Srpska, Bosnia and Herzegovina. The
observed intersectis are sitated at the following locations

U0 The intersection of Sveti Sava Street, Mi | o
Street and Vidovdanska Street (marked aslthe paper);

0 The intersection of MpAkkshndgSeeetQs t r og ki Street

U The intersection of Vojvoda Stepa Street &l Dragutin Streetl§).

For the purpose of measuring headg/ayne ofthe most widely used techniques,
the secalled photographic method, was applikds considered one of the most reli-
able m¢hods for determining traffic flow parameters, as it does not influence driver
behavior. This represents one of the main advantages of the research conducted in this
study, as novice drivers did not alter their behavior and drove in a natural, routine
manrer.

In order to determine the value of accepted and rejected headways, it was first nec-
essary to isolate individual time points. Two imaginary lines were drawn: one at the
entry point into the center of the intersection (A), and the other at the locétibe o
potential conflict between vehicles in the major stream aodet on the minor ap-
proach (B)Fig. 1).

To detemine the length of the headwayvo key time points are considered: a6
the beginning of théeadway and Jas its endIn addition b acepted and rejected
headways, accepted and rejected lagre also taken into account. The moment when
the subject vehicle A stops at the entry point to the center of the intersection
represents the first key time poifit, i.e. the beginning of the la@he moment when
vehicle C, coming from the major streareaches the imaginary line B marks the
second key time point,, i.e. the end of the lagThe lag is then calculated as the
difference (% - T1). Based on the figures below, it can be concluded ttiatag in
this traffic situation was rejected.
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Fig. 1. Timestampg15]

The moment when vehicle C from the major stream touches the imaginary line B
represents the next key time poing, Which is necessary for forming the next ana-
lyzed headway. Théme point T, as the beginning of the headway, simultaneously
marks the end of the lag.T

The moment when vehicle D from the major stream touches the imaginary line B,
that is, when the front bumper of the vehicle in the major stream reaches line B, rep-
resents the next characteristic timestamp, labelgig. 2). The headway is defined
as the difference between these two timestamps (z). Based on the following
figure, it can be concluded that the headway was rejected, meaning it can be included
in the analysis aimed at determining the values of both accepted and rejected head-
ways.

The creation of the database involves repeating the previously described procedure,
and for each calculated headway, it is verified whether the headway was accepted or
rejected, depending on whether the subject vehicle A entered the center of the
intersection during thelbserved intervalln the cases shown in the following figures,
it is clear that the driver from the minor approach, who is also a novice driver,
rejected oe more headway before entering the center of the intersection. More
precisely, the difference between timestampsamd Ts, i.e., the time headway
between vehicles E and F, represents the accepted headway.
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Fig. 2. DecisionMaking Process for Gap Acceptze[15]

3 Research results

Using the photographic method, a database of 3,882 headways and lags was collected,
from which a core dataset of 3,313 intervals was derived for analysis. The study as-
sumes that the probability of headway acceptamceases with headway length and

that this relationship differs across intersections and particularly between novice and
experienced drivers. To test this, the percentage of accepted and rejected intervals was
calculated for all intersections and turnimaneuvers, except for the right turn from

the minor approach at intersection Where the limited number of intervals after fil-
tering prevented reliable calculation.

3.1 Percentage values of accepted and rejected headways at the intersection 11

Fig. 3shows arves where the-axis represents interval class values of 1 second and
the yaxis the percentage of accepted and rejected intervals. For experienced drivers,
almost all headways shorter than 4 seconds were rejestddthose longer than 10
seconds werecaepted. In contrast, novice drivers exhibited inconsistent patterns,
particularly in the 8 second range, where they sometimes rejected larger headways
after accepting shorter ones. This irregularity suggests instability in their decision
making and re#icts limited experience in assessing traffic risk.
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Fig. 3. Curves of accepted and rejecteshdwaydor through traffic on the minor strefeir
experienced drivers (a) and novice drivers (b) at the intersdgtion

Fig. 4 showsthe curves of accepted and rejected headways for left turns from the
minor street. Among experienced drivéFsg. 4a),the curve is relatively uniform,

with all headways shorter than 6 seconds rejected, which is expected given that left
turns are amonghe most demanding maneuvers. In contrast, nalieers (Fig. 4b)
display pronounced fluctuations, accepting even shorter headways than experienced
drivers while at the same time rejecting longer, safer ones. This inconsistency
suggests that novice drivertend to underestimate risks associated with short
headways and struggle to evaluate longer ones, increasing the likelihood of
misjudgments during left turns.
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Accepted headways —Rejected headways Accepted headway | headway:
(a) (b)
Fig. 4. Curves of accepteand rejected headways for left turn frommor street for
experienced drivers (a) and novice drivers (b) at the intersdegtion

3.2 Percentage values of accepted and rejected headways at the intersection 12

For intersection s Fig. 5 shows the curves of accepted and rejected headways for
right turns from the minorteeet. Among experienced drivers (Fig. 5a), the pattern is
consistent, i.e. all headways shorter than 5 seconds were rejected, those longer than 8
seconds were accepted, and acceptance gradually increased withi8 thecénd

range. Novice drivers (Fig.by, however displayed less uniform behavior, though

with fewer irregularities than at the previous intersection. Notably, in#edcond

range, the percentage of accepted and rejected headways was equal, indicating
indecision and a lack of clear judgnieThese observations imply that novice drivers

face difficulties in evaluating borderline headways, which may reduce the
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predictability of their behavior and elevate the risk of conflicts in turning maneuvers
at unsignalized intersections.
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30 80
0 70

Percentage
=388 2 g
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oz B 8882

01 1-2 23 34 45 56 67 7-8 89 910 10-1111-1212-1313-1414-15 01 12 2:3 34 45 56 67 T-8 89 9-10 10411 11-1212-13 1314 14-15

ted headway Rej d headways Accepted headways —Rejected headways
(a) (b)
Fig. 5. Curves of accepted and rejected headwaysigiit turn from minor street for
experienced drivers (a) and novice drivers (b) at the intersdegtion

Fig. 6 shows the headway acceptance curves for left turns from the minor approach.
Among experiencedrivers (Fig. 6a), the curve is relatively uniform, with only minor
deviations in the 941 second range. In contrast, novice drivers (Fig. 6b) exhibit more
irregular behaviar While all headways shorter tha# seconds were rejected,
significant fluctuatios appear from 12 seconds onward, as some drivers rejected even
very largeheadwayg (1215 seconds). These findings imply that novice drivers not
only struggle with borderlinbeadwayg but may also misjudge evidently safe ones,
reflecting insufficient riskassessment skills.
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01 1-2 23 34 45 56 67 7-8 89 9-10 10-1111-1212-1313-1414-15 01 12 23 34 45 56 67 7-8 89 9-10 10-11 11-1212-1313-14 14-15

~—Accepted headways Rej 1 headways ~—Accepted headways Rej d headways
(a) (b)
Fig. 6. Curves of accepted and rejected headways for left turn from minor street for
experienced drivers (a) and novice drivers (b) at the intersdegtion

3.3 Percentage values of accepted and rejected headways at the intersection 13

As shownin Fig. 7, the headwaycaeptance curves for left turns from the minor
approach again reveal clear differences between experienced and novice drivers.
Experienced drivers (Fig. 7a) show a largely uniform pattern, rejecting all headways
shorter than 4 seconds, with only minor déians where some longbeadwayg (13

14 seconds) were rejected. In contrast, novice drivers (Fig. 7b) dispagunced
variability, including the rejection of very long headways, even up tt716econds.
These resuls imply that while experienced driee generally apply consistent
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judgment, novice drivers demonstrate instability and a tendency to misjudge even
clearly safeheadway.

Percentage
Percentage
L =2 g

12 23 34 45 56 67 T8 &9 0

Accepted headway j d dway V Acceptedrhea;lwa:vs V—l’(ejecrecl’heauwa’ys
(a) (b)
Fig. 7. Curves of accepted and rejected headways for left turn from minor street for
experienced drivers (a) and novice drivers (b) at the intersdetion

Fig. 8 shows the headway acceptance curves for right turns from the minor approach,
where an atypical patteremerges for experienced drivers (Fig. 8a), marked by
irregularity due to the rejection of a headway in th® 8econd class. In contrast,
novice drivers (Fig. 8b) display their most uniform curve across all intersections,
rejecting all headways shortehan 8 seconds and accepting those longer, while
experienced drivers applied a lower threshold of 6 secd#owever it cannot be

ruled out that the relatively small sample of collected head@yghis maneuver

may have contributed to this result.
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Fig. 8. Curves of accepted and rejected headways for right turn from minor street for
experienced drivers (a) and novice drivers (b) at the intersdetion

4 Conclusion

Novice drivers are consistently present in the traffic flow, indicating that theiripartic
pation influences traffic conditions at umsalized intersections.He decisionghey
makewhen estimatindgime headways in potentially conflicting traffic streams have a
significant impact on traffic safety. Specifically, accepting headways shortethitban
safe threshold leads to potentially hazardous traffic situations, while accepting head-
ways longer than the critical threshold reduces the operational capacity of the inter-
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section An important aspect to emphasize is that novice drivers are not a éoeiog
ous group, as their behavior may also vary depending on their level of experience
within the tweyear period, during which they are required to display the "P" plate.

A review of the available literature revealed only three studies presenting results on
novice driversd headway acceptance behavior usi
date, no research has been presented that investigates the influence of novice drivers
on time headway values at priority intersections under real traffic conditions. There-
fore, the key contribution of the present study lies in the results obtained through lo-
cal, field-based measurements conducted under fully realistic traffic conditions.

The results of the study showed that the position and shape of the accepted and re-
jectedheadway curves vary depending on the specific intersection, the type of minor
maneuver, and, most notably, the driver's level of experience. In the case of experi-
enced drivers, each maneuver across the analyzed intersections exhibited a more or
less consitent gradual increase in the percentage of accepted headways with increas-
ing headway length. Thus, the general shape of the accepted and rejected headway
curves for experienced drivers was fairly uniform and consistent. In contrast, novice
drivers exhibied substantial variability irthe headway acceptangarocessacross
nearly all minor maneuvers at all three analyzed intersections. The analysis revealed
significant fluctuations in the acceptance of headways by novice drivers, resulting in
headwayacceptace curves characterized by irregularity and variability. These find-
ings clearly point to the unpredictability of novice driver behavior at priority intersec-
tions compared to experienced drivers.

This research is limited by the numberiofersections, maneuvers, and the rela-
tively small dataset in some cases. Future studies should expand the analysis to larger
datasets, a broader range of intersections and maneuvers, and novice driver subgroups
with varying experience. Such efforts woddhance result reliability and support the
development of measures to improve traffic flow efficiency and intersection capacity,
while also contributing to targeted safety improvements at unsignalized intersections.
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Abstract. Urban traffic planning typically depends on thestemation and/or

empirical measurement of quantitative parameters such as traffic flow and de-

lays. However, despite all known parameters, the procedure of traffic planning

oftenoverlook dri ver sdé experiences in traffic. Consider
ticipants in traffic as well as users of the road infrastructure, their experience

measured througthelevel of satisfactiortan be a valuable supplementary met-

ric parameter in procedure$ planning and controlling traffic flows. This paper

presents the application affuzzy logic system in evaluating driver satisfaction

at a threavay intersection. Based on experimental results and expert

knowledge, membership functions for the inputsne of the day, delaysnd

traffic flow- were defined, along with the corresponding fuzzy rule base. The

systemdbs output guantifies the driverds |l evel of
the potential for integration of fuzzy logic systems into proceduketraffic

planning where conventional performance measures may fail to capture user

discomfort. By taking driver experiences into account, traffic planners can pri-

oritize interventions such as signal timingdjustmentsintersection redesigns,

and stategic rerouting directly targeting the minimization of driver dissatis-

faction. By placing user experience at the core of planning decisions, this meth-

od supports the devel opment of responsi ve, user
tions.

Keywords: Traffic planning, Fuzzy Logic System, Driver Experience.

1 Introduction

Quantitative measurements such as traffic flow, delay, and capacity are traditionally

based on the process of urban traffic planning in order to evaluate network perfor-

mance and to gué infrastructure and operational decisions. Conventional metrics

often fail to capture the experience of traffic participantsich is generally subjec-

tive. However the satisfaction of traffic participants can be an important indicator of

publicacceptane of road and traffic measures. Perceive
subjective assessments may be different compared to purely -tafficeering
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measures. Due to the subjectivity of traffic participants, it is not easy to predict their
satisfactionwith the implemented measures [1]. Integrating driver perception and
usercentered metrics into traffic planning has great importance. In [2], authors exam-
ined factors influencing the perceived value of travel time in European urban areas,
highlighting tha travel satisfaction is shaped not only by objective measures such as
travel duration and congestion, but also by subjective aspects including comfort, pre-
dictability, and personal preferences. In addition, traffic conditions, road surface qual-
ity, and tke surrounding driving environment affect driver stress levels [3].

The application of fuzzy logic in traffic engineering is present in developing fuzzy
controllers for isolated and coordinated intersections, adaptive tsiffial systems
that use flow ad queue information, and methods that incorporate hwreatric
criteria into level of service assessments [4, 5]. In [6], a flagic system as an
adaptive fuzzylogic traffic control system (AFLTCS) is proposed for dealing with
uncertainties and nelinearities in traffic, providing more responsive control strate-
gies for traffic management. The application of a fuzzy controller to ensure precise
determination of green signal duration is presented in [7]. Chala et al. presented a
novel agenbased fuzzytraffic control system for multiple road intersections de-
signed to operate in a decentralized manner, with each intersection having its own
agent (fuzzy controller) functioning concurrently [8Pn the other hand, although
some cities use traffic inforrtian systems to manage congestion, their effectiveness
depends on drivers perceiving the system as useful and of adequate quality [9]. Due to
the high uncertainty and variability inherent in real traffic conditions, understanding
driver behaviour remains @omplex problem that often requires the use of flexible
and adaptive modelling techniques, such as fuzzy logic. Xiao et al. proposed a novel
fuzzy deep attention network (FDAN) method to recognize driver behaviours [10].
Human behaviour assessment is imgot in critical applications such as driving or
piloting tasks. In [11]the authors presented an experiment with fultmyic-based
models for approximating data representing human driver behaviour during a simple
lanechanging task.

In this paper, théuzzy logic approach for enhancing the traffic planning process
by evaluating driver satisfaction is presented. The fuzzy logic system is designed for a
threeway intersection, using both experimental data and expert knowledge to define
membership functiam and a rule base. Based on experimental results and expert
knowledge, three inputs are definedme of day, delaysand traffic flow, as well as
anoutput-dr i ver 6s | evel of satisfaction. The resul:
proaches can complement eentional traffic performance measures and support
usercentered planning interventions.

2 Problem description
The threeway traffic signalized intersection of Pantalejska Street is one of the most

frequentthreavay i nt er sect i ons tdrsectian hoaneatsithe wid-of Ni g. Thi
er central area of the city, and is used by cars, light traeids public transport vehi-
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cles, i.e. buses. The problem that was observed at this intersection, due to both de-
pendent and independent research, is the geometry gbtiteern way of this inter-
section (the southern way of Pantalejska Street). Width of the lanes on the southern
way is especially challenging because of making left turns from the eastern to the
southern way of Pantalejska Street during peak periods afatheDuring these peri-

ods, it is necessary for the driver to "catch" a sufficiently large arc when making a left
turn in order to safely make the turn, because the waiting lines on the southern way of
Pantalejska Street are larger. While drivers on tteteea approach have to take a
large arc in order to make the turn safely, longer queues are created on the southern
approach because the traffic particigaoi that approach have a conditional arrow

for right turns at the light signalling. However, in messes, there is often a partici-

pant in the qgueue who intends to make a left turn at the intersection, which negatively
affects the participants in traffic, because their waiting time to pass through the inter-
section increases, as well as the length efggheue. All of this greatly affects partici-
pantsd | evel of satisfaction.

A problem that is also present at this intersection is the insufficient capacity of the
intersection to "accept” a larger number of vehicles during the morning and afternoon
peak hous. In addition, this intersection is used by citizens when going to and from
work, attending school/faculty, as well as going to and from shopping, recreatibn
private visits.

2.1 Description ofthe three-way intersection

The inter sect iandiPantlejskiStreess ¢s dovated ik the wider central
area and connects two larger urban aréheesso-called Durlan and Bulevar. The high
frequency of traffic is caused by the relatively dense population in these areas, the
presence of many public trgrat lines, as well as the close vicinity of various facili-
ties (Fig. 1). There are several types of such facilities, including the textile factory
"Benetton”, the shopping center "Delta Planet”, mstitiry residential buildings, fam-

ily houses, a couplef oestaurants, an auto parts store, a paint and varnish store, a gas
station, a selbervice laundromat, "Niteks" ambulance, a kindergarten and the river
Ni gava.

Fig. 1. Satellite view ofthethreeway intersection
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The ntersection consists of three ways that are systematized and marked in relation
to the cardinal directions (Fig. 2):

1 The southern approach to Pantelejska Street (direction from the bridlge on
Ni gava river to the intersection), marked in

1 The Eastern approach to Pantalejska Street (direction from the factory "Ben-
etton" to the selBervice laundromat), marked in red in Fig. 2;

1 The western approach to PantalejSkteeet (direction from the sedervice
laundromat to the factory "Benetton”), marked in yellow in Fig. 2.

Fig. 2. Marked ways of thregvay intersection

3 Fuzzy-Logic Approach for enhancing traffic planning process

The fuzzy system has become an imporggroach for dealing with uncertainty and
nonlinearity, particularly in complex systems where accurate modeling is difficult
[12]. It has been applied in areas such as autonomous driving, robotics, and image
processing, as well as in infereroased apptiations. For instance, in autonomous
vehicles, fuzzy logic is employed for path planning, obstacle avoidance, and multi
sensor data fusion, while in image processing used for image enhancement and
object recognition [13,14]. A fuzzy logic system &)Lcan be described as a nonline-

ar mapping of an input feature vector into a scalar output (in the case of vector out-
puts, this is decomposed into a set of independent-implit/singleoutput systems)

[15]. In general, an FLS transforms crisp inputs iotsp outputs, with the fuzzy
inference process acting as an intermediate step. Its implementation in practical sce-
narios involves three main stages: fuzzification, fuzzy inference, and defuzzification.
Fuzzification determines the degree to which inpailugs belong to corresponding
fuzzy sets. These membership values are then applied to the antecedents of fuzzy
rules, and finally, defuzzification converts the fuzzy output produced by the inference
engine into a crisp value.
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According to the defined prablm, FLS i s designed to estimate dr
isfaction based on inputs (Fig). To determine the factors that influence driver satis-
faction, a dependent survey of drivers at the intersection was conducted. Based on 107

answers, three factors wetlket ect ed as i nfluencing the drivers:
Those factors are used as inputs of FLS: Time of Day, DedawkTraffic Flow. The
out put of the FLS is the Driversd Level of Sat

their membership functionsexe defined based on both dependent and independent
research, as well as through interviews with experts in the field of Traffic Planning.

Fig. 3.FLS forestimatigt r af f i ¢ partici pantsd |l evel of satis

The input variable Time of Day is dividedto five ranges: Morning (Morning),
Morning Peak Load (MLoad), Noon (Noon), Afternoon Peak Load (NLoad) and
Evening Period (Evn) (Fig. 4). The period from 12 a.m. to 7 a.m. (607000) was
taken as the morning, because most people are sleeping dutimgtioal, and there
are only a few vehicles on the streets.

The Morning Peak Load includes the period from 6 a.m. to 11 a.m. (04:00),
when people start commuting to go to work, schoolfaculty and to run various
errands such as shopping. The pérdrom 10 a.m. to 2 p.m. (10:a031:00) was taken
as the Noon, when the number of vehicles decreases compatedmorning peak
load, and this period is mostly used for personal activities. The Afternoon Peak Load
from 1 p.m. to 7 p.m. (13:009:00) is he busiest part of the day in terms of traffic,
because during this peripgeople change work shifts, schpahd college. Addition-
ally, during this periodprivate visits, shopping, and recreational activities are com-
mon. The time interval from 6 p.m. &2 a.m. (18:0024:00) is defined as the Even-
ing Period. During this time, evening events take place and people return from after-
noon shifts, while the number of vehicles in traffic gradually decreases.

Fig. 4. Fuzzy membership functions of input Timeldy
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The second input Delays was divided into three ranges: Short, Medngiong
(Fig. 5). Dependent research of drivers was conducted to gather responses regarding
how accemblethe delay (waiting time) was for them to pass and leave the intersec-
tion. Based on research results, it was concluded that short delays range from 0 to 40
seconds, medium delayangefrom 30 to 70 seconds, and high delays are those ex-
ceeding 60 seconds.

Short Medium Long

nput vasiable "Delays”

Fig. 5. Fuzzy membership functions of input Delays

The Traffic flow input is defined as the number of vehicles in the queue in front of
the surveyed driver. For that input, the following classification is applied: LowT,
MidT, and HighT (Fig. 6). For LowT, a valu# O to 3 vehicles in the queue is con-
sidered, for MidT, a value of 2 to 6 vehicles, while for HighT, a value of 5 or more
vehicles. This classification is justified by the observation that most traffic signal
timing plans are designed to allow the passagl-6 vehicles during the green phase.

LowT MiaT HghT

Fig. 6. Fuzzy membership functions of input Traffic flow
The output Driversd | evel of satisfaction (SLe

LowS, MidS and HighS (Fig. 7). The range of LowsS0i 30%, while the ranges of
MidS and HighS are 2000% and 60100%, respectively.
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LowS MidS Hans

‘ouiput vasiable *Slevel

Figg7Fuzzy membership functions oién(Shavel)put Partici pant

Experts in the field of traffic planning were interviewed, and based on their
knowledge and experience, fuzzy rules for the FLS were defined. Some of the fuzzy
rules are given below:

If Time of Day is Morning and Delays is Low and Traffic Flow is Low then
SlLevel is High.

If Time of Day is Morning and Delays is High and Traffic Flogv High then
SLevel is Low.

If Time of Day is MLoad and Delays is Low and Traffic Flow is Mid then SLevel
is High.

If Time of Day is Noon and Delays is High and Traffic Flow is High then SLevel
is Low.

If Time of Day is Evn and Delays is Mid and Traffic slas Low then SLevel is
Mid.

4 Resultsand discussion

During the test of this approach, five characteristic cases were identified. The first
case is when Time of Day is 6 a.m., Delays is 20 seconds, and Traffic Flow is 2. This

can be represdntedrsaé: | éWahtof ssatisfaction at
20secondand when 2 vehicles are in the queue in fr
using the FLS, the driverds | evel of satisfacti
(Fig. 8).
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Fig. 8. Rule viewer for the first case

The inputs and outputs for the five identified characteristic casegpresented in
Tablel.

Table 1. Inputs and outputs for the five identified characteristic cases

Time of Day Delays [s] Traffic Flow SlLevel [Y
[No. of vehicles]
6 20 2 84.7
8 40 2 47.1
12 70 7 12.4
16 50 9 12.4
20 30 7 47.1

The results showed that the proposed FLS provides accurate and consistent out-
puts, closely matching the expected values. This indicates that the fuzzy logic ap-
proach is capable of effectively modeling the problem and handling variations in the
input data.Moreover, the results confirm the reliability of the inference process with
satisfactory precision.
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5 Conclusion

This paper presents the potential of using fuzzy logic systems in enhancing urban

traffic planning by incorporating subjective driver experieimte performance evalu-

ation. By designing a fuzzy logic system for a thwesy intersection, using quantita-

tive inputs such as Time of Day, Delay, and Traffic Flow, and an output representing

driversdé satisfaction, t hmacheecaresaccesdiulyde monstr at e
model complex and nelnear relationships between traffic conditions and user per-

ceptions. Testing process included five characteristic cases. Results showed that the

fuzzy logic system is capable of distinguishing different itagtenarios and predict-

ing corresponding | evels of driver satisfaction
ence can be an important factor that may enable planners to prioritize interventions,

such as signal timing adjustments or intersection redediasdirectly target im-

provements in perceived service quality.

This approach can be used at all signalized intersections, as well as on rounda-
bouts, regardless of the number of ways. However, for other types of intersections
(not signalized), the distriltion of participant satisfaction is different, especially at
roundabouts. Different rules, as well as different reasoning processes, lead to differ-
ences in the structure of FLS for different types of intersections. Nevertheless, fuzzy
logic-based modelsffer a practical and adaptive method for urban traffic planning,
providing predictive capability. According to that, this approach can be used to set
traffic light timing plans, signal timing adjustments, lane reassignment, combine traf-
fic directions, etc.Taking into account the experiences and expectations of traffic
participants, these systems support the development of hceméered mobility solu-
tions that can enhance both operational efficiency and public acceptance of traffic
management measures. gt research will be oriented towards the validatiothef
presented approach through independent research on a larger sample at the presented
intersection as well as at other signalized intersections. In addition, further research
may be directed towarithe application of fuzzy logic approaches to all types of inter-
sections to improve the accuracy and applicability of-asatered planning tools.

References

1. Hideyuki, K.: Levelof-Service Measure of Road Traffic Based on the Driver's Perception.
Transpotation Research Circular-€018: 4th International Symposium on Highway Ca-
pacity, pp. 5362, (2000)

2. Ghadir, P., Christina, G., Eva, M., Milan, S., Tatiana K.: Factors influencing the perceived
value of travel time in European urban areas. Transportatioh5251545 (2014). DOI:
10.1007/s11119©23103762

3. Jie, N., Jiaqi, C., Wanying, X., Yifu, S.: The impacts of the traffic situation, road condi-
tions, and driving environment on driver stress: A systematic revieansportation Re-
search Part F: Traffic Psychology and Behaviol®3, 141162 (2024). DOI:
doi.org/10.1016/j.trf.2024.04.006

TransportaCom 202552 - Doboj, 58 November



https://link.springer.com/article/10.1007/s11116-023-10376-2
https://www.sciencedirect.com/journal/transportation-research-part-f-traffic-psychology-and-behaviour
https://www.sciencedirect.com/journal/transportation-research-part-f-traffic-psychology-and-behaviour
https://doi.org/10.1016/j.trf.2024.04.006

10.

11.

12.

13.

14.

15.

X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

. Victor, M.M.A,, José, R.P.C., Antonio, H., Jan, T.: Efficient Intersection Management

Based on an Adaptive Fuztygic Traffic Signal. Applied Sciences 1220 (2022). DOI:
doi.org/10.3390/app12126024

.Mil an, K., Lenkda, Z., Lukgg, M. , Pavel,

view on Signal Control. Mathematical Problems in Engineerind4 1(2015). DOI:
10.1155/2015/979160

. Yusupbekov, N. R., Marakhimov, A. R., Igaerdiev, H. Z., Umarov, Sh. X.: An Adap-

tive FuzzylLogic Traffic Control System in Conditions of Saturated Transport Stream. The
Scientific World Journal,-B (2016). DOI: 10.1155/2016/6719459

. Fahrunnisa, Z., Rahmadwati, R., Setyawan, R. A.: Adaptive Ttaiffict Signal Control

Using Fuzzy Logic Based on ReBilme Vehicle Detection from Video Surveillance. J.
IIm. Tek. Elektro Komput. Dan Inform 10 (2), 23%1 (2024). DOI:
doi.org/10.26555/jiteki.v10i2.28712

. Chala, T. D., Kéczy, L. T.: AgerBased Intelligat Fuzzy Traffic Signal Control System

for Multiple Road Intersection Systems. Mathematics 13(1), (2025). DOI:
doi.org/10.3390/math13010124

. Hooi, L. K, Ghim, P. O.: Evaluating perceived quality of traffic information system using

structural equation modelingSCE Journal of Civil Engineerinl7(4), 837849 (2013).
Xiao, W., Xie, G., Liu, H., Chen, W., Li, R.: FDAR Fuzzy Deep Attention Networks
for Driver Behavior RecognitianJournal of Systems Architecture 142024). DOI:
doi.org/10.1016/j.sysarc.2023.103063

Jirgl, M., Mesarosova, M., Fiedler, P., Arm, J.: Fuzzy Ldmsed Techniques for Human
Driver Behavior Modelling during a Simple Lawcbanging Task. IFAC PapersOnLine-58
9, 257262 (2024). DOI: doi.org/10016/j.ifacol.2024.07.406

Zadeh, L.A.: Fuzzy Sets. Inf. Control 8, 33%3 (1965). DOI: 10.1016/S0019
9958(65)902441X

Jin, Z., Wang, Z., Li, J.: Inpttb-state stability of the nonlinear fuzzy systems via small
gain theorem and decentralized sliding modetiol. IEEE Trans. Fuzzy Syst. 30, 2993
3008 (2022).

Jin, Z., Qin, Z., Zhang, X., Guan, C.: A leadellowing consensus problem via a distrib-
uted observer and fuzzy inptttoutput smaklgain theorem. IEEE Trans. Control Netw.
Syst. 9, 6274 (2022).

Mencel, J. Fuzzy logic systems for engineering: A tutorial. Proc. IEEE 83| 3345
(1995).

TransportaCom 202553 - Doboj, 58 November

Fuzzy


https://doi.org/10.3390/app12126024
https://doi.org/10.3390/math13010124
https://www.sciencedirect.com/journal/ksce-journal-of-civil-engineering

X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

Comparative Analysis of Traffic Flow at Intersections A
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Abstract. The procedure of traffic planning at intersections is a complex and

long-term series of coordinated activities to yield effective and -hjigdlity

outcomes. In order to provide useful results, traffic planners must identify solu-

tions that ensure planned traffi f | ow capacities facilitate safe and
vehicle movement. The continual increase in motor

fic volumes further exacerbates traffic planning procedures complexity. Fur-

thermore, traffic flow capacity forecast activities the target intersection as

well as in intersections in close vicinity are essential to the comprehensive

planning framewor k. In this paper, a case study o
traffic flow and delays during peak periodss presented. In 2022, eiripal

measurements of these parameters by counting vehicles in a specific rounda-

bout in the city of Ni g, Serbi a, were done. Base
traffic flow and delays were obtained by a simulation process for gy&anpe-

riod. In order tovalidate simulation results, traffic flow and delays were meas-

ured for the same roundabout in 2024. Results of comparative analysis showed

that the simulation projected traffic flow and delays within ataigp error

margins.

Keywords: Traffic flow, delays, roundabout.

1 Introduction

With the development of industry and technological progress, the mass production of
motor vehicles has been enabled, making their use widespread and adapted to the
needs of the population [1]. Consequently, with the increasingber of vehicles on

the roads, traffic congestion and frequent delays occur more intensively, disrupting
continuity and reducing traffic flow capacity [2]. This increase in vehicles leads to a
greater number of conflict points within the flow itself. Symhblems generate addi-

tional challenges for planners and designers of surface intersection infrastructure,
since the increased workload and growing complexity require the application of ad-
vanced analytical methods and decisinaking that ensure functiolitg, safety, and
sustainability of the system.
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Surface intersections are a type of intersection where the relationships among traf-
fic participants are regulated on a shared roadway. In practice, they are both far more
common because of traffic needs anddéconomic reasons, as well as simpler financ-
ing of their construction [1]. Surface intersections can be classified into three main
groups: unsignalized, where traffic is regulated primarily by signs andafglitly
rules; roundabouts, which function dhe principle of circular flow and allow
smoother and safer traffic movement; and signalized, where vehicle and pedestrian
movement is directed using traffic lights [JRecent studies emphasize the im-
portance of adapting methodological frameworks to lecalditions, as international
standards are not always directly transferable to different urban environments [4], [5].

In this paper, a comparative analysis of the traffic flow at a selected roundiabout
t he Ci tfgrthe yeard\N2022 and 2024 was docted. The analysis included
actual traffic flow values and forecast results, with the aim of determining the degree
of deviation and assessing the accuracy of the applied methoddlogyselection of
the applied methodology was guided by the speciiffitr conditions in the City of
Ni g, where the roundabout wunder study i s expose
geneous vehicle flows. This approach provides a reliable framework for evaluating
capacity, delay, and level of service, which are key indisdor identifying practical
traffic solutions. In this way, the reliability of the forecast and its practical applicabil-
ity in future traffic flow planning were evaluated. The presented study not only ad-
dresses local traffic challenges but also conteébub the broader discussion on the
transferability and applicability of traffic planning procedures in urban contexts.

2 Methodology

Research on traffic planning and intersection performance generally relies on sev-
eral methodological approaches. Thest widely applied are:

1. Empirical field measuremenis direct vehicle counting and traffic flow
observations, which provide baseline data on traffic volumes and delays

[6];

2. Analytical procedure$ standardized approaches such as those presented
in the Hicghway Capacity Manual (HCM), which offer deterministic mod-
els for capacity and level of service evaluation [7];

3. Microscopic simulation models software such as VISSIM, SIDRA or
Aimsun, that replicate vehicle movements in detail and allow scenario
testing under varying traffic conditions [8];

4. Datadriven approachesusing machine learning and big data analytics to
predict traffic patterns and optimize control strategies [9].

In this study, the methodology combined empirical traffic counts with a simulation
and validation process. During 2022, manual vehicle counting was conducted at the
selected roundabout in the city of Nig, Serbi a,
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empirical measurements served as the inputsimulation, i.e. forecasting process

of traffic flow and delays over a twyear period. To validate the accuracy of the
forecasting process, repeated field measurements were conducted at the same location
in 2024 usinghe sameanethodology manual vehicle counting, following good prac-

tices d forecasting validation [10].

This methodological framework was considered adequate for the study objectives
for three main reasons. First, it ensures a direct link between observed traffic behavior
and simulated outputs, reducing the risk of bias asatiith purely modebased
approaches. Second, it provides a -@#&ctive and practical tool for mediusized
cities, where advanced simulation platforms may not always be available. Finally, the
empirical simulatiori validation connection strengthenstlobustness of the results,
allowing their application in future planning of similar intersections [9].

3 Characteristics of the analyzed intersection

In order to observe the characteristics of traffic flows and identify potential problems

in the functionig of the urban network, a detailed analysis of one of the most signifi-

cant intersections in the city was carried out. The analyzed intersection is located in

the wider centr al zone of the city of Ni g and |
manj il avacha Wiogila Street (Fig. 1). Due to its
nections to several attractive and functionally important areas of the city, this intersec-

tion has a very high traffic flow and is considered to be one of the busiest in the urban

area [1]

Fig. 1. An observedntersectior1]
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In the immediate vicinity of the observed intersection, there are-staly resi-
dential blocks, the large Delta Planet shopping center, and the Health Center. Also,
the Fire Department building and the Traffic Police building, a kindergarten, a gas

staton, as well as the Nigava River are near inter

For a more precise analysis and clearer understanding of functional characteristics,
the approaches to the intersection were systematized and designated in relation to the
cardinal directions:

- the southern approach represents Vojvode Mi
Health Center toward the Delta Planet shopping center),

1

- the western approach is Bulevar Nemanjila (¢

toward the Delta Planet shopping center),

- thenohern approach is Vojvode Migiia Street
Planet shopping center toward the Health Center),

- The eastern approach represents the roadway connecting the Delta Planet
shopping center and the kindergarten.

A satellite image of the obsezst roundabout is shown in Figure 2

% |
’z& v;j
; approach B
the western
S ~

(S

Y b

Fig. 2. Satelliteimageof the observed intersection with marked approaches [1]

Bul evar Nemanjila is one of the |l ongest street
2.5 km. On its western side, it connects with SedriStreet, while on its eastern

side, it intersects with several side streets
Sremska, Branka Miljkovila), as wel | as with Vi

TransportaCom 202557 - Doboj, 58 November

(



X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

nects to Bulevar dr Zor an aappoximétélyil2kn 1] . Vojvode
l ong, stretches from the bridge over the Nigava
tion, to Lair P aThkirmutbabcoroasingfdrms arfeartnimoend-s o ut h .

about, with two traffic lanes in circulation and at the apphea, except for the north-
ern and southern approaches, where three lanes are formed, with tksdeéglane
functi onipnags sads laanfebyt o facilitate traffic flow ][

4 Traffic flow analysis

As a part of the research, a comparative analysis of tfiie ftaw at the roundabout

of Bulevar Nemanjiila and Vojvode Migila Street
and 2024. The intersection was chosen because of its attractive location and high
volume of motorized and nemotorized traffic, which often leads congestion. In

its surroundings are the Delta Planet shopping center with a large parking area, a kin-
dergarten, the Health Center, and numerous residential blocks, all of which signifi-
cantly affect the volume and structure of traffic flows [1]. Moriitgrof traffic flow

was conducted in order to obtain a reliable picture of the traffic situation at the inter-
section, which represents the basis for further calculations and finding the optimal
solution for traffic regulation [1]. For the purpose of tresearch, aerial traffic moni-
toring was carried out using unmanned aerial vehicles (DJI Mavic 3 and DJI Mini 2).
Through previous counting and observation at the roundabout, the peak period was
determined to be between 16:00 and 18:00, during which mamgtevas conducted

[1]. Based on the collected data, the number of vehicles in all categories (bicycles,
motorcycles, passenger cars, buses, light and medium trucks) was manually counted,
while other categories were not present during the analyzed periedie$hlts are
presented for the years 2022 and 2027 able 1, showing the hourly distribution of
traffic flows by approaches to the intersection, which allowed for observation of traf-
fic intensity and the share of individual vehicle categories.

Table 1. Hourly distribution of the traffic flow for the year of 2022.

The northern The eastern The southern The western

Time approach approach approach approach
2022 2022 2022 2022
| 16:0017:00 776 1220 616 620 |
17:0618:00 809 952 731 923
Total 1585 2172 1347 1543

5  Traffic flow forecast
The field of traffic forecasting emerged in response to the rapid growth of traffic,

driven by accelerated motorization and the widespread adoption of passenger cars in
urban environments, which began to generate numerous challenges and necessitated
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more ®phisticated methods for monitoring, analyzing, and managing traffic flows.
The mid20th century saw a significant advancement in computer technology, which
greatly facilitated its application in traffic forecasting. Accurate forecasting is crucial
for sekcting future traffic project alternatives, as erroneous estimates may result in
the construction of infrastructure with insufficient capacity or, conversely,- over
dimensioned facilities whose utilization fails to justify the associated economic costs
[1]. A distinction is made between current and forecasted traffic conditions. Existing
traffic volumes, which can be measured directly, are used to implement immediate
traffic management measures. In contrast, forecasted traffic volumes represent antici-
pated fiture traffic, for which it is essential to ensure adequate capacity within the
urban road network and public transportation systemdfid.general model for traf-
fic forecasting is given by [11]:
W w 2'0Q
0Q Q QY6 0P

where:

W& § observed traffic flow for vehicle typ@) in the base year, obtained from
field measurements,

 "Qk traffic flow for vehicle type(i) in year (n)obtained through traffic forecast-
Ing;

"O"Qk growth factor of the traffic flow fowehicle type(i) over the period, i.e., in
year(n);

Y& G® i average annual growth rate of the gross domestic product over the pe-
riod, i.e., up to year (n);

n1 number of years in the period.

41 elasticityfactor.

For the purpose adetermining traffic growth, data from the REBIS study [12] for
Serbia were used. Only a single scenario was considered in the traffic forecast. The
projection of future traffic was based on an annual growth rate of 4% in the first year,
with a linear decrase in the growth rate to 0.5% by the fifth yélaable2 below pre-
sents the forecasted traffic for the peak hour [1].

Table 2. Forecasted traffic flow for the peak hour

2022

Year/Approach 2023 2024 2025 2026
Base year

The northern approact 776 807 839 872 905

The eastern approact 1220 1269 1319 1370 1423

The southern approac 616 641 666 692 719

The western approact 620 645 670 696 723

Total vehicles/h 3232 3361 3494 3630 3770
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During the peak hour in 2022, a total of 3,232 vehicles wermted, while the
forecast for the following fiveyear period predicted an increase to 3,494 vehicles in
2024, and 3,770 vehicles in 2026, in the same time interval.

In order to verifytheforecast process, manual counting of vehicles was conducted
in 2024, usinghe same methodology, roundabpand time interval. The data col-
lected show the total number of 3,374 vehicles in the peak hour of Z@bfe).

The earlier forecast for 2024 dtharedicted 3,494 vehicleFgble 2). The absolute
deviation amounts to 120 vehicles, which represents 3.43% relative to the forecasted
value and 3.56% relative to the actual value, an insignificant discrepancy.

Table 3. Hourly distribution of the traffiélow for the year of 2022 and 2024.

The northern  The eastern The southern The western

Time approach approach approach approach
2022 2024 2022 2024 2022 2024 2022 2024
| 16:0017:00 776 833 1220 1151 616 654 620 736 |

17:0618:00 809 763 952 1072 731 605 923 678
Total 1585 1596 2172 2223 1347 1259 1543 1414

To make a clearer insight into the intensity and distribution of the vehicle flow up-
on approaches to the intersection, traffic flows in the peak period for manually count-
ing in 2022 and 2024, asell as forecasted in 2024, from 4 to 5 p.m., are shown
graphically in Figure 3.

1500

1000

500

0
the northern the easternthe southernthe western

approach approach approach approach

2022 wm Forecasted 2024m 2024

Fig. 3. Traffic flows in the peak periodin 2022, forecasted 2024 and 2024

6 Conclusion

Traffic forecasting represents a significant tool in the planningiuptdovement of
transportation infrastructure, as it enables a better understanding of future needs and
more efficient management of traffic flows. Roundabouts occupy a special place in
such studies, being increasingly implemented due to their advantagesiof safe-

ty and traffic throughputThe results of the analysis conducted confirm that traffic
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forecasting provides reliable and applicable outcomes. By comparing the results from
the forecasting process of traffic flow in 2024 d@hdse obtainetty manually count-

ing in 2024, a deviation of only 3.43% relative to the forecasted value was observed,
which can be considered negligibly small. The data obtained demonstrates that the
method is adapble to various traffic conditions and that, despite itae traffic
fluctuations, the estimates remataldeand realistic. It is particularly noteworthy that

the results indicate a high degree of accuracy of the applied methodology, thereby
confirming its usefulness for planning and further research.
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Abstract. Noise pollution generated by transportat&ystems continues to be a
pressing issue in modern urban environments, reflecting broader shortcomings
in current transportation planning and management. Thilisi, the capital of Geor-
gia, is no exception to this challenge. This study offers atepth eamination

of transportatiorrelated noise pollution within Thilisi, identifying its key
sources and underlying causes. Particular attention is given to the technical
condition and developmental status of the city's transport infrastructure and ve-
hicle fled, assessing their direct contribution to naiskated problems. The re-
search also explores the broader context of European Union (EU) practices by
analyzing relevant policies, regulatory frameworks, and technical standards
aimed at mitigating transportah noise. A comparative evaluation is carried
out between the legislative measures in Georgia and those established within
the EU, highlighting gaps and opportunities for
findings provide a detailed assessment of existingliions and pinpoint the
critical factors influencing noise pollution levels in Thilisi, offering guidance
for more effective noise reduction strategies.

Keywords: Noise, Pollution, Transport, Decibel, Thilis

1. Introduction

Environmental pollutionremains a critical challenge in contemporary urban
development, encompassing not only visible pollutants such as emissions and waste
but also less tangible forms like noise. Among these, noise pollution has emerged as
an increasingly significant public H#aand ecological concern, particularly in large
cities where dense populations, congested traffic, and outdated infrastructure
exacerbate its impact. Numerous studies and international reports highlight that urban
noise primarily caused by transportatisgstems is not merely a nuisance but a
substantial contributor to stresslated illnesses, hearing impairment, reduced
cognitive performance, sleep disruption, and negative behavioral and reproductive
effects in wildlife.
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In this context, the examinatiawf transportatiosrelated noise pollution becomes
particularly relevant for cities undergoing rapid urban expansion and motorization,
such as Thilisi, the capital of Georgia. Thilisi, characterized by its complex terrain,
dense urban structure, and aginghicle fleet, faces substantial challenges in
mitigating environmental noise. The rise in vehicular numbers, increasing use of
motorcycles and mopeds, and intensifying air traffic have collectively pushed ambient
noise levels in many districts of the city thresholds that far exceed internationally
accepted standards.

Despite the urgency of the problem, noise pollution in Georgia remains an under
addressed issue from both policy and technical perspectives. Compared to the
European Union (EU), where roliusegulatory frameworks and noise abatement
strategies are in place, Georgia's legal and institutional mechanisms appear inadequate
and fragmented. This regulatory gap, combined with limited enforcement and
outdated infrastructure, contributes to the grayseverity of the problem. Moreover,
the prevalence of modified vehicleparticularly those with altered exhaust systems
or electronic control modules adds to the complexity, as such practices often result in
excessive noise emissions that bypass effigigulatory thresholds.

The motivation for this research stems from the observed lack of integrated noise
management strategies in Thilisi and the corresponding need to assess the real impact
of transportation systems on urban acoustic environmentseWbihe attention has
been given to traffic flow optimization and pollution reduction, the specific issue of
transportatiorgenerated noise has not received proportionate academic or
policymaking focus in Georgia. As urbanization continues and mobility ddsna
increase, the necessity of understanding the primary sources and patterns of noise
generation becomes paramount for planning future interventions.

The principal aim of this study is to investigate the environmental pollution caused
by noise emanatingrdm transportation operations in Thilisi. The research is
structured to:

Identify and analyze the key sources of transportattated noise in the city;

Examine the technical and operational factors influencing these noise levels,
including vehicle condions and modifications;

Compare Georgian regulatory standards with EU benchmarks to highlight
discrepancies and areas for legislative improvement;

Offer practical recommendations for policymakers, urban planners, and
environmental authorities to mitigatiee impacts of transperelated noise pollution.

By presenting evideneeased findings and insights, the study seeks to support the
development of more effective strategies and regulations aimed at reducing urban
noise levels and promoting healthier andrensustainable urban living in Thilisi.

2. Materials and Methods

The purpose of this study is to assess transportatiated noise pollution in Thilisi,
identify its main sources, and compare national standards with EU regulations.
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Field measurements wecenducted at various locations in Thilisi, selected based
on traffic intensity and flow type (homogeneous, mixed, modified vehicles). Certified
Class 1 sound level meters were used to record noise levels (in dB) during day and
night hours, following ISO ah IEC standards. Simultaneously, traffic composition
was observed, categorizing vehicles by type (light, heavy, motorcycles, modified).

Additional data were collected through visual inspections of road conditions and
secondary analysis of the technicalddnt i on of the cityds vehicle f1le
compared Georgian regulationprimarily Resolution No. 510with EU standards to
identify regulatory gaps.

Collected data were processed using basic statistical tools to determine average and
peak noiselevels, and findings were visualized for clarity. This muitthod
approach ensures a comprehensive view of noise pollution sources and influencing
factors.

Within the framework of the study, a multifactor analysis method was used, which
involves analyzig the existing situation and determining measures to eliminate the
problem, based on identifying the main factors causing the problem. For this purpose,
a full analysis of the current legislation in Georgia was carried out, and the main
elements of the @ansport system of Thilisi were examinggecifically, the main
actors of the transport system, their role in ensuring urban mobility, the age and
technological development level of the vehicle fleet and infrastructure.

Based on the analysis of legislatwee gul ati ons and the current st :
transport system, further research activities were planned and implemented, including
both field studies and methods for processing the collected data. For this purpose, the
aut hor sé gr oup methbops andestatistizah data precassing smethods.

3. Primary Causes of Environmental Pollution from Noise
Generated by Transportation System Operations in Thilisi

Noise represents one of the most significant sowteavironmental pollution with a
substantib negative impact on human health and animal adaptation to the
environment, including information transmission, and other factors. Consequently, it
currently poses an ecological threat to life on Earth. Noise levels are primarily
measured in decibels (dByor example, sound intensity during conversation ranges
from 4045 dB, in offices 5660 dB, on streets 780 dB, while jet aircraft produce
180 dB. Humans can perceive vibrations from 0 to 170 dB. A sound level of 30 dB is
considered comféable for humars. In Georgia, the maximum permissible level in
residential buildings is 55 dB during the day and 45 dB at night (from 11:00 PM to
8:00 AM). [1].

Urban environments are particularly sensitive to noise generated by transportation
operations. Thilisi is no x@eption in this regard. The composition of the city's
transportation system and the intensity parameters of its use are noteworthy. In this
context, the primary factors include high frequency of vehicle movement, narrow
streets, and densely populated rilits. These factors and thexistence of a

TransportaCom 202564 - Doboj, 58 November




X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

transportation system model where regulations are minimized prowidekground
for the sharp increase in noise caused by transportation operations, leading to long
term damage to urban ecosystg#js

The elenents of Thilisi's transportation system do not differ from those of major
cities worldwide. Thilisi's vehicle fleet consists of M2 and M3 category motor vehi-
cles, as well as private/commercial M1 category light vehicles and N1, N2, N3 cate-
gory freight trasport vehicles with corresponding infrastructure [Bjroughout the
city, we intensively encounter various types of motorcycles, mopeds, quadricycles,
and twewheeled electric scooters. It is important to note Thilisi's underground
electric transport (met), approximately 90% of whose network is underground and
therefore does not significantly affect noise pollution in the city's residential areas.
Research revealed that the average speed of vehicular traffic in Thilisi conditions is
30-45 km/h during masday/night periods, which determines thecsdled structural
noise resulting fronengine operation and ti@ad interaction. The level of this noise
depends primarily on the vehicle's year of manufacture, the vehicle's technical condi-
tion, and naturatlimatic conditions. It should be noted that street noise levels vary
according to the intensity and characteristics (composition) of traffic flow.

The levels of sealled constructionnoise caused by the operation of motor
vehicles and motorcycles/mopedsdgricycles under various loads are determined by
manufacturers inconstruction with legislative requirements in effect in the
operational area. Therefore, the noise level generated by newly manufactured vehicles
with zero mileage corresponds to permissilimits. Thilisi's automotive fleet is
predominantly represented by aging motor vehicles, whose internal combustion
engine noise levels (according to European standards) should not exeéeddB4
(80 dB for N2 and N3 category freight transport vehicled M3 category buses),
according to manufacturapecified norms (when moving at permitted speeds in
urban conditions), while vehicles manufactured after 2016 produce engine noise
levels of 68 dB. Regarding motorcycles/quadricycles/mopeds, their internal
combustion engine noise levels should not excee888B, while pos016 noise
levels range from 737 dB.

As a result of prolonged operation, the technical condition of transport vehicles
changes, specifically increasing the structural noise generategHigle operation
[4]. Therefore, monitoring all parameters of the technical condition of the main units
of land transport vehicles and eliminating identified malfunctions is extremely
important. For example, the exhaust system for processed gases wifalinte
combustion engines of land transport vehicles should be in proper working condition,
and all components and units should be reliably secured to limit vibration levels.

Various locations throughout Thilisi were selected as research objects under condi-
tions of high and medium traffic intensity, specifically: homogeneous traffic flow
movement at different speeds under permitted speed conditions; heterogeneous traffic
flow movement with the involvement of motorcycles and mopeds; and heterogeneous
traffic flow movement with the involvement of automobiles and motorcycles having
modified exhaust systems.
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According to the results of research conducted in Thilisi, in most céses
manufacturesspecified secalled structural noise levels are maintained. However,
depending on the traffic flow composition, there are sharp changes in this parameter,
specifically concerning light automobiles and motorcycles whose exhaust systems for
combustion gases have been modified according to consumer preferences. In the case
of light automobiles, there is not only structural intervention but also modification of
the engine's electronic control system software, which in certain cases changes the
ignition advance angle of the internal combustion engine. As a result, a specific
amount of the working mixture supplied to the engine cylinders burns directly in the
exhaust system for processed gasescéded "popcorn effect"), correspondingly
increaing the generated sound level [5]. In these cases, noise levels in the space
adjacent to the roadway reach 1014 dB. The situation differs for motorcycles and
mopeds. There exist motorcycle brands and models whose engine operation produces
noise levels \wthin the 95110 dB range (e.g., Americananufactured Harley
Davidson, German BMW, and others), but in most cases there is an increase in noise
levels due to modification of the exhaust system for processed gases [6]. The detailed
results of research condted throughout Thilisi are presented in Diagram No. 1.

Measured value of noise generated by the
operation of vehicles in the city of Thilisi
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Fig. 1. Noise Levels Caused by Transportation Operations Recorded in Thilisi
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4. For the Field Study

Within the framework of research on noise cau:¢
aboveground transprt system, several locations were selected for conducting field
measurements. The study was carried out at the following sites: 14 Pekini Avenue,
Zurab Zhvania Square, 69 M. Kostava Avenue, 23 A. Tsereteli Avenue, Kakheti
Highway (six different points),8S. Tsintsadze Street, 5 I. Chavchavadze Avenue, P.
Melikishvili Street, and others.
The data collection process was conducted according tdgteemined time pa-
rameters, specifically measuring noise levels generated by vehicle operation during
peak hous and periods of relatively reduced traffic flow. Noise levels were recorded
at a distance of 1id.7 meters from the roadway, using a sound level meter placed on
the sidewalk.
The research process was carried out in strict accordance with a regulated-meth
ology, which involved positioning the sound level meter in such a way as to ensure
the maximum accuracy in recording only the noise produced by the object under in-
vestigation, while excluding scalled accompanying or screened noise, such as sound
reflecions from building walls, which could create an echo effect.
The need for applying this method arose from the research objectives, which aimed
to study noise gener at ed-grbundtiarsmort sygieenr at i on of Thbi

X

o
o
/
as

Fig. 2. Some of the Ications used in the study

In Figure2, the red dots indicate some of the locations where field measurements of
noise generated by vehicle operation were carried out.

In the context of noise pollution in Thilisi, Road usage is not the only source of
transpot-based noise pollution, the railway system requires separate mention, as it
virtually bisects the city, and the open lines of underground electric transport (metro)
in central districts represent an additional source of noise [7]. Air transport is also
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significant in this regard. The issue is that in recent years, parallel to economic
growth, the intensity of aircraft flights has increased significantly, which in turn in-
creases the scale of pollution. Additionally, the area of Thilisi's residential zases h
expanded, and consequently, aircraft must fly at low altitudes over urban and residen-
tial areas.

The following factors can also be considered as causes of transportation noise pol-
lution in Thilisi:

,  Citizens' social behavior and cultural specifics

Municipal transport problems

Road infrastructure

Construction policy
Forms of law enforcement, and others
It should be noted that from a legal regulation perspective, urban pollution from
transportation noise represents a virtually deregulated sphere.

The ony exception and extremely important document in this regard is Georgian
Government Resolution No. 510 "On Periodic Technical Inspection of Motor Vehi-
cles and Their Trailers," which directly defines the maximum permissible noise levels
generated by the omaion of land transport according to vehicle class {&ge 1).

It is important to note that the permissible noise standards defined by technical regula-
tions somewhat exceed the standards established by manufacturers and the legislation
of leading Europan countries.

B

B

Table 1. Permissible Noise Levels Generated by Motor Vehicle Operation According to Vehi-
cle Category in Georgia and European Countries

Maxi mum Pe
NoiTsher es ho
cording t.

guiremen

Permi ssib
Vehicl e Ca Level Acc
Regul ati o

Diesel engin ., i( 1d1B0)  ( 68 (dB)
gory motor

Diesel engin i

gory motor 105 By re tdae)
Diesel engin i

gory motor 110 &g re tdae)
Gasoline enc -

calegory el 95 (dBp ( 68 (dB)
Gasoline enc 44 yipy ( 72 (dB)
category mot

Gasoline enc 445 i(1d1B5)  ( 79 (dB)

category mot

Table 1 presents the permissible noise limits generated by the operation of motor
vehicles of categories M1, M2, M3, N1, N2, and N3, in accordance with the legisla-
tive requirements applicable in Georgia and the European Union countries. Specifical-
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ly, column 2 of hetableshows the noise permissible parameters defined by the Regu-
lation of the Government of Georgia No. 510, "On Periodic Technical Inspection of
Motor Vehicles and Their Trailers,” while column 3 presents the relevant regulation
valid across the Europa Union- REGULATION (EU) No 540/2014 OF THE
EUROPEAN PARLIAMENT AND OF THE COUNCIL, dated 16 April 2014, on the
sound level of motor vehicles and of replacement silencing systems, amending Di-
rective 2007/46/EC and repealing Directive 70/157/EEC, whidimeethe permissi-

ble noise limits generated by motor vehicles of categories M1, M2, M3, N1, N2, and
N3.

5. Conclusion

Urban transportation systems are indispensable for modern cities, ensuring mobility
and economic growth [8]. However, their contributiornetovironmental degradation,
particularly noise pollution, represents a significant challenge. Within the framework
of this research, we aimed to present the primary causes of transpertdtioad

noise pollution in Thilisi in order to ultimately contrileuto the effectiveness of urban
transportation systems through their elimination.

Based on the results of conducted research and analysis of the existing environ-
ment, we conclude that the level of ecological noise pollution throughout Thilisi can
be consiéred high, which is predominantly a damaging byproduct of the operational
processes of the transportation system existing in Thilisi [9]. Specifically, research
results on noise levels generated by the movement of transport vehicles in Thilisi
showed thafit r ansport noiseo is the primary source o0
conclusion, we separately identify the main causes that, in the case of Thilisi, repre-
sent the primary sources of noise pollution generated by the operation of transport
vehicles, spcifically:

Aging vehicle fleet: The predominance of older vehicles with deteriorated noise
control systems

Modified exhaust systems: Transport vehicles with arbitrarily modified exhaust
systems by consumers on light automobiles and motorcycles (telesb "popcorn
effect")

Engine management modifications: In the case of light automobiles, modification
of the electronic control system software for internal combustion engine operation,
known as "chipping"

Regulatory standards gap: The somewhat excegsirmissible noise standards
under Georgian legislation compared to their analogous counterparts throughout the
European Union

High-noise motorcycles: Certain motorcycle brands and models whose engine op-
eration produces noise levels within the ®B) dBrange, while their operation is not
restricted by current legislation
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Railway and metro systems: The railway system in Thilisi and the open lines of
underground electric transport (metro) require separate mention as additional sources
of noise

Aviation impact: The intensity of aircraft flights increases the scale of noise pollu-
tion. Additionally, the area of Thilisi's residential zones has expanded, consequently
requiring aircraft to fly at low altitudes over urban and residential areas

Infrastructure fators: Road infrastructure and existing construction policies repre-
sent additional contributing factors to noise pollution in Thilisi, though this direction,
considering its scale and specificity, requires separadeth research

The analysis of the calucted research leads to the conclusion that, from a legal
standpoint, urban transportation noise pollution remains largely unregulated. This
highlights an urgent need for comprehensive legislation, particularly targeting the
primary sources of noise geasrd by transport vehicles as identified in this study
[10].
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Abstract. The dynamic behavior of buses depends on their design parameters,

the operating conditong@ nd t he dr i ve Ogasmmeters Bushvasor . Buses

size, weight distributionand center of gravity (CoG) héiginfluence vehicle
lateral dynamics. The dynamic behaviour of buses is particularly important dur-
ing maneuvers in real driving conditions that reqairgpecific drived steering
command. The aim of this paper is to validate the accuracy of a norilinear
planebus model of 2 degrees of freedom (DOF) for three maneuvers (single
lane change, doubline change andlalom driving). Bus modelling and simu-
lation have been done in MATLAB/Simulink software. Two previously meas-
ured vehicle responses on bus IK 1&nder were considered in validation
(yaw rate and lateral acceleration). For slow maneuver (siagé change),
simulation and measured signals matched. For invasive maneuver (tmeble
change) and fast maneuver (slalom driving) simulation resporsesgimilar
trends as measured onbat values differ due to weight transfer phenomena.

Keywords: Validation, Measurement, Singteack model, Mineuves, Simula-
tion.

1 Introduction

The dynamic behavior of a bus depends on its design parameters, operating condi-
tions,andd r i v e r 6 sTheévehicle musoprovide easy and precise steering, sta-
bility during movement, little uncontrolled motion in curves, as well as a quick re-
sponse tdhe steering system commands [1].

Buses exhibit complex lateral dynamics due to their size, weight distribatioin
high CoG. The dynamic behaviour of buses is particularly important in real driving
conditionswhich require various maneuvers. Maneuveustsas singldane change
(when overtaking or avoiding an obstacle) or dodisle change are common and
complex because they dependtaffic conditions roadconditions (e.g. road friction,
road roughnessyand vehicle velocity. While driving vehicle the driver's steering
command significantly affects the wvehi
lateral acceleration) [2, 3]. These responses are crucial for vehicle lateral stability
assessment and vehicle safety. Understanding these respousilsatp in designing
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safer buses and enhamg training progrars for drivers in avoiding traffic accidents
caused by impropdsus handling [4].

Investigation of aus lateral dynamics could be performed in real driving condi-
tions[5], onaproving ground>5, 6] or by driving simulator [7]. Another way oftas
lateral behaviouanalysis is by simulations using software (e.g. multibody software
such as ADAMS/Truck, TruckSim, etc.; toolkit such as MATLAB/Simulink, Python,
etc.). Simulations arparticularly important in cases when physical tests are expen-
sive, involve dangerous maneuversfor analysing of i w h-ia tséenarios. Bus mod-
els of different complexity have been used in simulations [8, 9, 10, 11, 12]. Complexi-
ty of the model depends dhe aim of the investigations. For examdigh-fidelity
bus modelwasused forthe investigation of its responsés sweep hanavheel steer-
ing input [8]. A bus model of 8 DOF had been defined in [9] and used for obtaining
bus lateral accelerations arfloating bridge under different storm conditions. Linear
in-plane 2 DOF bus model had been used for lateral and yaw stability research for
electric bus [10], for comparison of vehicle responses under adaptive control laws in
electric buses [11], antbr handling analysis aa function of passengérposition
[12].

The aim of this paper is to validate the accuracy ofsthgletrack bus model for
maneuvers specific to real driving conditions. For these purposes, a noiipéame
bus model with 2 DOF wadefined in the MATLAB/Simulink software. The model
was loaded with a driver handwheel steering angle (HSA) previously registered on the
prototype of an intercity buslK 312 Lander. Validation was performed by compar-
ing the bus model responses (yaw rag lateral acceleration) obtained by simula-
tions against the measured responses of the intercity bus for three maneuvers (single
line change, doubléne changeand slalom driving). Validation of 2 DOF models is
important before implementation to vargouehicle dynamics analysisdfor control
system development (such as l@eping and lateral stability systems).

2 Experimental research of the lateral dynamics of IK 312
Lander bus

Experimentalresearch was conducted on a prototyp¢heflK 312 Landerintercity
bus, made by the domestic manufacturer Ikarbus from BeldBdeateral dynamics
bus behaviour had been investigated through differemteuversn real traffic condi-
tions (singlelane changeand on a mving ground (slalom driving and dublelane
changé. Measured variablesere HSA, yaw rate, lateral acceleration and longitudi-
nal busspeed
Single-lane changenaneuversvere carried out on the Bubanj Potok r | i n hi gh -
way sectior{5]. The geometrical characteristics of the track for lateral stability testing
on proving ground for doubllane changenaneuversare given inFig. 1 This is in
accordance with 1ISO 3888 standard [13].
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W...vehicle width
1.2*W+0.25m

3.5m 1.3*W+0.25m

1.1*W+0.25m

Section 1 Section 2 Section 3 Section 4 | Sec. 5

15m 30m 25m 25m 15m
End of measurement
Start of measurement (after 110m)

Fig. 1. Geometrical characteristics of the track for lletlane change maneuver (ISO 3888).

Intercity busiK 312 Lander(Fig. 2a) parameters important for the definition of an
in-plane bus model are given Table1 The measurements were performed using a
modern digitalized acquisitioeaquipmentHottinger meauring bridge(Fig. 2b) with
Hottinger HB 12/200 acceleration transducgtig. 2¢). Longitudinal bus speedwas
monitored by a Global Positioning SysteniGPS device (Fig. 3). Detailed infor-
mation about measuring systems, measured respanmseprocessingf registered
data could be found in [5].

Table 1. Intercity bus IK 312 Lander parameters.

Intercity busi

IK 312 Lander Parameters
Mass of the empty bus [kg] 14000
Buswidth W [m] 2.50
Bus lengthL [m] 12
Wheelbasé [m] 5.94
Distance from the front axle to the CoG of ar
3.564
empty buds [m]
Distance from the rear axle to the CoGaaf 2376

empty budr [m]
Moment of inertia around busaxis J.[kgm?] 175290
Steering ratidHandwheel steering angle/road

wheel steering anglé)] 22.7:1
Cornering stiffness coefficiet@cy [(N/rad)/N] 7
Road friction coefficieng [-] 1

Vertical tire force on bus front ax¥s [N] 54936

Vertical tire force on bus rear axfe[N] 82404
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Fig. 2. Experimental research) prototype IK 302 Lander bus; b) Hottinger measuring bridge;
c) lateral acceleration transdueétottinger HB 12/200

-

Fig. 3. Bus velocity measurement by GPS device

3 In-plane bus model with 2 DOF

A nonlinear singldrack busmodel with 2 DOF Fig. 4) was usedor analyzing
simulation responses aridr validation. The irplane DOFs are the vehicle lateral
motion andyaw motion ¥, y), (Fig. 48. Important assumptions for bus model are:
the vehicle motion is considered»ry plane (angular motions around longitudimal
axis and lateray-axis, as well as vertical displacement alaraxis are neglectefd,
14]); weight transfer from inner to cet wheels is also neglected; the vehicle is sym-
metrical against longitudinataxis; ground is flat and smogtbonstantvehicle longi-
tudinal speed.
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Fig. 4. In-plane singlegrack bus model) velocities; b) active forces with fictive force and
fictive moment.

Differential equations of motion for the singi@ckbusmodel, considering the as-
sumptionggivenaboveandFig. 4b, are defined b¥gs. (1, 2)

G0 0] O hEéD O ()
0] O GEé B Od 2
whereFy, Frar e | ateral tire forces for the front an
the road wheel steering angle]l: are distances from the front and rear axle to the bus

CoG(Tablel).
Experimental investigation of bus IK 312 Landateral dynamicsonfirmed that

measured lateral accelerativalueswent beyond 2 mfsand almost reached 3 ri/s
(e.g. for doubldane change maneuv§s]). For this reason, lateral tire forces are
describedy the brush tire model [15] given I&g. 3.

Vo &L - . hr hT hT hr

v i Q Qshj,- Onpy L rr 7 A 7 A n
OHT Y Qi T '7 A (3)

I’y h7

V] i Q0 A OyN Qai Q

whereFy #is the lateral tire force on eaelxle Cy, # is the cornering stiffnesior
eachaxle s, # is the lateral tire slip for eadxle Zy, is the vertical tire force on each
axle (Table 1); and p is the road friction coefficienExperimental investigation has
been carried out on dry and good asphalt road [5], which correspondsdd &ic-
tion coefficient value of 1], Tablel.

Cornering stiffness is given §g.4

6rr 0 g 4)

whereCyy is the cornering stiffness coefficierstandard value fo€C.y for heavy
vehicles is presented Fablel [15].
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Lateral tire slig for front and rear axlesonsidering-ig. 4 are given byEgs.(5,
6)

g omE n h (5)
h h h
ir 0d@e —: S (6)

wherel is lateral wheel slip angle at front axlgid. 43; Vi, Vymw are front axle
velocity (v) vectorcomponents expressed in wheel coordindf@s @9; Vyn, W are
front axle velocity ¥) vectorcomponents expressed in vehicle coordinatas. 4a);
U is lateral wheel slip angle at rear axieg. 43; Vxw, Vy,w are rear axle velocity()
vectorcomponents expressed in wheel coordindtés @9; vy is lateral vehicle speed
(Fig. 49.

Vertical tyre forces on the front and rear axle for astamt bus longitudinal speed
(vx) are calculated biqgs.(7,8)and given inTablel.

G & aaQn @)

G a o a m )
Momentof inertia aroundusz-axisis calculated agording toEq. 9

0 —w O 9

wherem s the mass of empty busablel1); Wis bus width Tablel); andL is bus
length Tablel).

4 Simulation results and bus model validation

Fig. 5presents a bus model in MATLAB/Simulink software based on vehicle dynam-
ics equations in section 3. Simulations were initiated by script files written in
MATLAB. Rungé Kutta solved o d e with @ variable stegsize of numerical inte-
gration was used ithe simulation. RWSA block Fig. 5 denotesthe road wheel
steering angle obtaindxy the steering ratio given ifablel.

TransportaCom 202576 - Doboj, 58 November




X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

Vertical tyre forces

[

]

g
e

Constant bus velocity

< ]

Handwheel Steering  Road wheel
steering ratio steering
angle angle

[vyl

aw_ratel>

1L}

3
w
yawrate

delta ¢

i

Ir

syr

Lateral tire slips

m]

Ffy

Fry

m
yawratey
e

delta

ay

wy_dot

Lateral acceleration

Listl >—»sr
(od >
(=1 >z 4
o= 8
mue
Tyre forces
(Ea >
(i > -
accel
Lo > o
B"V vyl »ir
[RWSAL>—»|deta

Yaw acceleration

[Fyrl

H vt Lav el

Fig. 5. In-plane 2 DOF bus model in MATLAB/Simulirdoftware

Fig. 6 compares two bus responses (yaw rate and lateral acceleration) obtained by
measurement and simulations for a siFigie changananeuverlnd a bus velocity of
80 km/h. Thismaneuverwas performed in real driving conditions on the highway
during overtakingand is described by ofmeriod sinusoidal HSAHRig. 69. HSA
maximum and minimum values are around +90 degreesldfiddegrees, respective-
ly (Fig. 63. The yaw rate and lateral acceleration obtained from simulations follow
the same trend as from the ma@snent with similar values. For example, thai-
mum value for yaw rate is around 0 degrees/sHg. 68 and for lateral acceleration
is around-2 m/¢ (Fig. 69 for both measurement and simulation. This is a rather slow
maneuverand good agreements could be explained by low weight transfer between
the left and right bus wheels durintaneuver

150

—Measurement —Measurement|
—Simulation 3 — Simulation
100+ 10 1 —
o~
. L2
3 £
— 50 1@
[ 9] S qf
8 5 2
? 8 o
z 0 = & gr
< 2 g
%) g 8 1
T 5 | 3 E
> g
© 2[
-
-100 -
-3
a b ()
-150() -15() -4()
5 7 9 11 5 7 9 11 5 7 9

Time [s]

Time [s]

Time [s]

11

Fig. 6. Singleline change maneuvea) oneperiod sinusoidal inpub) yaw rate, c) lateral
acceleration, at bus velocity of 80 km/
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Fig. 7 compares the yaw rate and lateral acceleration confirmed by measurement
and simulations for slalom driving and bus velocity of 60 km/h. HSA values are most-
ly concentrated within +9@egrees with the frequency of around 1 Hig( 79. The
yaw rate and lateral acceleration obtained from simulations follow the same trend as
from the measurement (both signals have the same frequeRigeg,b,9. Lateral
acceleration values differ arade higher for measuremeriig. 7b). One of the rea-
sons for this difference may be omission the weight transfireisingletrack model
definition (Fig. 4).

150 T T 10 —— 2:5 ——
‘—Measurement —Measurement
8] [—Simulation | 2 —Simulation |
100 ¢
6 S
. @
@ 4 £
T 50 8 | g
o o 2 =
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> 47 ko
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0 5) 10 15 0 5 10 15 0 5 10 15
Time [s] Time [s] Time [s]

Fig. 7. Slalom driving maneuver) sinusoidal input, b) yaw rate, c) lateral acceleration, at bus
velocity of 60 km/h.

Fig. 8ompareghe yaw rate and lateral acceleration obtained by measurement and
simulations for a doubléne changemaneuverand bus velocity of 70 km/h. Meas-
urement was performed on a proving ground according to procedures proposed in ISO
3888 standard [5, 13]. Yavwate and lateral acceleration obtained from simulations
follow the same trend as from the measurement but with noticeable differences in
their values. For instance, yaw rate maximum values obtained in measurement
reached +13 degrees/s, whereas simulatiached +7 degrees(§ig. 8b. Lateral
acceleration maximum values are matched for both measurement and simédgtion (
80). In the third secondacceleration differs by around 1 f(Fig. 89. This is a ra-
ther invasivemanewer, and moderate agreementicbbe explained by the effect of
weight transfer on bus handling.
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Fig. 8. Doubleline change maneuves) HSA, b) yaw rate, c) lateral acceleration, at bus ve-
locity of 70 km/h.

5 Conclusion

In this paper, a nonlinean-planebus model with 2 DOF is validated by comparing

two simulated vehicle responses (yaw rate and lateral acceleration) against signals
measured on intercity bus IK 312 Lander for three different maneuvers. Considered
maneuvers (singlane change, doublane changeand slalom driving) often occur

in real bus operating conditions.

The vehicle responses obtained by simulation were found to be in good agreement
with the measured responses for a sidgie change maneuver at a bus speed of 80
km/h. The simulaté responses followhe trend of the measured signals over time,
and the values are identical. For example, for both the measurement and the simula-
tion, the yaw rate minimum value is arowid degrees/sand the lateral acceleration
minimum value is around2 m/¢. The maneuver is not intensive arspparently
weight transfer haaninsignificant influence on the analyzed responses.

During fast maneuver (slalom driving at a bus speed of 60 km/h) and intensive ma-
neuver (doubldane change at a bus speed’6fkm/h), the simulation responses fol-
low the change of real signals in time, but with deviations in their values. Deviation
can be explained by the influence of weight tranpfegnomenan the bus handling.
Vertical tire forces change due to the weigtansfer, i.e. tires cornering stiffness
change affecting bulateral dynamics behaviour. Also, the bus parameters influence
responses values, especially the moment of inertia arpamxis. The value of this
parameter was not based on measurement buti@adfor this work.

A nonlinear inplane 2 DOF bus model extends the classic linear model consider-
ing nonlinear tire forces. The defined model provides an accurate prediction of the
lateral dynamic behavior for slow maneuvers (e.g. single lane changaiveane
However, defined ifplane model does not capture important coupling effects of ver-
tical, roll and longitudinal motions which limit its scope of application in fast and
aggressive maneuvers (estalom and doubiane changenaneuvers).
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Future workcould consider extension of the current model to predict bus lateral
dynamics behaviour in intensive maneuvers more accur&ehexamplepy includ-
ing roll dynamicsin a bus twetrack model with a suspension system, sprung and
unsprung massegxtendedus model could employ advanced nonlinear tyre models
(e.g. Pacejka tyre models) for more realistic description of lateral tyre fdfoes.
thermore future work couldexplorethe use of the defined 2 DOF bus model for
Hardwarein-the-Loop (HIL) and Driverin-the-Loop (DIL) simulations.
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Highways with Electric Infrastructure for In -Motion
Charging of Electric Vehicles

Lidija®Arsenil

University of East Sarajevo, Faculty of Transport and Traffic Engineering Doboj, Bosnia and
Herzegovinaarseniclidija7 @gmail.com

Abstract. The rapid transition toward sustable mobility has made the devel-

opment of advanced electric vehicle (EV) charging infrastructure a key priority

for reducing greenhouse gas emissions and fossil fuel dependence. This paper

analyzes both static and dynamic highway charging technolog@ssifg on

Ger manyds | eader s hi-galeipiot projeqsl seaclmesthei ng | ar ge

ELISA e-Highway. Static systems, which use higbwer DC chargers at rest

areas, enable quick battery replenishment but create peak load challenges for

the grid. In contast, dynamic charging achieved through inductive coils em-

bedded in the pavement or overhead contact lines allows vehicles to receive

continuous power while driving, improving operational efficiency and reducing

downtime. Although the installation cost ofrehmic infrastructure, estimated

between 01.5 and 02.5 milli otarmpese- ki | omet er , r ema
fits include | ower vehicle battery degradati on, r
proved grid integration with renewable energy sources. The resdgltiglhts

the technological, economic, and policy dimensions of highway electrification

and assesses its contribution to achieving the European Green Deal objectives.

Ger manyds investments within the Energiewende fr
with the UN Sustaiable Development Goal 7 (Affordable and Clean Energy)

demonstrate that dynamic charging highways can become a cornerstone of fu-

ture lowcarbon, intelligent transportation networks.

Keywords: Electric vehicles, dynamic chargingHeghway.

1 Introduction

Eledric vehicles (EVS) play a critical role in achieving global sustainability and re-

ducing dependence on fossil fuels. They represent one of the most effective ways to

decarbonize the transport sector, which is responsible for nearly one quarter of global

CcoO emi ssions [1]. Despite significant advances
of fast and reliable charging infrastructure remains a key barrier to widespread adop-

tion [2]. The lack of accessible charging points, especially on-ttistgnce routes,

continues to cause fArange anxietyo among drive
freight and passenger transport. Furthermore, growing urbanization and freight de-

mands increase the pressure on existing transport infrastructure. The creation of elec-
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trified highways roads equipped with charging systems for vehicles in motion has
emerged as a promising solution [3]. These systems could drastically reduce idle time,
improve logistics efficiency, and accelerate the transition tedowssion mobility.

Several European countries, including Germany, Sweden, and ltaly, have launched
largescale research programs exploring both static and dynamic charging technolo-
gies [4]. Static charging involves higilower direct current (DC) chargers located at
rest stog and service areas, while dynamic charging enables vehicles to receive ener-
gy while driving through inductive coils embedded in the pavement or through over-
head contact lines [5]. Integrating such technologies also contributes to smart grid
development, mabling energy optimization and load balancing. Predictive algorithms
can determine when and where energy demand will peak, allowing infrastructure
operators to distribute electricity efficiently [6]. These innovations combine transpor-
tation engineering,nformation technology, and environmental science into a single
integrated mobility system.

The primary objectives of this paper are:

- Environment al |l mpact: Evaluate how highway
emissions and supports EU climate targets [3].

- Technological Advancement: Compare static and dynamic charging technol-
ogies in terms of efficiency, cost, and sustainability [4].

- Policy Relevance: Examine Germanyédés | eader st
eHighway system and its role in European energysitian goals [6].

By addressing these dimensions, this research aims to provide a comprehensive un-
derstanding of the opportunities and challenges in deployimgoiton charging sys-

tems on modern highways.

2  Technological Concepts: Static vs. Dynamic Chargg

The electrification of highways relies on two primary approaches, static and dynamic
charging. Each system offers distinct operational characteristics, cost implications,
and environmental benefits. Static charging refers to conventionalrphigtions that
allow EVs to recharge while parked. These stations are typically installed at highway
service zones and can deliver up to 350 kW of power through direct current (DC),
enabling vehicles to recharge 80% of their battery capacity withirBRaminutes [4].
Static systems are simple to install and compatible with existing vehicle technology
but require frequent stops and high peak power loads, creating demand fluctuations on
the grid [5]. Dynamic charging, on the other hand, enables energy transferthehi
vehicle is in motion. This approach relies on either inductive or conductive methods.
Inductive charging uses magnetic resonance between coils embedded in the road sur-
face and receivers on the vehicle, while conductive charging employs pantographs
that connect to overhead lines, similar to electric trains or trolleybuses [6].

Germany, Sweden, and ltaly are leading in dynamic highway demonstrations. The
Smart Road Gotland project in Sweden uses inductive technology for passenger cars
and buses, whereas Germanydés ELI SA project appl
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freight transport [7]. Dynamic charging eliminates long charging stops and enables
continuous driving, thereby improving energy efficiency and logistics performance. It
also allows vehicles to operate with smaller batteries, lowering production costs and
environmendl impact. However, it requires substantial initial investment, complex
road construction, and regular maintenance [8]. The followiagle 1 provides a
comparison between static and dynamic charging systems based on cost, efficiency,
and technological atbutes. Dynamic systems demonstrate greater operational effi-
ciency and better alignment with renewable energy sources. However, their economic
feasibility depends on larggcale deployment and supportive policy frameworks [9].

Table 1. Comparison BetweeStatic and Dynamic Charging Systems

Par amet Static Cha Dynamic Charg
Chargin¢Plug in DC clt Inductive or ove
od stations vehicle is in
Average u50,-0@260, 00 Gl:62mbl 1l ion per
station
Chargin 20630 minutes Continuous whi
Grid De High peak | o Distributed ener
road
Energy E 8590 % 9095 %
cy
Mai nt en Moder at e Hi dlover head 1| ine
Cost sensor <calibr
Battery Higher dcuheartg Lower dakplovers f
datior cycl es
Environ Reduces emis Enabl es coami o8
Benef i stops operation
Exampdi@ |l onity Netwo ELISA (Germany),
jects Fast Char ¢ |l and (Sweden

3  The ELISA Project in Germany: the operational analysis

Germany has established itself as the European leader in dynamic highway electri-
fication through theELISA (Electrified Innovative Heavy Traffic on Autobahns)
project. Initiated by the Federal Ministry for the Environment (BMU) and developed
by Siemens Mobility and Scania Group, ELISA is designed to test the technical, eco-
nomic, and environmental feasibjil of electric highways for heawgiuty freight
transport [5,6].

3.1 Project Overview

The pilot section of ELISA is located on the A5 motorway between Frankfurt and
Darmstadt, covering a 10 kilometer stretch of daak highway. Trucks equipped
with roof-mourted pantographs can connect to overhead contact lines to draw elec-
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tricity while driving at speeds up to 90 km/h [6]. When disconnected, the trucks oper-
ate in hybrid mode, using batteries or conventional engines to continue their journey.
The system operates at 670 V DC, powered by substations placed approximately
every 5 kilometers, ensuringableand efficient current distribution. The pantographs
automatically raise and lower when the truck changes lanes, maintaining safety and
operationalflexibility [7]. To improve traffic management, the ELISA highway is
equipped with intelligent sensors, 10T communication modules, and-blased con-
trol systems. These technologies monitor vehicle position, power consumption, and
grid status in real timeoptimizing electricity flow and minimizing system losses [5].
Predictive maintenance algorithms detect wear and faults early, ensuring continuous
operation Figure 1.

eHighway =
) Elektrisch in die Zukunft

Fig. 1. Pilot eHighway project in Germany with overhead power lines and pantegraph
equipped hybrid truck [5,8]

3.2 Technical Features and Efficiency
The ELISA system combines several advanced technologies:

- Overhead catenary lines for conductive energy transfer.
- Power converters that transform alternating current (AC) from the public
grid into direct current (DC).
- Digital monitoring systems that ensure voltage stability and communication
between vehicles and infrastructure [6].
In practice, trucks connect to tbeerhead contact lines through automatically adjus
able pantographs, as illustrated in Figw2eField testing confirmed energy transfer
efficiency above 8%, a major milestone for headuty emobility[7]. Hybrid trucks
operating on the ELISA corridorpowwemrd tted up t
equivalents. Dynamic charging also reduces battery wear, improving lifespan and
lowering maintenance costs. The project explores a combination of condaistive
inductive systems, allowing future integration of wireless charging lanes for passen-
ger cars. This hybrid approach could enable mixed traffic electrification, where both
freight trucks and lightluty vehicles benefit from continuousiimotion chargindg8].
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Fig. 2. Pilot project ELISA: Overhead contact line system for electric tr{&ks

3.3 Economic and Environmental Evaluation

The construction cost for ELI SAb6s el ectrifi

million per kilometer, including infrastructureubstations, and monitoring equipment

[8]. Although the initial investment is high, lony e r m f u e | savings,
and lower operating costs demonstrate positive economic outcomes. According to the
Federal Ministry for the Environment (BMU), la&g c al e depl oy ment
key freight corridors could reduce national transport emissions by over 7 million tons
of coO annually [7]. Il ntegration with
the system to align with the Energiewende policy drelEuropean Green Deal [3].
Vehicle-to-grid (V2G) functionality enables trucks to feed excess energy back to the
grid during lowdemand periods, improving grid stability and energy utilization [9].
This bidirectional energy exchange also provides new en@nopportunities for
logistics operators.

3.4 Policy and Future Development

The success of ELISA has encouraged the expansion of electric highway concepts
across Europe. Projects like E[IMPOWER on the A6 motorway in Germany and Smart
Road Gotland in Sweden bud on ELI SA6s exper isealec e,
highway electrification is technically feasible and environmentally beneficial [3,7].
ELISA has contributed to establishing European standards for interoperability, vehi-
cle authentication, and smart billirsystems, ensuring compatibility across manufac-
turers and crosborder networks [8]. Publiprivate partnerships are key for funding,
combining government support with private sector investment to secure economic
sustainability and longerm operation [6]

Future ELISA phases include:

- High voltage 1000 V systems for faster energy transfer.

- Al-based traffic management to optimize lane usage and reduce energy
losses.
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- Expansion of inductive charging lanes to urban and intercity passenger EVs,
supportng mixed systems [6,7].

- Digital twin technologies for predictive maintenance, energy distribution
planning, and reaime monitoring, minimizing downtime [9].

Recent pilot programs using the Dynamic Wireless Power Transfer (DWPT) con-
cept demonstrathow electric roads can enable uninterrupted energy transfer for bus-
es and lighduty vehicles, as shown in FiguBe Integration with renewable energy
sources and V2G functionality enhances grid stability and energy efficiency [5,9].
Despite highinitial investment, operational savings, lower maintenance costs, and
environmental benefits provide a strong lgegm return on investment [8]. Overall,
ELISA sets a precedent for electrified highway networks in Europe. Lessons from this
project providea blueprint for sustainable, connected, and intelligent transport corri-
dors, supporting EU climate neutrality targets and demonstrating that dynamic charg-
ing infrastructure can be scaled efficiently across freight and passenger transport
[3,7,9].

Fig. 3. Dynamic Wireless Power Transfer (DWPT) system tested on an electric shuttle bus and
development of the electric ro§sl 9]

4 Conclusion

Highways equipped with electric infrastructure fornotion charging represent one
of the most innovative steps in saimable mobility. The German ELISA project has
proven that longlistance electric freight transport is both technically viable and eco-
nomically efficient [5]. Its results demonstrate that electrified highways can drastical-
ly cut emissions, integrate renakle energy into national grids, and serve as a foun-
dation for the EUb6s clean transport strategy [ 3
vantage over static systems: it eliminates downtime, optimizes logistics, and enables
smaller battery capacities, redugiboth manufacturing costs and environmental im-
pact [6]. By incorporating V2G technologies and renewable integration, electrified
highways can also enhance grid flexibility and energy resilience [9].

To ensure successful largeale implementationtandardization, interoperability,
and crossorder cooperation are essential. Governments and industry stakeholders
should establish common European frameworks that support research, investment,
and infrastructure deployment [8]. Lessons learned from EL4Béw that strategic
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planning and publiprivate collaboration can accelerate the transition to zero emis-
sion transport while preventing future economic and environmental costs. As Europe
moves toward full electrification of its transport networks, dynaahiarging high-

ways will play a central role in achieving intelligent, connected, and sustainable mo-
bility.
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Abstract. In traffic assignment modeling, many resistance factors exist, with
travel time being one of the most important, usually represented by a volume
delay function. Choosing the right function is crucial for stratégiel network
planning ands key to understanding the statistical distribution of network load.
However, the challenges involved in its practical application are not yet fully
understood. This paper aims to summarize selected studies where different
functions and their modificationsere used to develop models and adapt them
to changing local or temporal conditions. The literature review revealed that no
single function provides both easy implementation and high applicability in a
specific area without calibration or regional datae Tonclusion suggests that a
reliable model can only be built using real data collected under various traffic
conditions on a countryds road net wor k, which hel
crepancies between the modeled and actual traffic loads.

Keywords: Traffic assignment modelling, volurrdelay function, calibration,
weather conditions.

1 Introduction

The traditional foustage chain of traffic models (TPMTransport Planning Model)
implies the establishment of a balance between supply and detheough four
groups of modelsgach with successive applicatioi$e last group includes models

for the distribution of flows on the network, whereby the allocation of trips from the
origin to the destination is madmsed orinput data on the networlopology, per-
formance functions, travel rates, and assumptions about user behavior when choosing
a path[1], [2], [3]. Mathematically weldefined performance functions are cited as

the basis for theoretical research into problems related to the use and design of mech-
anisms[4]. The performance of links within a network depends on travel time values
and is most often described the volumedelay function (VDF). According t¢p],

the VDF represents an estimate of the delay on a road segment due to an increase in
traffic volume, while according tf6], the function expreses the delay time as a func-

tion of traffic flow and the theoretical capacity of the modeled facility.
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Different formulations of the mentioned function exist, with the BPR (Bureau of
Public Roads), Davidsonds, ¢ anodficatonsand Ak- el i k6
being most commonly used in research. The shortcomings of conventional functions
are addressed by improving them; for examppfd, developed a dynain gravity
model using an improved conical volurdelay function. I1{8], a model based on the
fundamental diagram was proposed, where an enhanced vdelmefunction was
applied, subbleeven under congestion conditions.

Research generally indicates that no single vokdelay function is optimal for
application under varpig conditions. For this reason, the calibration of known func-
tions is often carried out in different ways, and the impagbenformancds quanti-
fied. In [9] and[10], calibration is performed based on travel time, where the results
of the impact measurements show improved accuracy and adaptation to local condi-
tions. Studie$11], [12], [13] perform calibration based on traffic volume, wHild] i
[15] use a combined or hybrid (rollidgorizon) approach.

This paper provides an overview of selected studies in whiclafdtrementioned
volumedelay functions were used in the modeling process, with a focus on adapting
existing formulations to specifispatial and temporal conditions.detailed analysis
was carried out based on:

b variables ancgarametersncluded in the functions, depending on whether it is a
modification of one of the standard functions or a specific mathematical formula-
tion;

b data sotces used for the development and validation of the function, specifically
including the location and time of research, road hierarchy, method of data collec-
tion, and sample size;

b methods applied during validatidnstatistical tests, comparative analysigdel
adaptability, error rates, and statistical significance of the results.

2 Comparative analysis of volumedelay functions

In practice, the appropriate volurdelay function is chosen empirically, based on

new research findings. An incorrect choicevofumedelay function produces poor

results in modeling the distribution of traffic loads on the road network. The model

should therefore be developed based on real data collected under various traffic con-

ditions on a count r y 0 sorsramaeviations bemmeenkhe t o mi ni mi z
modeled and actual traffic loads. Integrating VDF and queuing models enables the

quantification of the marginal effects of flow variations, thereby mitigating the ad-

verse environmental impacts of traffi6].
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Table 1. Formulations of the most commonly used functions with the meaning of individual

parameters
Function name Function formulation
BPR Function[17] O O0p | w 2

01 average travel time

0 T (minimal) travel time

| 1 ratio between travel time at practical capacity and travel time undefldreeonditions
b - curvature parameter, defining the rate of increase in travel time when transitioning
freeflow to congested conditions

W s 2 N
00p 0— M QT OECAEDIAI
Modified Davidson . p @ o
Function [18] 0P L’Jp 0

ur [T AEEFEBA

0 1 minimal (freeflow) travel time

* 1 proportion of selected users (usually 0i83,95)

"Q"@ modification, i.e. substitution of the hyperbolic Davidson function with a linear e

tension for traffic volumes exceeding link capacity

0T delay parameter (time loss coefficient) used in the original form of the function; rela
land use anthesurrounding environment, accounting for the frequency of elements t
cause travel time losses

Wi degree of capacity utilization g/C

Conical Function . . — .

[19] ov 0 ¢ Wwp w ) ' p

0 1 (minimal) travel time

T R

| T any valuegreater than 1 recommended valdé4 i divided roads with medians;i5

undivided roads)

Wi degree of capacity utilization

,[Azlgs]:ellkFunctlon o op v 6 0 w p W

‘

0w
001

h

0 1 minimal (freeflow) travel time

i T ratio of the analyzed observation period to travel tine

U T delay parameter (time loss coefficient); theggested value is 0.1. Lower values are
adopted for motorways/sections with coordinated signal control (interrupted flow), while
higher values are used for intersections without signal coordination (uninterrupted flow
0 1 travel time at capacity

The Bureau of Public Roads volumedelay function (BPR) is the most popular
among VDF functions and is highly saiblefor use in traffic assignment models. By
adjusting its parameters, it can cover a wide range ofi flefay relationships. In the
region, his function is most frequently applied in modeling, and after calibration, it
yields excellent results both in urban areas and on higlhss roads.

2 Note: The values of coefficientsandb are estimated depending on local conditionsengiricaldata.
3 Recommendation of the Minnesota Regional Development Council
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The values of the coefficiengsandb are variable and are estimatessed orfield
data. The recommendestarting values of the coefficients are 0.15doand 4 for
b[ 2.IThese values vary with road and traffic conditions on particular sections. For
roads with saturated traffic flow, smaller values of parameté.8 0.9) and larger
values of parametdr (2.5 3) are applied, while for urban road sections, larger values
of a (1.2 1.5) and smaller values bf(1.5 1.8) are recommendd#d?2]. [23] replaced
the base capacity with the operational capacity in the original form of the function and
generated data for high values of the g/C ratio, based on whigathmeter values
a=2.62 andb=5 were proposed24] estimated that the parameter values for signal-
ized intersections in urban areas a@.83 andb@3.36, while[6] useda=0.33 and
b=4.04 for highways, with the range ®f0.5-2 andb 1.4-11.

The function has a simple form and is successfully applicable when thé flow
capacity ratio is less than 1.2. Moreover, when the traffic émphls the capacity, the
speed is assumed to be half of the fileer speed, regardless of the valuesaandb.
Within the BPR function, under real network loads, it is assumed that the degree of
capacity utilization varies up to 1 or slightly aboveHbwever, recent research has
indicated that the Bureau of Public Roads function, despite its widespread adoption,
may not accurately capture the complexities of dynamic traffic conditions, especially
during severe congestion, leading to inaccuracies ifidgsignmenf25].

Dav i ds o n édelayfundtian,nbased on intersection queuing theory, was
first published in 1966. In the original formulation, the saturated flow was used in-
stead of capacitywithout considering that these two parameters do not have the same
value foruninterruptedraffic flows [18]. The original form of e function has been
modified several times due to its inapplicability in situatiavisere flow exceeds
capacity in repeated traffic assignment procedures. The issue was that travel time
tended to infinity as the flow value approached capacity. By impgothie original
formulation, definite travel time values were obtained for all variations of the capacity
utilization factor.

The conical volumedelay function represents a solution to the shortcomings
identified in the BPR functiofil9]. The high values ahe coefficientb applied in the
BPR formulation revealed two major deficiencies that motivated the development of
the conical function, namely:

b When modeling traffic distribution in the network, the assumption that thd flow
capacity ratio varies from 0 tb (or only slightly above 1) results in an irregular al-
location of section weights, poor model convergence, and a loss of precision in im-
plementation.

b Although the function's formulation is relatively simple, the estimation of individ-
ual parameters reqeis logarithmic and exponential calculatidogstablish the re-
lationship between travel time and flow and to determine the value of the coeffi-
cientb.

Accordingly, the conical function does not include the paranteterthe exponent

and is therefore morsuitablefor use under congested conditions. The basic assump-

tion is that the estimated travel time at capacity is twice theflivaetravel time. For
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calculation purposes, it is recommended that the coeffieidre greater than 1. For
traffic planning,the recommended coefficient values provided by the Minnesota Re-
gional Development Council are as folloves= 4 for divided roadsa = 5 for undi-
vided roadg26].

The conical function, like the BPR function, does not explicitly account for signal-
ized intersections. However, the advantage is thatfootttions share the same inter-
pretation of the variables that characterize traffic behavior, namely, flow and capacity.
This enables a direct and practical transition from one function to the other. Fer peak
period traffic assignment, the conical functignoften applied, as congestion is con-
sidered the critical factor in such conditions.

Ak - el i k édelapyfunttionrisehe result of a modification of the Davidson
function by applying the coordinate transformation technique, taking into account
valuesof the capacity utilization factor greater than 1. After ambiguities in the inter-
pretation of the parameters in the original Davidson formulation were identified
complicating parameter definition and model calibratithe author introduced the
delay parameter J and modified the function. However, due to insufficient theoretical
justification, Akcelik subsequently developed a tidependent concept of the func-
tion.

The value of the delay parameter is correlated withatiengement of signalized
intersections along the analyzed route and can be defirjgfllas

0 Q g (1)
Where the individual parameters are defined as follows:

b ki coefficient, with the values: 0.6 for isolated signalized intersections; 0.3 for
intersections with coordinated signal operation; 1 for unsignalized intersections
and roundabouts;

b p 1 parameter representing the frequency of delay elements along thsexiah
(e.g., the number of signalized intersections per unit length).

The value of the delay parameter can also be determined using the following ex-
pression:

o — )

p=x

whered is the travel time at capacity
In his papel[20], Akcelik provided a tabular overview of delay parameter values
for different road categorie$ he appl i cation of Ak-elikés functi
vehicle travel time and delays at intersections, which repressighéicant share of
the total travel time. This implies that the function is lessabie for higherclass
roads (expressways, highways), because the delay parameter is substantially higher on
routes with closely spaced signalized intersections comparedads without flow
interruptions or with coordinated signal operations.
Caution is required when applying this function as an aggregate for several differ-
ent functional elements within the network. Accuracy is reduced when multiple ele-
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ments are combineihto a single composite element, and this must be considered
when interpreting the parameter values obtained through calibration of the function
proposed irf20]. The procedure for determining the capacity of a composite element
is therefore subject to uncertainty. Individual links may have different numbers of
lanes, but this problem can be addressed by analyzing the critical lane.

The theoretical basis for thesldy parameter requires applying the function sepa-
rately to each lane, meaning that the throughput and capacity values used in the func-
tion refer to the individual lane. Consequently, the most appropriate solution is to
apply the function to the criticahhe of the road section under analysis. For simplifi-
cation purposes, it is assumed that the capacities of the lanes are equal.

Table 2. Advantages and disadvantages of the most commonlyvesatie delayfunctions

Function Advantages Disadvantages
name
b travel time and flow are underestimated unde
b minimal input data uncongested conditions and overestimated u
BPR b universal der congested conditions

b itusually has the most b extreme function values may appear in the e:

Fi;ft'on favorable RMSE valuesi  stages of distribution
travel demand estimation b not based on auing theory
models b operational traffic conditions are not taken int
account
b flexibility, adapableto a b The original Davidson function had several
Modified wide rangeof traffic con- shortcomings, later addressed by Davidson,
Davidson ditions with parameter Akcelik, and Tisab; the most significant draw-
function b good performance on back was the inability tachieve finite travel
[18] almost any roadway fa- time values when the flowo-capacity ratio ex-
cility ceeded 1
b developed to overcome
the shortcomings of the
Conical BPR function b signalized intersections are not explicitly take
function b BPR function parameters ~
: into account
[19] can be directly transferre
b traffic conditions are not
explicitly considered
b good convergence
b realistic speed values
under congestion
b superior for signalized
Akcelik arterials b weaker convergence compared to the conica
function b intersection delay is con-  function
[20] sidered b inferior performance on highways
b conciseness (avoids the

application of complex in-
tersection delay parame-
ters)
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3 Methodological approaches to the calibration of travel time
functions

The analysis of previous research was conducted in the context of the most commonly
used travel time functions for traffic distribution modeling, with particular emphasis
on those tha&ccount for adverse weather patterns and are adapted to local conditions.
It was found that no function combines low implementation complexity with high
applicability in a given area without requiring calibration or local data. The suitability
of a functio for application in a particular area depends on the characteristics of the
road network, such as the frequency of signalized intersections, lane configuration,
and elements such as roadside parking or side streets. Functions that incorporate the
changingbehaviour of demand, congestion thresholds, and delays at intersections are
more likely to produce accurate predictions in urban areas with complex road net-
works and variable traffic conditions.

Accordingly, researchers have reached different conclusitries comparing the
functions and their modifications. Studiy4], based on empirical research and cali-
bration, concluded that the BPR function provides the most accurate results after cali-
bration with a genetic algorithm, yielding the smallest mean squiameas a measure
of precision. In contrasf9] emphasized the importance of local calibration and found
that the BPR and logistic functions provide the best fit. In some studies, the applica-
tion of BPR function modificationsrpved more successful. For examgd@?] con-
cluded that such variants capture travel time heterogeneity more accurately and ob-
served a 13% reduction after adjusting traffic signal operations. Other astichisas
[28], found that modifieanodels more closely reflect observed data, with intersection
delay identified as a crucial factor. Final[{2] highlighted the importance of analys-
ing bottlenecks, i.e., queues, and of incorporating local data.

Table 3. Comgexity of implementation and practical applicability of commonly useldme
delayfunctions

Implementation

Function type  Data requirements complexity Applicability
I?Quoraeg:[;]f Euzt])hc Traffic flow, ca- Relatively High (with calibration); can be
[14], [27], [28] pacity low generalized
Davidson Traffic flow, ca-
(Akgelik) func- pacity, level of M Moderate sensitive to parameter
. : oderate o
tion [9], [12], service (m), satura specification
[14], [18] tion flow
Conical function  Traffic flow, ca- Moderate Moderate accuracy may deterioral
[9], [12], [14] pacity, slope in off-peak periods

Traffic flow, ca-

Logistic function pacity, curve pa-  Moderate

9]

High for oneway, congested, or
nonlinear roads

rameters
Modified BPR Traffic flow, ca- Relatively High under variable conditions;
function[24], pacity, uncertainty high requires local data
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Implementation

Function type  Data requirements Applicability

complexity
[27] parameters
Modified uni- Traffic flow, geom- High for urban arterials with signal
form/Webster : 9eo Relatively . g L S
. etry, and signaliza- : ized intersections; less applicable
function[24], . high
28] tion data motorways
New urban func- On-street parking, . High for historical/complex urban
. geometry, and loca High . . Lo
tion [29] areas; requires local calibration

characteristics

Certain authors, such §kl], [13], [30], analyze and compare the performance of the
given functions in the local context, where the BPR function is often used as a refer-
ence point. When unfavorable weather conditions are taken into account, a decrease
in saturated flow and average travel speed, as well as an increase in vehicle headway,
were observed. Based on this, the need for explicit adaptation of traffic distribution
models to weatherelated changes is emphasized. Such adaptation can be approached
either by developing entirely new functions or by introducing correction factors and
modifying existing parametef81], [32].

The calibration procedure is mainly carried out using regression analysis and min-
imization of the root mean square error (RMSE). Other applied metholislé Py-
thonbased algorithms, fixed parameter estimation/adoption, simulation and empirical
approaches, comparative analysis, and evafigation. In[33], calibration was per-
formed using a combination of cresatropy and a vation of the LASSQegression
method, based on data from predguipped vehicles. Crosntropy was applied to
fine-tune the model so that its output probabilities closely match real data, while re-
gression was used to select the most relevant inputblesiathereby improving pre-
diction accuracy.

Other studies mention the use of data from induction loops, GPS, and weather sta-
tions, although without specifying the estimation algorithms applied. The authors in
[34] and[35] consider the influence of rainfall intensity, where distribution modeling
was performed at the postadde level on an hourly basis. Probal@$ of different
weather conditions were defined and applied to specific functional links within the
network, depending on the postal code[36], correction factors were calibrated for
different metropolitan areas in the USA, which were subsequently used as inputs to a
simulation system that integrates weather conditions for dynamic tdéstrdoution.

Temporal patterns (time frames) are incorporated using regression or probabilistic
models, simulation frameworks, and deep learning method37]ntravel time func-
tions were calibrated under adverse weather condjtgpecifically snow ad ice
using a regressiehased approach within a traffic simulation system. On the other
hand,[33] and [38] apply probabilistic models with dual time scales, combined with
gradient boosting machine (GBM) algorithms and recurrent neural networks, to adapt
to adverse weather conditions. Some studies @eowjuantitative performance
measures (RMSE and MAE39], while most report only qualitative or partially de-
fined validation results.
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Table 4. Various approaches to traffic modeling under variable weather conditions

Type of weather
Reference and magnitude of

Calibration method

Implementation approach

impact
Snow and Regression, calibration
[37] ice/qualitatively within the TRANSIMS  Micro and macremodeling
high impact system
Two-phase probabilistic
[33] Hurricane Sandy model, GBM, cross Functional data analysis
entropy
Rain, snow,
fog/significant . Modified Greenshields mode
[36] impact on flow Correction factors (duatregime}
and speed
Rain (rainfall Rainfall distribution mod- Calibration by postal code
[34] - X
intensity) els and hour
Heavy precipita-
[35] snow/c?sgl,itatively Occupancybased predic- RWIS® s_ysyem da(tja,I new
(capacity reduc- tion predictive mode
tion)
Unspecified ad-
verse weather/higl Monte Carlo simulgon, Conditional probability func-
[40] . X v !
impact during peal  probabilistic models tions
hours
[38] Vl/if)ﬁ;h\?vritﬁgglt- LSTM and GRU neural Machine learning for short

specified details

networks

term prediction

4 Conclusion

Volume-delay functions (VDFs) represent a fundamental analytical tool for modeling
the relationship between traffic flow and travel time and play a key role in the plan-
ning and management of transportation systems. The most commonly used models,
including the basic form of the BPR function and its modified variants, have proven
their piactical value due to their flexibility and wide range of applications, particularly

in urban areas. Their applicability, however, largely depends on careful and precise
calibration based on local traffic characteristics, which allows for a more realistic
representation of existing conditions in the network.

Standard VDF functions provide satisfactory results underffoge conditions,

but in congestion regimes, they often underestimate delays, especially at signalized
intersections and complex junctionsorRhis reason, numerous maodifications have

been

devel oped,

such as

MBPR and Webster 6s

4 A modification of the standard model in which traffic flow is represented through two distinct functional
segments, either density or degree of saturation.

> Road Weather Information System
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traffic dynamics in urban environments. Logistic and Akcelik functions allow for
capturing nonlinear congestion effects and therdisortionate growth of travel time,
although they require more complex parameter estimation methods. In recent studies,
dynamic and stochastic VDF functions are increasingly applied, improving modeling
accuracy in networks with complex geometry and véeistaffic conditions.

The reliability of VDF models largely depends on the quality of local calibration,
as well as on the integration of various traffic data sources, road types, and congestion
levels. Modern calibration methods, which include combinpdr@aches and ad-
vanced optimization algorithms, further enhance model accuracy and increase their
practical value in planning and investment decisiteking processes.

Based on an analysis of the available literature and identified research gaps, key di-
redions for future research can be clearly defined:

b Development of VDF models that include explicit congestion identification and
integration of data from multiple sources (GPS, video, and sensor networks);

b Improvement of model reliability through thetegration of travel time variability
indicators and network reliability measures;

b Extension of existing concepts to multimodal transportation systems, taking into
account interactions between different modes of transport;

b Development of specific VDF appaches for regimes with high penetration of
connected and automated vehicles (CAVS);

b Creation of multiresolution VDF models that enable more precise planning and
design of transportation networks under conditions of temporally variable demand.

These diretions establish a key foundation for advancing theoretical models and
their realworld applications. By incorporating new technologies, advanced data
sources, and modern analytical methods, the future development of VDF functions
can greatly enhance theeation of robust and flexible transportation models, allow-
ing for more efficient planning, management, and design of complex traffic networks.
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Abstract: Vehicle speed is one of the most critical risk factors in road traffic,
with speeding significantly contributing to both the occurrence and severity of
crashes. Previous studies have confirmed a strong relationship between impact
speed and crash outcomparticularly for vulnerable road users such as pedes-
trians and cyclists. The aim of this paper is to provide a structured review of the
most commonly applied traffic calming measures and to analyze their charac-
teristics, advantages, and limitations. Thethodology is based on a literature
review and the synthesis of documented applications of measures in different
contexts. Special attention is given to physical measures (e.g., speed bumps,
raised platforms, road narrowings), optiGdoustic solutions, dar speed dis-
plays, fixed speed cameras, and infrastructural interventions such as mini
roundabouts. The findings indicate that these measures differ significantly in
their effectiveness, side effects, and suitability depending on local conditions.
No sinde approach can be regarded as universally applicable; rather, an appro-
priate combination of measures is required to achieve both safety improvements
and functional traffic flow. This review provides a useful basis for policymak-
ers and practitioners in gelting and adapting traffic calming strategies, while
also opening avenues for further research on their optimization and integration
into sustainable road safety systems.

Keywords: Traffic calming measurespeed managemenipad safetyyulner-
able road users

1 Introduction

Vehicle speed is one of the key risk factors in road traffic. Speeding is a frequent
driver behavior that significantly contributes to both the occurrence and severity of
traffic accidents. The primary goal of speed mamagnt is therefore to prevent acci-
dents and reduce their severity, with special attention to road sections characterized
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by high speed dispersion and the presence of vulnerable users, where conflicts and
overtaking risks are most pronounced [1].

Accidentsinvolving pedestrians, cyclists, and motorcyclists usually result in more
severe outcomes, with the risk of fatality directly linked to impact speed. For instance,
at a speed of 30 km/h, the probability of a pedestrian fatality is approximately 10%,
while at 60 km/h it rises to 80% [1,2]. Even an increase in speed of just 1% can result
in a 2% rise in injury rates and a 3% rise in the rate of serious injuries [3].

Previous research confirms that physical barriers, such as speed bumps of various
dimensionshave a significant impact on reducing vehicle speed. An analysis con-
ducted in Belgrade demonstrated that higher bump heights led to greater reductions in
average speeds and increased pedestrian safety [4]. Similar findings have been report-
ed elsewhere, cdinming that measures such as bumps and raised platforms are high-
ly effective, although they may have negative effects on ride comfort and pavement
durability [5, 6].

International experience further confirms the benefits of traffic calming. For exam-
ple, in Spain, traffic fatalities decreased from 9,344 in 1989 to 1,680 in 2013, partly
due to the wide application of speed reduction measures [7]. In addition to physical
measures, many authors emphasize the importance of procedures and criteria that
precede heir implementation in order to ensure both justification and-tengy sus-
tainability [8]. Bus routes represent a particular challenge, where speed cushions are
often used as a compromise solution to balance safety and service quality [9].

Finally, the o nc e pt of Aitraffic calmingdo in European
more broadly defined and encompasses a wide range of methods that do not restrict
vehicle passage but instead create conditions that encourage lower speeds, thereby
providing a better balandgetween motor vehicles, pedestrians, and cyclists [10].

In this context, the present paper aims to synthesize existing knowledge by provid-
ing a structured review of the most commonly applied traffic calming measures, ana-
lyzing their characteristics, advi@ages, and limitations. The intention is to highlight
both their potential and their constraints and to offer a concise basis for their practical
application and future impvement under localonditions.

2 Overview of Traffic Calming Measures

One of the masfrequent traffic violations is exceeding the permitted speed limit,
which often leads to traffic accidents with serious consequences. In order to reduce
this risk, a range of measures has been developed to influence drivers and compel
them to reduce thespeed. Some of these measures are regulated by national guide-
lines, while othe@ although not formally definddlare widely applied in practice
and have proven to be highly effective. Among the most common measures are traffic
calming devices, the instatian of which must comply with current standards and
regulations. It is particularly important to ensure adequate traffic signage that informs
drivers in advance about the presence of speed humps, so that their full effect can be
achieved ).
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In this sedbn, traffic calming measures are presented according to their prevalence
and practical application in the Balkan region. The selection is based on relevant liter-
ature, national standards, and documented examples of practical use. For clarity, the
measuresire grouped into five categories: vertical, opiieabustic, horizontal, elec-
tronic enforcement and monitoring, and intersection redesign -famidabouts).

While numerous additional solutions exist in international practice, the focus here is
on thosemost frequently applied locally, as they provide the most relevant basis for
assessing effectiveness under regional conditions.

2.1  Vertical Traffic Calming Measures

Among the most widespread solutions are various types of speed humps and raised
platforms on lie roadway. Raised platforms extend across the entire width of the car-
riageway and are typically constructed from asphalt, rubber, or plastic. They are often
combined with pedestrian crossings, thereby facilitating the movement of persons
with disabilitiesand parents with strollers. Their advantages include durability and
low installation costs, while their disadvantages involve the risk of vehicle damage if
crossed at inappropriate speeds, as well as the potential for increased noise (Figure 1).

Artificial speed humps are also commonly found in urban areas. Their dimensions
are adapted to the permitted speed limits, with heights ranging from 3 to 7 cm and
widths from 60 to 120 cm. They are particularly effeetnear schools and pedestrian
crossings. Speed humps are typically made of rubber materials (Figure 2) or asphalt,
the latter being a cheaper and more durable solution. However, rubber humps pose
challenges in regions characterized by heavy snowfalhgwiinter months, as they
are frequently damaged during snow removal operations.
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Fig. 2. Rubber Speed Hump

Small dotshaped bumps represent a specific type of traffic calming device typical-
ly installed in residential areas, where speed limits are lofiguie 3). They are
semicircular or circular elements of smaller dimensions, arranged in a sequence so
that drivers must adjust their speed in order to pass over them safely. Unlike conven-
tional rubber humps, they are lower in height and visually lessipent, yet still
effectively reduce vehicle speed. They are most commonly made of concrete, plastic,
or rubber, with advantages including durability and relatively easy maintenance. They
are particularly stiable in zones where speed reduction is desirgthout causing
significant discomfort for drivers and passengers.

Fig. 3. Small Modular Traffic Calming Bumps

Narrow speed bumps represent a type of traffic calming device that differs from
conventional humps by their reduced width and stronger impact. Their height typical-
ly ranges between 2 and 5 cm, causing abrupt deceleration and noticeable jolts when
vehiclespass over them. For this reason, they are used in areas where very low speeds
are required most commonly in parking lots, entrances to shopping centers, or inter-
nal roads of residential and industrial complexes (Figure 4). They are made of durable
plasticor wearresistant rubber, are easy to install, and are usually produced in bright
colors with reflective segments for improved visibility. Their advantages include low
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cost and simple installation, while their main drawback is the unctebledecelera-
tion they produce, which is why they are not installed on primary roads.

Fig. 4. Speed Bumps

Speed cushions do not extend across the entire roadway but only over part of it,
leaving space for wider vehicles such as buses or emergency service vehicles. In
terms of shape and profile, they resemble conventional raised platforms and speed
humps, but their design allows for a differentiated impact on various categories of
vehicles. They are most commonly constructed from asphalt or rubber and have prov-
en particudrly effective on streets with frequent public transport traffic. An additional
advantage is that they facilitate easier drainage toward stormwater systems, making
them especially stablefor areas with heavy rainfall (Figure 5).

P

Fig. 5. Asphalt Speed @shion

2.2 Optical and Acoustic Traffic Calming Measures

In addition to vertical deflections, opti¢alcoustic measures also play an important
role in moderating vehicle speeds within traffic flow. White transverse lines, arranged
in series with varying widthand spacing, create a visual effect of approaching and
alert drivers to the need for deceleration before a critical location, such as an intersec-
tion or pedestrian crossing.

Audible (rumble) strips represent a measure whose primary function is to provide
both auditory and tactile warnings to drivers. When vehicles pass over them, mild
noise and vibrations are generated, prompting drivers to adjust their speed to roadway
conditions. Their installation involves surface roughening of the pavement, followed
by the application of coarse aggregate or thermoplastic markings with a height of 8
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12 mm. They are typically placed in pairs, spaced 2Bm apart, and extend across
the full width of the traffic lane. Their width ranges fromi 48 cm, while height
variesbetween 512 mm, with spacing determined by the expected vehicle speeds in
the critical road section [11].

These measures are most commonly applied near schools, kindergartens, railway
crossings, pedestrian crossings, intersections, and hazardous edress.even mi-
nor vibrations and sound signals can provide significant warning effects to drivers
(Figure 6).

Fig. 6. Rumble (Audible) Strips

Vibratory (audible) strips represent a traffic calming measure, as the passage of
vehicles over them producesasiger vibrations and sound effects that warn drivers of
the need to reduce speed on critical road sections (Figure 7). They are constructed
using coarse aggregate or thermoplastic horizontal strijpd02€m in width and 18
25 mm in height, typically arraged in pairs or sets at intervals of 128 m. Up to
three sets are commonly installed: the first with 5 strips, the second with 6, and the
third with 7 strips [11].

In addition to their speed reduction function, vibratory strips also serve a warning
role. Shoulder rumble strips (SRS) are placed on the outer edges of the roadway to
signal lane departure, while center line rumble strips (CLRS) are installed on or adja-
cent to the centerline to alert drivers of encroaching into the opposite lane, thereby
redwing the risk of heawn collisions [12].

Fig. 7. Vibratory Strips
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Andrijagevil et al . ¢ 0 ndmamntroadinteradingstt udy i n Bar
examinethe impact of vibratory strips on vehicle speed in the pedestrian crossing
zone. Traffic was recorded using a drone, and the collected data were processed with
DataFromSky software, where four gates (ciesstions of the roadway) were de-
fined. The sampléncluded 472 vehicles (95% passenger cars). The mean speed was
60.44 km/h, which exceeds the 50 km/h limit, while 83.1% of vehicles showed decel-
eration between the gates (positioned before and after the strips). The average speed
decreased by 4.93 km/i1(31 m/s2 toward the city center an@.42 m/s2 toward
Ulcinj). The study concluded that vibratory strips contribute to speed reduction, but
not to significant compliance with speed limits, as the mean speed at the entry gate
was 63.14 km/h and 58.21 krreihthe exit gate [].

2.3 Horizontal Traffic Calming Measures

Road narrowing influences drivers by creating a sense of spatial confinement,
which encourages them to reduce speed and drive more cautiously. A wider carriage-
way gives drivers a sense of safetyl anduces faster driving, while a narrower one
has the opposite effect (Figure 8). This measure is most often implemented through
the use of central islands, sidewalks, traffic calming elements, or by allowing vehicle
parking along the carriageway. It cdbtites to reducing aggressive driving and in-
creases the safety of pedestrians and cyclists in urban areas, but it may also cause
reduced roadway <capacity and the emergence of
traffic volumes.

Fig. 8. PedestriarCrossing Road Narrowind 4]

Horizontal deflection as a traffic calming measure involves the deliberate introduc-
tion of slight directional changes on straight roadway segments, encouraging drivers
to reduce speed (Figure 9). Vehicles are subjected tafogatrforce, whose magni-
tude increases with curve sharpness and the square of speed; therefore, drivers must
adjust speed to the curve radius to avoid skidding or running off the carriagesjay [1
In practice, this effect is achieved through central ddaigreen belts, parking spaces,
traffic calming elements, or sidewalk extensions.
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Fig. 9. Horizontal Curvature of the Roadw§6]

2.4  Electronic Speed Enforcement and Monitoring Measures

Preventive radar speed displays are electronic devices that meahbigle gpeed
and simultaneously present it on BCD or LED display In addition to numerical
val ues, they may also provide textual messages
nied by flashing yellow lights for additional warning. The dimensions of these devices
are harmonized with traffic signs 1 Their primary role is to exert a psychological
effect on drivers, making them aware of speeding. An additional advantage is the
ability to store vehicle speed data, while drawbacks are related to equipment mainte-
nanceand the absence of a physical spesdliction element, which causes some
drivers to ignore the warnings. They are most commonly installed in school zones,
residential areas, and near pedestrian crossings.

Stationary radar speed cameras represent a rgfgressasure aimed at reducing
speeding and have demonstrated significant effects on improving compliance with
prescribed limits. They are installed on poles beside or above the roadway and operate
by photographing vehicles, identifying license plates, amdmatically initiating the
penalty procedure. In addition to speed enforcement, they are also used to detect other
violations, such as running a red light, using a mobile phone, not wearing a seat belt,
or illegal overtaking. Their greatest advantags lie longterm effects, as drivers in
cameracontrolled zones tend to adhere more closely to speed limits. Additional bene-
fits include high efficiency, continuous operation (24/7), and the ability to collect
violation data useful for road safety analyftesearch confirms that fixed radar speed
cameras lead to a significant reduction in traffic accidents and injuries in the areas of
their application [7].

2.5 Mini-roundabouts

Roundabouts can also be considered a traffic calming measure, as their geometry
compels drivers to reduce speed. Traffic circulates around a central island in a coun-
terclockwise direction, and when negotiating the curvature, vehicles are subjected to
centrifugal force, similar to the effect of horizontal roadway curvature. Additionally,
drivers are, in most cases, required to yield to vehicles already circulating within the
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roundabout. The advantages of this type of intersection include smoother traffic flow
without constant stopping, the ability to connect multiple entry roads, andrtira!

tion of direct 90° conflict points, since all turns are executed to the right. On the other
hand, disadvantages include limited pedestrian protection, difficulties in signalization
with traffic lights, reduced capacity, and the requirement for alldage area [3].

In recent decades, several modern variants of roundabouts have been developed to
address different traffic needs, including improvements in capacity, safety, and
operational efficiency [8]. However, when viewed strictly as traffic calrgin
measures, the most relevant form is the mini roundabout. Characterized by a
significantly smaller central island radius, mini roundabouts force vehicles to reduce
speed both when entering and circulating (Figure 10). They are typically applied on
the seondary street network, especially in urban areas with limited space, where they
simultaneously improve safety and maintain ataiele traffic flow. Previous studies
confirm that mini roundabouts contribute to reducing conflict points and lowering
crash segrity, while requiring fewer construction works and lower costs compared to
conventional roundabouts.

Fig. 10. Mini-roundabout19]

All of the discussed measures have their own advantages and disadvantages that
vary with location, trafficintensity, and road environment, yet they ultimately share
the common goal of reducing speeds, lowering accident risks, and improving overall
road safety.

3 Conclusion

Vehicle speed represents one of the key determinants of traffic safety, with its im-
pact béng particularly evident in the severity of crash outcomes. A review of the
relevant literature indicates that a wide range of traffic calming measumekiding
physical obstacles, optiGacoustic elements, psychological interventions, and mod-
ern techical monitoring system$ can make a significant contribution to reducing
vehicle speed and improving the safety of all categories of road users. Nevertheless,
despite their undeniable positive effects, previous studies suggest that the influence of
thesemeasures is not yet fully understood, especially regarding thetéomgeffects
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of their application and their variability depending on the local context and traffic
flow structure.

The results of the review indicate that no single measure can be cedsidani-
versal solution; rather, their effectiveness depends on the spatial characteristics and
the needs of specific groups of road users. Vertical physical obstacles (such as speed
humps and raised platforms) are shown to be the most effective in tedideeaas
and school zones, where the protection of vulnerable road users is crucial.iOptical
acoustic and vibratory strips provide timely warnings to drivers on critical road sec-
tions such as hazardous curves, intersections, and otheriglighcations Electronic
measures, including radar speed displays and stationary cameras, contribute to long
term behavioral changeand systematic data collectidout require considerable fi-
nancial resources and institutional support. Infrastrudbased solutiongarticularly
mini roundabouts, illustrate the potential to improve both safety and traffic flow
where space is limited.

For decisioamakers, these findings emphasize that the selection of traffic calming
measures must be adapted to the specific streefidantraffic intensity, and compo-
sition of road users. Choosing the right measure in the right place can maximize safe-
ty benefits, improve cosiffectiveness, and support the development of sustainable
urban mobility policies.

Future research should beatited toward accurately quantifying the effects of dif-
ferent traffic calming measures, not only in terms of average vehicle speeds and de-
celeration values but also regarding their broader implications. Of particular im-
portance is the study of their impamt vulnerable road users, the dynamics of traffic
flow in urban environments, and environmental protection through the reduction of
noise and harmful gas emissions. In this respect, future studies should contribute to
the development of integrated and awative solutions that will ensure a lotgrm
sustainable balance between safety, efficiency, and comfort for all road users, while
remaining adagableto local specificities.
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Abstract. This paper presents an investigation into the potential utilization of
biodiesel as an alternative to conventional fossil diesel fuel in internal combus-
tion engines. Particular attention is devoted to examining the influence of bio-
diesel on engine performance during cold start conditions, with a specific focus
on parameters such as power output and torque. The study synthesizes contem-
porary scientific knowledge together with experimental findings, which suggest
a modest reduction iengine performance when biodiesel is employed in com-
parison with conventional fuel. Furthermore, the experimental methodology is
elaborated in detail, accompanied by a description of the laboratory equipment,
manufactured by AVL, that was utilized in corting the experimental inves-
tigations.

Keywords: Biodiesel, internal combustion engines, cold start, effective power,
torque, exhaust emissions.

1. Introduction

Biodiesel, derived from renewable biological sources such adal@geils and ani-

mal fats, has gained significant attention as a substitute for petroleum diesel due to its
environmental and energy sustainability advantages. Compared to fossil diesel, bio-
diesel provides lower emissions of carbon monoxide (CO), unburned hydrocarbons
(HC), ard particulate matter (PM), while contributing to reductions in overall green-
house gas emissions [1]. However, one of the critical challenges associated with bio-
diesel use is its behavior under lv@mperature and colstart conditions.

During engine startip at low ambient temperatures, incomplete fuel vaporization,
poor atomization, delayed ignition, and increased oil viscosity can substantially influ-
ence combustion stability, emissions, and mechanical wear. These effects are particu-
larly pronounced for loidiesel due to its higher viscosity, higher density, and lower
volatility compared to conventional diesel [2].
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The BD20 fuel blend exhibited a slight decrease in brake thermal efficiency of about
1.5%, whereas the®L00 blend showed a more substantial ithecl This reduction

can be attributed to the lower calorific value and energy density of biodiesel relative
to conventional diesel. As a result, engines fueled with biodiesel or its blends tend to
exhibit higher brakespecific fuel consumption (BSFC), s larger quantity of fuel

is required to achieve equivalent power output [3].

The present study aims to evaluate the impadiiodiesel diesel blends on engine
performance during coldtart conditions. It specifically analyzes torque, power, and
fuel cansumption changes between BD20 and conventional diesel under controlled

low-t emperature environments. The results provid:
thermophysical properties influence engine operation at low temperatures.
2. Synthesis of Scientific Krowledge on the Application of
Biodiesel in Internal Combustion Engines
Biodiesel has been extensively investigated as a renewable, biodegradable, and envi-
ronmentally friendly fuel alternative for internal combustion engines (ICE). Its mo-
lecular structuré@ comprising longchain fatty acid methyl esters (FAME)provides
oxygen content that enhances combustion efficiency but also introduces several cold
flow limitations.
Researchers such as Lapuerta et al. [1] and Knd}tes{ablished that biodiesel com-
bustion produces lower smoke opacity and particulate matter emissions due to its
inherent oxygen content, which promotes more complete oxidation of soot precursors.
However, this advantage is partially offset by
formation dueo elevated combustion temperatures in locally oxygemzones.
Tesfa et al. §] devel oped predictive models Ilinking bi

(density and viscosity) to its spray behavior and injector performance. Their results
confirmed that inceased viscosity can lead to larger droplet formation, delayed atom-
ization, and longer ignition delay at low ambient temperatures. Dwivedi and Sharma
[6] emphasized that coffiow propertie® such as pour point and cloud pd@nt
significantly affect fuel deliery, especially under colstart conditions.

Santos et al[7] reported that the operation of both small and large diesel engines
using biodiesel fuels resulted in minimal performance penalties, with observed reduc-
tions in power and torque of no more thapproximately 2% compared to conven-
tional diesel.

Overall, scientific literature agrees that biodiéd@sel blends can be used safely in
compressiosgnition engines, provided that cefdart challenges are mitigated
through improved fuel heating, optized injection timing, and use of ceflbw im-
provers. The synthesis of these findings forms the basis for the experimental valida-
tion presented in the following chapters.
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3. Methodology

The objective of the conducted research was to examine the impagplging bio-

diesel fuel blended with fossil diesel in a ratio of 20% m/m biodiesel (BD20) on en-

gine performance characteristics. Laboratory testing was carried out to compare en-

gine performance, including effective power and torque, during cold statitioms,

using both pure diesel (D100) and a dieb&ldiesel blend (BD20). The obtained

results enable the quantification of biodiesel 6
acteristics of the engine, which is essential for assessing the applicabllibdm®sel

under real operating conditions.

In the engine testing laboratory, designed for determining engine performance and

recording engine characteristics (speed and load characteristics), a modern electric
dynamometer fADyno Per ddbyAVlL, Atla, wadMastala nuf act ur
(Figure 1). This dynamometer measures engine torque and rotational speed, thereby

enabling the determination of effective engine power. It is designed for testing en-

gines with outputs up to 160 kW and torque up to 400 Allawing both static and

dynamic performance tests, including those of hybrid powertrains.

Fig..iDyno Perform 160 kW0 engine dynamomet

The operating principle of the electromagnetic brake is based on the phenomena of

electromagnetic induction, icac or dance with Faradayds and Loren
2). By supplying direct current to the stator windings (1), a homogeneous magnetic

field (2) is generated. During rotor (3) rotation, the moving gears intersect the lines of
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the magnetic field, inducingddy currents in the surface material of the cooling rings

(4), positioned opposite the front and rear edges of the gears (5). These currents gen-
erate a secondary magnetic field oriented opposite to the direction of rotor motion,
thereby producing a brakirgffect. In this way, the mechanical energy of the rotor is
converted into thermal energy, which is efficiently dissipated through cooling water,
ensuring &bleand controlled brake operation during engine testing.

Fig. 2. Magnetic circuit of the brake.

The characteristics of the test engine, Volkswagen 1.9 TDI PD BKC, are presented in
Tablel.

Table 1. Characteristicef the Test Engine

Characteristic Value
Engine displacement 1898 cnd
Power output 77 kW
Engine code BKC
Number of cylinders 4 OHC
Compression ratio 1:19
Fuel supply system type EDC 16
Fuel pump type U
Tandem fuel pump pressure 7,5 bar
Injection sequence 1-3-4-2
Air flow measurement type Massbased
Idle speed 900 o/min +100 o/min
. 4650 o/min to 5050
Maximum ncload speed :
o/min
Oil temperature 80 °C
Oil pressure 2 bar at 2000 1/min
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3.1  Fuel Properties

The BD20 blend was prepared from rapeseed methyl ester (RME) biodiesel that met
the EN 14214 specificatiorConventional diesel fuel (B0O) served as the baseline.
Compared with pure diesel, BD20 exhibited higher density (+1.8%), higher kinematic
viscosity (+6.2%), and a lower heating value (LHV) approximately 2.5% lower than
BO. These differences significantlyfeét combustion and fuel atomization at low
temperatures, leading to slightly reduced engine output.

3.2 Cold Start Definition and Procedure

A cold start is defined here as an engine start event where both engine coolant and oil
temperatures are below 16. The specific conditions used for all tests were: ambient
air temperature 5 = 1 °C, coolant 10 £ 2 °C, oil 10 + 2 °C, and soaking time of 12
hours in a climateontrolled chamber. The engine was soaked overnight to achieve
uniform thermal equilibrium. N preheating devices were used. The starter motor
cranked the engine for 5 s at approximately 200 rpm. Data acquisition began once
stable idle was achieved and continued until engine temperatures stabilized. This
methodology ensures reproducibility andréhates uncontrolled environmental vari-
ations.

4. Results and discussion

A comparison of brake torque versus engine speed (Figure 3) reveals that maximum
torque for diesel (BO) was 138.88 Nm, whereas BD20 reached 136.53 Nm, indicating
a 1.7% reduction. Theorqud speed curve maintains similar shape, suggesting that
combustion phasing remains consistent but with slightly delayed peak pressure timing
for BD20.

The torque difference is most pronounced between 1200 and 1600 rpm, where wall
temperatures are dtibelow 60 °C and mixture preparation is incomplete. Once the
engine reaches 80 °C coolant temperature, the torque values for both fuels converge
within £0.5 Nm. This behavior confirms that viscosity and vaporization, rather than
energy density, dominateegormance deviations during cold starts.

The mechanical efficiency (dm) of the system,
power, averaged 81.3% for diesel and 80.7% for BD20, reflecting negligible mechan-
ical loss differences between fuels. Thereforeoferved torque variation primarily
stems from combustion efficiency.
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Fig. 3. Diagram of effective power (Pe) variation at 50% load
during cold engine start

The brake power trend shown in Figure 4 parallels the torque behavior. At 2800 rpm,
brake powe (Pe) for diesel reached 26.75 kW, while BD20 achieved 26.2B k&

2.0% decrease. Across the 142800 rpm range, the average power reduction re-
mained below 3%, which aligns with the expected loss due to the 2.5% lower heating
value (LHV) of BD20.

At low speeds (below 1200 rpm), the power difference exceeded 4%, caused by in-
complete vaporization and delayed ignition. This effect diminished progressively as
the chamber reachedable thermal conditions. The rate of increase in brake power
with engine spee{dPe/dn) was lower for BD20 during the first minute of operation,
with a slope of 0.0095 kW/rpm compared to 0.0102 kW/rpm for diesel.

The anal ysi s conf i-stamperfornfamce permalty gsanaimystransid s
ent and thermally driven. Once dfgestate operation is achieved, BD20 provides
nearly identical brake efficiency to pure diesel.
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Fig. 4. Diagram of torque variation at 50% load during cold engine start

Although not the main objective of this study, emission data were recorded to assess

qualitative differences. During the initial 60 s after stggfCO emissionsfor BD20
averagedl.28% vol, compared tdl.06% vol for diesel, representing 20.7% in-
crease This difference decreased rapidly as the engine warmed up, with D6
iting lower CO by approximately 6% after 5 min of operation.

Unburned hydrocarbons (HC) showed a similar pattern: initially higher byi1%%
for BD20, then dropping below diesel levels at stabilized temperath@s.emis-

sionsremained nearly constat3%) between fuels, consistent with the modest tem-

perature differences during the short estdrt phase.

Overall, BD20 demonstrated a slight initial disadvantage in incomplete combustion

products due to poor spray atomization, followed by superior taidafficiency

once sufficient temperature was reached. These transient effects underline the im-
portance of optimized injection timing and fuel preheating strategies for biodiesel

operation in cold climates.
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5. Conclusion

This experimental study comprelsdrely investigated the impact of biodiesel fuel on
diesetengine performance under cedthrt conditions, focusing on comparative be-
havior between BD20 (20% biodiesel blend) and conventional diesel (B0O). The re-
search employed controlled laboratory testising an AVL Dyno Perform 160 kW
dynamometer, ensuring precise replication of -realld low-temperature staxip
scenarios.
The analysis demonstrated that the BD20 blend exhibiteodest but consistent
reduction in brake torque and brake power, averagig 1.7i 2.5% lower than pure
diesel during the coldtart phase. This decrease is primarily attributed tdidpeer
viscosity, lower volatility, andreduced lower heating value (LHV)of biodiesel,
which collectively delay atomization and combustion onseceXhe engine reaches
normal operating temperature, these differences become negligible.
From an operati onal -startahakepgesiaretprimariperodi esel 6 s col
mal and physical not chemical. The delayed vaporization and slower waprpro-
ces can be effectively mitigated by preheating strategies, optimized fuel injection
timing, and improved atomizer design. These measures could virtually eliminate the
transient power losses and enable biodiesel to perform equivalently to diesel even in
cold climates.
The experimental results are consistent with literature dafy Malidating the relia-
bility of the test procedure and demonstrating that small biodiesel blends (up to
BD20) do not impose significant penalties on performance when modern $tehsy
are used.
In conclusion,BD20 remains a viable, sustainable substitute for conventional
diese| even under adverse starting conditions, provided that engine calibration ac-
counts for its slightly different thermophysical properties. Future reseammhidsh
emphasize:
1. Adaptive fuel-heating systemgo improve atomization and ignition at sub
zero temperatures.
2. Computational fluid dynamics (CFD) modeling of spray and vaporization
behavior in cold environments.
3. In-cylinder pressure analysiscombined with optical diagnostics to better
characterize combustion phasing and cold ignition delay.
4. Optimization of injection strategies (timing, pressure, and pilot injection)
tailored specifically for biodiesitliesel blends.
These advancements woulds engt hen biodiesel ds role as a cle
source capable of replacing fossil diesel in modern compreggiition engines,
supporting both energy independence and environmental sustainability goals.
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Abstract. Controlling resonant oscillations at individual eigenfrequencies is vi-
tal for reducing noise, fatigue, and passenger discomfort in urban transport
strucures. This study experimentally compares two passive Shunt Piezoelectric
System (SPS) topologi@gesistive (R) and resonant (RL) shuntspplied to a
cantilever beam instrumented with piezoelectric patches. Underaiipeit, R-

shunt, and Rishunt conditios, the beam was excited at its second natural fre-
guency (286.5 Hz), and vibration responses were recorded via FFT spectral
analysis. The resistive shunt produced a modest 1.96 % reduction in peak am-
plitude, demonstrating broadband energy dissipationofrirast, the resonant

R-L circuit, tuned to the target mode, achieved a 31.37 % attenuation at 286.5
Hz while leaving offresonance frequencies largely unaffected. These results
highlight the tradeoff between implementation simplicity and peak attenuation

R shunts offer ease of deployment with moderate damping, whereas RL shunts
deliver superior singkrequency suppression. The findings inform the design

of tailored SPS solutions for applications demanding precise vibration control.

Keywords: Shunt Piezoelectric Systems, vibration control, mobility control.

1 Introduction

Urban transport syste@ssuch as electric buses, trams, and shared modality
vehicle® are increasingly deployed to meet sustainability anddavission targets.
However, tlese advances introduce new challenges in managing noise, vibration, and
harshness (NVH), which directly impact passenger comfort, structural integrity, and
component lifespafil], [2]. Excessive oscillations at structural eigenfrequencées
amplify stresses and fatigue, while broadband vibrations generate undesirable noise.
Shunt Piezoelectric Systems (SPS) have emerged as a promising passive solution
for vibration control and energy harvesting. By bonding piezoelectric transducers to a
host structure and connecting them to electrical impedances, mechanical strain energy
is converted into electricand dissipated or stord8], [4]. For structurespiezoelec-
tric patches must be integrated intotpland shell structures, follamg developments
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in computational mechanics, sgg, [6], [7]. Resistive (R) shunts offer broadband
dampng, whereas resonant (RL) shunts incorporate inductance to target a specific
mode, yielding high attenuation near the tuned frequésicyQ].

Numerous theoretical and numerical studies have characterized-siadée and
multi-mode SPS performand8], [10]. Resonant shunts have demonstrated peak
attenuation exceeding 30 % at tuned eigenfrequengigsrequire precise tuning of
inductance and resistance valj&s], [12]. In contrast, resistive shunts simplify im-
plementation and offer moderate damping over a wide band with lower peak reduc-
tion [8], [9]. Despite these advances, directemipental comparisons under identical
exdtation condition§ for singlefrequency suppressiénremain limited.

This paper presents an experimental investigation comparing resistive and resonant
shunt behaviors for controlling the second natural frequency céntilever beam.
Vibration amplitudes and Fast Fourier Transform (FBi§ measuredThe esults
guantify damping efficiency and frequency selectivity, providing guidance for select-
ing the optimal SPS configuration in applications.

2 Methodology

To damp he vibrations, an electrical circuit, consisting of either a resistarresis-
tor-inductor in seriesis connected to piezoelectric pads placed on the structure. Due
to piezoelectric patches capacitive behavior in combination with the electrical circuit
(RL), the phenomenon of resonance occurs, resulting in the damping of vibrations at a
specific natural frequency. The piezoelectric patches are placed on the beam with
reversed polarity and connected in series with the shunt circuit. Figure 1 shows the
mockl of the experimental setup, which represents the beam with the piezoelectric
patches and the resistimductor circuit in series.

il o R

P R

[ Elastic Beam
- Piezoelectric patch

Fig. 1. A beam model with a resonant shunt piezoelectric circuit
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2.1 Piezoelectric Constitutive Equations

The twoglobal electromechanical equations (1), (2) are presented as fodod/shey

have beerderived from discretized structural modelgore specifically,Equationl
describes the equilibrium state of the mechanical forces, while equation 2 describes
the eletrodynamic state of the electric potentidhe constitutive relations for the
piezoelectric layer can be expressed1a8]. Details about theFEM modelaregiven

in [14].

bQ VQ v v O 1)

b Q v 0 v 2

whereMis the global vector of mechaniadisplacementando is the global vector of
the electrical degrees of freedo#h. is the global mass matrixt is the stiffness
matrix, L is the global electromechanical coupling matrlx, is the diagonal

global capacitance matriy, is the global vector of mechanical forces dhds the

global vector of electric charges.

2.2 Optimization of the shunt system

To achieve maximum damping of the system, it is important to determine optimum

resistancerad inductance values. Various methods have been proposed for this pur-

pose, which relate to one degree of freedom sys!
optimal values of R and,lthe following equations are used:

E= — €)

Ye:mi (4)

¥o= — (5)

Q o = (©)
_O

¥s= — (7)

F=— — (8)

The equation (3), using the equations (4), (5), (6) and (7) can be rewritten as follows:
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From the resonant circuthe optimal inductance and resistance are:
. - o Q
0 L WEW —< (10)
01 CO ]

HereE is the coupling factor . ¥ the resonant shunt angular frequency s the
natural angular frequency in opeitcuit, Q is the stiffness of thstructure when the
shunt system is opetircuited s ¥ the natural angular frequency in shartuit,
andse is the damping factor

2.3 Fast Fourier Transform (FFT) for Vibration Attenuation Analysis

Vibration signals measured in the time domain often calnmeerlapping modal com-
ponents and intermittent events that drive machinery wear or instability. Applying the
Fast Fourier Transform (FFT) converts these {gages data into the frequency do-
main, where each sinusoidal compoid@enharacterized by its aniplde and phase
becomes explicitly visible. This decomposition enables pinpointing of dominant fre-
quencies, resonances, and faults such as misalignment or bearing defects, which are
critical for designing effective attenuation strategies.

The discrete Fater transform (DFT) that underpins the FFT is given by:
n ’ r 8 \ v \ 5 Y e 8
@ (o0& mod prAQDQanDQZE (11)

wherew is the nth timesample,® the spectral coefficient at bin k, and N the total
number of samples. The FFT algorithm reduces computational complexity from
/. to/ . 1 T.C making reaftime spectral monitoring feasible in electrome-
chanical systems.

3 Experiment description and procedure

Passive shunt circuits can contribute significantly to vibration damping, especially for
the critical eigenfrequency modes. As presented in the literature, similar passive
damping methods have been used for this purpose. This report studies a system con-
siging of an aluminum beam on whidtvo piezoelectric patches are mounted. The
piezoelectric patches are responsible for converting mechanical energy into electrical
energy and vice versa, are made of PIC255 material, have been placed very close to
the clamed end and with opposite poling directions, as mentioned above. The beam
is excited via the coil. Figure 2 shows the layout of the experimental setup
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Fig. 2. Experimental configuration with contactless aoikitation system, accelerometer, canti-
lever beam and piezoelectric elements.

A signal generator is used to create a sinusoidal signal. An accelerometer is used to
measure the vertical displacements for open circuit, closed circuit, and short circuit
conditions andto takethe corresponding experimental measurements. An oscillo-
scopess used to display the results measured by the accelerometer.

Table 1. Measuredvalues of Shunt Piezoelectric Systems (SPS)

Shunt Piezoelectric Resistance Inductance Piezoelectric
Systems (SPS) R (kq) L(¢) Terminals
OpenCircuit - - Openwithout
contact
Short Circuit - - shortcircuited
Resistive Circuit 81.60 - in series
Resonant Circuit 6.60 56.98 in series

To calculate the optimum R and L values for the system, the oscillation amplitudes
must be measured Imoth open circuit and short circuit conditions. Then, once the
optimal values for the resistive circuit and the resonant circuit have been determined,
measurements are taken of the oscillation amplitudes after the activation of the corre-
sponding shunt ciwdgt for damping the second mode. Beyond optimization of elec-
tromechanical parameters for the fine tuning of the system, as is presented here, a
more general optimal design problem must incjua#imal placement of piezoelec-
tric elements, using classidal3]or even topology optimization techniques.

4  Experimental results

An experimental investigation was conducted to assess traiedfeess of the Shunt
Piezoelectric System (SPS) under specified laboratory conditions, wéuiche con-
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sidereda preliminary approximation of reaforld scenarios. The experimental setup,
shown in Figure 2, consists of an aluminum beam excited contabtifes coil. Piezo-
electric patches are attached to the beam, converting mechanical oscillation energy
into electrical energy and vice versa, through the direct and inverse piezoelectric ef-
fect. The two piezoelectric patches, made from PIC255 materiabramated with
opposite polarities and connected in series. This series configuration results in a total
capacitance that is half of the capacitance of a single patch. A critical component of
the experimental setup is the insertion of two shunt circuitshasn in Figure 3. The

first circuit (Figure 3) consists of a resistor, while the second circuit (FRguaad 5)
incorporates both a resistor and an inductor. These circuits are connected in series
with the piezoelectric patches and are specificallyigthesl to attenuate the beam's
second eigenfrequency, thereby damping its oscillations.

(a) (b)
Fig. 3. Resistive shunt circuit (a) Component of Resistive Circuit and (b) Measurement of
Resistance.

UNIVERSAL LCR METER

=

(a) (b)

Fig. 4. Resonant shunt circuit (a) Component of Resonant Circuit and (b) Measurement of
Resistance.
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(a) (b)

Fig. 5. Resonant shunt circuit (a) Component of Resonant Circuit and (b) Measurement of
Inductance.

The electrical quantity ¥ is measured as the petikpeak voltage, representing the
difference between the maximum and minimum values of the waveform. The meas-
ured values for the open piezoelectric terminals (open),-shrottited piezoelectric
terminds (short), the irseries resistive R circuit, and thedaries resonant-R cir-

cuit (shunted) are summarizedTiable?2.

Table 2. Results of Shunt Piezoelectric Systems for Amplitude Reduction

Shunt Pi ez Exitat Beam Output Dam_pi_l

Systems (frequefrequeMe’asure Effici
(Hz) (Hz) w (mV)

Open Cir: 286.t 286.°¢ 408 -

Short Ci| 286.f 286.¢ 408 -

Resistive 286.t 285. 1 400 1.969

Resonant 286.°t 286.°¢ 280 31.37

The measurements for each category of Shunt Piezoelectric Systems (SPS) during
the experiment. The damping effectiveness for each SPS configuration was calculated
based on the )4 values obtained from these measurements.
Figure 6 compares the FFT spectfattee beam under opegircuit and resistive
shunt conditions at an excitation frequency of 286.5 Hz. In the-oipeuit case (Fig.
6a), a dominant spectral peak appears at the be:
Hz with a \pp amplitude of 408 mV. Actvati ng the 81.6 kq resistive
produces a slight frequency shift to 285.7 Hz and reduces the peak amplitude to 400
mV, corresponding to a 1.96 % damping efficiency. This result illustrates the resistive
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circuitds abi | ionhgnergydroadly, yislding anbdest atténbatioa t i

across the spectrum.

Figure 7 shows the FFT spectra for the opiauit beam (Fig. 7a) and the same
beam with the resonantRshunt engaged (Fig. 7b). The oparcuit spectrum again

exhibits the 286.5 Hzpek at 408
connected, the tuned mode is sharply attenuated to 28D 34\87 % reductiod
while leaving adjacent frequencies largely unaffected. These results confirm that the

resonant shunt selectively absorlremgy at the target mode, delivering high peak

mV . 158/88eHresdndénecirchit iH

attenuation without compromising broadband response.

RIGOL 0% n ™800 Mo\ ooooooooodooovaaoooy/ D 30051 TFm oy

/NEWFILE  SAVE  STORAGE |

(a)

RIGOL (ot pe———— e x b

L AVOILYIA

/NEWFILE  SAVE ST

(b)

Fig. 6. Response of beam with open and resistive circuit terms, having ampigpdie8 mV
at 286.5 Hz.

RIGOL R T — — A )
5 ¥

]

g /\/\/
E L2

/NEWFILE SAVE  STORAGE

(a)

RIGOL H o 5000us B D o T F @ ey

L IVOILNIA

(b)

Figure 7. Beam response in open circuit and resonant shunt terms, amplitude ws@80V
mV at 286.5 Hz.

/ NEWFILE SAVE  STORAGE

kq

The results from the application of a shunted resistive and resonant circuit are

shown in Figures 8 and 9. Where the continuous excitation from the coilvi;sho

pink, and the disturbance of the beam before and after the application of the shunted
piezoelectric system is shown in blue. The moment the resistance and resonance cir-

cuits are connected, respectively, they are circled in red for better undergtahdin

the graph.
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The experimental results indicate that thé Rhunt circuit is highly effective in
damping oscillations at the beam's second natural frequency, outperforming the R
shunt circuit in terms of amplitude reduction.

RIGOL LR i SO RS, SUR—" TRy RIGOL U o o p— —— .

TVINOZINON
L
AVOLLUIA
L]

/NEWFILE ~ SAVE  STORAGE

(a) (b)

Fig. 8. Attenuation of oscillation amplitudes through the application of (a) shunt resistive cir-
cuit and (b) shunt resonant circuit.

5 Conclusions and Future Work

An experimental investigation demonstrated the effectiveness of Shunt Piezoelectric
Systems (SPS)infate nuat i ng oscillation amplitudes, parti
natural frequency. Among the two shunt circuit configurations tested, the resenant R
L circuit outperformed the resistive R circuit, providing a more substantial reduction
in vibration. The resonant circuit achieved superior performance, with a damping
percentage of 31.37%. These findings validate SPS as a promising redtutizas-
sive vibration controlAdditionally, the simplicity and versatility of the system make
it suitablefor a widerange of mechanical applications

Futureresearch could investigate the effectiveness of SPS in systems exhibiting
multiple natural frequencies or more complex dynamic behaviors. Further optimiza-
tion of the RL circuitd such as finduning theresonant frequenéycould enhance
its damping performance. The integration of adaptive SPS, capable of responding to
varying excitation frequencies or environmental conditions, could significantly im-
prove system efficiency
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Abstract. Many branch lines and even some main railway lines are still operat-
ed with diesel engines. As soon as these engines came close to their end of life,
the question about alternative drive systems will come up. This happened in
2017 for the narrow gauge rady from Jenbach to Mayrhofen in Tyrol, Aus-
tria. The attempt to introduce hydrogen empowered trains failed in 2023. The
following investigation about the best &ble decarbonized energy supply for
traction and auxiliary usages taught once again thatthelgommon and syn-
chronous optimization of vehicle, infrastructure, and operation leads to a global
optimum. The various scenarios are compared and rated for technical, commer-
cial, and timeline factors. To realize an electric operated railway with a catena
may cause local resistance. We will show how it was solved in the specific
case. The mobility plan with 18% less travel time will be fulfilled based on
simulation calculation, the results have already been considered by the local au-
thorities.

Keywords: Battery-hybrid-trains, electrification, diesel trains.

1 Initial Situation

A detailed investigation of different traction systems for the Railway in Zillertal was
already presented a year ago [1]. Here we will provide a short summary and the latest
updatesof this ongoing process to decarbonize this railway lines as a case study.

1.1 Time 1860 to 2018

The Railway into the beautiful Zillertéh Tyrol, Austria, was under discussion since
the late 1860s because of the really bad means of transportation. After the decision of
the Austrian emperor in 1872 to build a standard gauge, twin track mainline from
Sal zbur g t o | nns bypassBavaialoves thd HodhfiZzemPass and o b
Kitzblhel, avoiding a long bagennel under the Gerlos Pass, the Zillertal was once
again isolated from the worldwide network of railways.
Local authorities used the following twenty years for discussions antiéal in
1892 a Arailway committeeo to solve the transpo

TransportaCom 2025132- Doboj, 58 Novemler



https://orcid.org/0009-0005-3947-7919
https://orcid.org/0009-0000-2535-0064

X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

lack of funding a decision was made to build a narrow gauge railway following the
national standard of 760mm gauge, théerhe
narrow gauge railways in the Austrian monarchy. This was only cost driven, because
the topography of the Zillertal required neither tunnels nor narrow bends and the two
main bridges were designed for heavy loads to carry standard gauge freight cars.

On Dec 291899 the concession was approved, in 1900 the civil works started, and
on July 3% 1902, the line was finally opened (3km, single track). The traction
was done by various steam locomotives.

In 1967, the Zillertalbahn purchased the firstséleoperated passenger train con-
sisting of two electric 750V DC tramway cars from 1954 of the German type ET195.
In 1967 this train set came into the Zillertal and wagagaged to 760mm. It was the
first electric powered passenger train. It was in opamatll 1997 (sed-ig. 1).

Fig.1.Zi Il l ertal é6s first electric train, power
originally operating in Ravensburg. After the shutdown there, it came to RTM (Rotterdamsche
TramwegMaatschappij), where an intermediate diesel powered generator car was added to
operate without catenary. The gauge was changed from 1000mm to 1067mm.

Fig.2.Zi | | e-carteaih, posvered by a diesel locomotive © MfV, 240315_1243
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In the early 1980sZillertalbahn started to purchase new diedekttric railcars. 7
railcars, 2 cab cars, and 5 passenger cars were put into operation till 1988). 2ee
From 2004 to 2009, 4 new diedgtdraulic locos, 5 passenger coaches, and 3 cab
cars were ordered and another railcar from Sal z
2018, a fleet of 6 completpushpull trains, all diesel powered, were available. In
2018, the oldest railcar had an age of 34 years and replacement became urgent. See
Fig. 3.

Fig.3.Zi | | e-cartenih, posver& by a diesel locomotive © MfV, 240315_1326

1.2 Time 2018 to 2025

Thinking about an entire replacement of the actual aging fleet, the ideas to choosing
dieselpowered trains was no longer satisfying e. New opporturstased to become
enabled by various teshgines as standard gauge locomotives and railcars:

1 Fuel cell drives

1 Battery drives

1 Fully electrical drives (conventional)

Whereby this usual wording Adriveso is a |itt!l
electric drive motors. The difference is, where the electrical power is coming from.

In the first both cases, the electric power is stored within the train, either in form of
liquidized hydrogen (350 or 700 bars) or in form of batteries (approx. 9 mefsc t
for a single run in one direction) or in the third case by construction of &Bil@ng
catenary (approx. 4km total length of the catenary and several substations).

The plan to hype Zillertal as a region of Innovation using cheap electric power du
ing the night hours in Mayrhofen, the Iineb6s en:
using hydrogen, locally produced by green electrolysis during the night. Some over
production of hydrogen should also be uses for hydrogen busses and snow groomers.
This was a smart decision with the knowledge in the year 2018.

But nothing happened. Contracts were prepared, but finally the trains were not
been ordered, the electrolyzers were not built. Stand still. But the population and local
majors were sensitized, thle new Zillertalbahn will not need any catenary, destroy-
ing the lovely landscape. This contradiction is important to know, because a catenary
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was claimed impossible in the future. In the early summer of 2023, political parties in
opposition to the locagjovernment claimed that the fuel cell operated trains would
cause immensely higher operational costs (due to poor efficiency) calculated over the
next 30 years. Also, the idea with the snow groomers was approved by trials not to be
applicable, because tlggiite sensitive fuel cells do not like the lateral movements and
gradients in the mountains. Also, the bus technology made big progress and test runs
between Mayrhofen (633 above sea level) and Hintertux (158} led to the deci-

sion to order ecologicall f ri endly battery busses, which are
pect edo ainafter éome childleood illnesses in the heating systevery
satisfying.

Finally, the local government ordered in 2023 a new study for the decarbonization
of the Zillertalbahnwhich was realized by the Technical University of Vienna [2].
This long introduction is necessary to under st
tion project becomes so complicated and so many discussions are required. Unfortu-
nately, the long period of discsiens causes extremely high additional costs to keep
the existing fleet running.

2 Results of Comparison of various power supply systems

In 2023 and 2024, when the study of the Technical University of Vienna [2] was de-
veloped, technology has been goingahand a lot of experience with test vehicles
has been collected by OBB (Osterreichische Bundesbahnen) [3] and the railway in-
dustry.

2.1 Scenarios

Six scenarios, much more than in 2018, have been investigated, and all of them are

using electremechanical drive with asynchronous motors and inverters [2]:

Sc. 0: DieseElectric Multiple Unit (DEMU)i for reference

Sc. 1: Electric Multiple Unit (EMU) requires catenary everywhere

Sc. 2: Hydrogen Electric Multiple Unit (HEMU) original proposal

Sc. 3: Battery Ectric Multiple Unit (BEMU)i wi t h charging at | ineds
Sc. 4: BEMUhybrid (BEMU-hy) T requires sections of overhead catenary

Sc. 5: BEMUoptimized (BEMUhy-opt) i higher level batteries and various

short sections of catenary (and also a set ofsselmrios)

The train configuration was normalized to make the various concepts comparable.
The electremotoric drive systems with rotating (asynchronous) motors are doubt-
less the best technical choice. Not so clear is the answer, where the electric power
shallbe generated: onboard or stationary at track side. Vehicle or infrastructure? Stor-
age and generation onboard require either battery packs or hydrogen tanks and a fuel
cell pack inside. Stationary power supply requires energy transmission to the train by
local overhead catenary or a combination of them. Main technical differences are the
total mass of the train, the number of remaining seats (meaning: the capacity), maybe

E R EEE ]
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the acceleration rates, the time loss for charging or taking fuel, but also theogial

the time till availability and the costs of adapted infrastructlia®le 1 gives an over-
view of the main parameters.

Table 1. Main parameters of calculated cases [1, 2]

DEMU EMU HEMU BEMU BEMU BEMU

-hy  -hy-opt
Number of cars 4 3/4 4 3/4 3/4 3/4
. 3:57,8 3:56 3:56 3. 56
Length of train [m] 685 4764 ®* 4755 4:755 4:755
Passenger capacity [seat] 323 3:303 373 3.278 3:278 3218

4: 413 4:392 4:392 4:392
Total Mass of train with load [tf] 151.4 118.4 164 121.2 1222 1203

Traction weight (adhesion) [t] 58.0 88.0 90.4 86.0 87.0 85.1
Maximum speed in service [kph 80 100 100 100 100 100
Traction power at wheel [kW] 500 1400 1400 1400 1400 1400
Battery storage capacity [KWh] - - 310 650 325

264
Maximumdeceleration [mA& 0.8 1.0 1.0 1.0 1.0 1.0
Maximum acceleration [mik 0.65 1.0 1.0 1.0 1.0 1.0

In a longterm view, double traction of ten-@runits in peak hours, when re-
quired, is much more efficient compared to sigadunits (originally only five), even
if the main platforms must be extended fromn8@o 120m. This is not only much
more flexible in operation, it is also more resilient regarding crashes on one of the
over 60 level crossings or other accidents. These-tar@nits can be ordered in two
batches, first six, later four.

The proposed electrical equipment along the lines will be prepared to supply a

double traction train in every section in each direction in full acceleration at the same
time as a peak requirement.

2.2 Assessments and ranking

The running dynamics of the various train concepts and their positive results in simu-
lator calculations are basically requirements for acceptance.

The time schedule is a musave criterion. Trains must have an acceleration and
braking rate of 1,0m/< to fulfill the requirements of 4Ein service time from start to
end (today 5%nin) [4]. The traction energy consumption is related to the later costs of
operation, whereby only differential costs are considered regarding the vaci®us
narios in general, but never the entire costs. So only the different energy supply sys-
tems and their different efficient degrees are considered, but no costs for driver, con-
ventional maintenance, or cleaning. They are independent of the various main co
cepts. The main criteria focused on based on [5] and [6] as weHA&re:

1 Costs for rolling stock
1 Costs of rolling stock maintenance
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1 Costs for infrastructure
1 Costs of infrastructure maintenance
1 Costs of scheduled operation
These costs afcheduled operation are divided in four main groups [2] [5] [8, 9]:
1 Costs for prime energy
1 Special tax for COZmissions (or equivalent measures)
1 Cost for plannable, periodic substitution of concept specific components
(e.g. traction battery packisydrogen fuel cells, etc.)
1 Costs of risk premium (by suppliers)

Costs for traction energy and also the specific auxiliary components of the traction
system are put into the first bullet. They are the most important and recurring factor
because of 30 yead operation, and they influence the costs per tkan They are
crucial for the marginal costs of train services at times of low demand.

Three main assessment criteria have been defined in decreasing importance [2]:

1. Differential costs of scheduled opeaat [Eur/trainkm],
2. Differential total costs (in Eur/traikm),
3. Differential total costs (in Eucent/seakm).

The third criterion considers the different needs for space for additional energy
equipment inside the car body. The assumed and used paraafdtésscomparison
calculation model have been analyzed with a sensitivity analysi$abde?.

Table 2. Differential costs modifications and trends as result of the sensitivity analysis for
assessment criteria 1 [2]

qlff. co§ts of scheduled opera- ey EMU HEMU  BEMU BEMU BEMU
ton[ u/ train km] -hy  -hy-opt
Reference pointasic calculation)  2.49 1.09 6.94 1.88 1.43 1.30
Catenary invest (price only 50%  2.49 1.09 6.94 1.88 1.43 1.30
Primary energy (price 200%) 2.49 217 1149 3.26 2.70 2.47
Double traction in peak time 2.50 1.09 7.09 221 1.55 1.41

15 mirrinterval (instead of 30 249 109 6.32 1.96 147 134

min-interval)

Low H2 price (special contract) 2.49 1.09 3.78 1.88 1.43 1.30
60 years view (2 train gen.) 2.50 1.09 6.94 1.88 1.43 1.30
average 2.49 117 7.07 2.13 1.64 1.49

214% 100% 606% 183% 140% 128%

Tablelshows a c¢l ear winner <consitablecomnsidl-g t odaydés an
ering the first main criterion the differential operating costs per-kairf2, p87]:

1. EMU 4. BEMU
2. BEMU-hy-opt 5.DMU
3. BEMU-hy 6. HEMU

In the second and third criteria, the sequence can slightly change because of the in-
vestment costs for the catenary. But in the sensitivity analysis, similar as shown in
Tablel, it becomes clear that any kind of addition

TransportaCom 2025137 - Doboj, 58 November




X International Conference NEW HORIZONS
of Transport and Communications 20ZbransportaCom

timetable means, a more intense usage of the infrastructure will underpin this rank-
ing.

As the continuous catenary was not laggible anymore by political reasons (chap
1.1), the chance of 2018 was gone (the knowledge was available since 2014 [4]), the
second best and t odlyypp was mesdigatedsio detaitim @ n BEMU
second study [10].

3 Challenges of a continuousatenary

Based on [2] and the chosen concept of BEMEbpt more detailed investigation
was required, done by the civil engineering office of Actes Bernard [10]. The specifi-
cation had two phases and the main results of [2] were independently confirmed.
Originally, the electric power system was not finally defined. The four most proba-
ble and standardized systems were
1 1.500vV DC
1 15kV 16,7Hz AC
1 15kV 50Hz AC
1 25kV50Hz AC
During the investigation, the 18/ 16.7Hz and 25V 50 Hz were eliminated, be-
cause they had no serious differences compared with the two other AC systems in
terms of the infrastructure. The insulation distances remain unchanged by internation-
al standardsFor the vehicles, 58z is better than 16,z (lighter transformers) and
DC is better than AC (no transformers), but only to support the synergies with other
narrow gauge railways in Salzburg, Styria, and lower Austria, DC were discarded
later on. Thesfore, the main system of investigation remaing\t%0 Hz AC.

3.1 Phase 1i technical feasibility

In Phase 1, the entire line of 31,7km was separated im2{@hg sections. Every
section was investigated to meet the 6 categories:
0. Feasible (no limitationstall)
1. Feasible (crossing foreign infrastructure, vegetation, causing higher atten-
tion in planning, but no significant limitations or costs in realization)
2. Feasible (some limitations, requires additional investments or approvals,
may require adjustment foreign infrastructure (cable, gas pipes)
3. Technically possible, some uncertainties, may cause time delay or signifi-
cant additional costs
4. Technically possible, high effort or extraordinary high costs and time de-
lay
5. Not feasible
To check the line, a detad investigation in local maps, line routings of infrastruc-
ture supplier and a photo documented train
done. The result was pleasing:
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0. 24% 2. 11% 4. 0%
1. 62% 3. 3% 5. 0%

86 % of the line can carry a catmy without any problems, 97% with some addi-
tional planning and approval effort. Only 3% or exactly 4 locations need additional
care. They are

1 The 40m long underpass of state highway A12 at mileposkmd4s lim-
ited in height, especially for transportation of standard gauge freight cars
onto narrow gauge carriers.

Fig. 4. Underpass of state highway A12 at milepostkitd© MfV, 240315 1338

To lower the track is not possible, because beside the underpass there is a
bridge crossing the Inn river. Changing the clearance profile for freight
cars from G2ype (4650mm) to G1 type (428&hm) helps. Sefig. 4.

1 The 13m long underpass of B169 main road of Zillertal at mile post
2.8km, very close to the north portal of 1386long BrettfaliTunnel.
The track can be lowered approx. m5SeeFig. 5.
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Fig. 5. Underpass of B169 at milepost X8 © MfV, 240315 _1336

1 The underpass of the 2R¥ high-voltage lines of APG (Austrian Power
Grid) between milepost 30n and 30.&m, where the deepest height
under worst conditions is not sufficient to fulfill the insulation require-
ments against the 18/ catenary. Here, theatenary can be stripped
through, but must be grounded.
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1 The underpass of the 1k¥ high-voltage line of APG between milepost
30.8km and 31.km. Solutions see above.

Finally, there is a clear result: the entire line can be electrified by a conventional
catenary.

To solve the problem with the politically driven opinion against the ugly catenary
posts (there are some really bad examples in Tyrol built by OBB infrastructure, so the
discontent is understandable), first investigations are started to mirtmiteight of

the posts and use local materials instead of concrete posts. This is an ongoing innova-
tive process and not finished yet.

3.2 Phase 2 proposed sections

In Phase 2, the study [10] investigates the best locations for the catenary section,
following the proposal of study [2] using battdrybrid-trains. The optimized version
requires approx. 5@ catenary as an optimum of battery size, acceleration behavior,
and minimum additional weight and costs for batteries and catenary.
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Fig. 6. Variarts of catenary section Va.to Var.6, violet = catenary, yellow = battery, Jen-
bach on the top, Mayrhofen on the bottom, light violet = for 1.5kV DC only, grey = double
track. Proposed Va&a is the third column from the left [7]

The optimized version #re requires approx. 3@ catenary on the free line as an
optimum of battery size, acceleration behavior (discharge rate of the batteries during
acceleration under worst case conditions), and minimum additional weight and costs
for batteries and catenar§even Scenarios were investigated (Sige6), from charg-

ing via catenary only in the terminal stations in statilll (Var. 0) up to full catenary
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