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Preface

Nodes, being either points or areas where several trajectories of traffic streams
(vehicles, passengers, goods) intersect, more broadly understood as junctions of
several transport routes, roads, railways, tram lines or air corridors, are frequently
the bottlenecks of transport networks. Some of the main challenges connected with
the efficient functioning of junctions of diverse types in different kinds of transport
networks include their integration with other transport systems, increasing the
availability and quality of the services rendered, improving safety and reducing
their negative environmental impact.

This publication, entitled Nodes in Transport Networks — Research, Data
Analysis and Modelling, provides an excellent opportunity to become familiar with
the latest solutions and the efforts undertaken with regard to road and rail nodes, as
well as the challenges they are currently facing. The book has been divided into
four parts. These are:

* Part 1. Intersections as Bottlenecks of Transport Networks — Solutions for Low
Capacity,

¢ Part 2. System Approach to Transport Nodes and Traffic Flows Modelling,

* Part 3. Modern Types of Intersections to Improve Traffic Safety,

* Part 4. Traffic Organization and Control at Transport Nodes.

The publication contains selected papers submitted to and presented at the “16th
Transport Systems. Theory and Practice” Scientific and Technical Conference
organized by the Department of Transport Systems and Traffic Engineering at the
Faculty of Transport of the Silesian University of Technology, Katowice, Poland.
The subjects addressed in respective papers include the current problems of
research, data analysis and modelling of road and rail nodes in dense transport
networks. Using numerous practical examples, the authors have analysed various
opportunities for improvement of the current state of matters, bearing in mind the
human well-being, sustainable development of transport systems and protection of
natural environment.



vi Preface

We would like to make the most of this opportunity and express our gratitude to
the authors for their substantial contribution to a discourse on the numerous chal-
lenges currently facing transport nodes, which perform a significant function
decisive of the efficient operation of transport networks, as well as for rendering the
results of their research and scientific work available. We would also like to thank
the reviewers for their insightful remarks and suggestions which have made it
possible to ensure high quality of the publication. With this in mind, we hope that
readers find this book valuable.

September 2019 Elzbieta Macioszek
Nan Kang
Grzegorz Sierpinski
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Empirical Analysis of Gap Acceptance
Parameters at Roundabouts Located in Tokyo
(Japan) and the Tokyo Surroundings

Elzbieta Macioszek™?
Faculty of Transport, Silesian University of Technology, Katowice, Poland
elzbieta. macioszek@polsl. pl

Abstract. The article comments upon results of an empirical analysis of psy-
chotechnical parameters of vehicle drivers (i.e. critical gaps and follow-up
times) at roundabouts located in Tokyo and the Tokyo surroundings. The
analysis in question was conducted as a part a project entitled “Analysis of the
applicability of the author’s method of roundabouts entry capacity calculation
developed for the conditions prevailing in Poland to the conditions prevailing at
roundabouts in Tokyo (Japan) and in the Tokyo surroundings” financed by the
Polish National Agency for Academic Exchange.

Keywords: Roundabouts - Psychotechnical parameters * Driver behaviours -
Road traffic engineering - Transport

1 Introduction

Transport in Japan is very highly advanced in technological terms as well as
remarkably developed. The sector clearly stands out for its energy efficiency, as it
consumes less energy per capita than any other country. As claimed in papers [1-3],
this is possible owing to the high share of rail transport in general. While comparing the
costs and characteristics of Japanese transport with the costs and characteristics of
transport worldwide, the former appears to be among the most expensive in the world
which stems from the fact that the users of means of transport are charged with actual
transport costs, and these are reflected in various fees and taxes.

Two documents entitled Basic Plan on Transport Policy [4] and White Paper on
Land, Infrastructure, Transport and Tourism in Japan [5] define three basic directions
for the development of the country’s transport policy. They are as follows:

realize user-friendly transport that contributes to the rich lives of the citizens,
build up the inter-regional/international passenger transport and logistics networks
that create a foundation for growth and prosperity,

e create a foundation of sustainable, secure and safe transport.

Detailed objectives have also been set up under each of the above primary goals. As
for the first goal, i.e. to “realise user-friendly transport that contributes to the rich lives
of the citizens,” they have been defined as follows:

© Springer Nature Switzerland AG 2020
E. Macioszek et al. (Eds.): TSTP 2019, LNITL pp. 3-15, 2020.
https://doi.org/10.1007/978-3-030-39109-6_1
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e reconstruct the regional transport networks under local governments’ initiatives,
coordinating with town planning policies,

e encourage deployment of various transport services taking into account local
circumstances,

e make barrier-free transport more familiar,

o further raise the service levels for passenger transport and logistics.

With regard to the second primary goal, i.e. to “build up the inter-regional/
international passenger transport and logistics networks that create a foundation for
growth and prosperity,” the objectives are to:

strengthen competitiveness of Japan’s international transport network,
boost regional flow of people and goods,

e enhance coordination with tourism policies toward receiving 20 million foreign
visitors,

e expand transport infrastructure & services worldwide using Japanese technology
and know-how.

And under the third primary goal, i.e. to “create a foundation of sustainable, secure
and safe transport,” the following objectives have been established:

e take the most prudent course for large-scale disasters & deterioration of transport
facilities,

e enhance transport business foundation for stable & safe operation,
secure and foster human resources in the transport sector,
proceed with further low carbonization & energy conservation.

Roundabouts are not particularly popular intersections in Japan. Nevertheless, the
interest in this road junction type increased after the earthquakes that struck east Japan in
the recent years. This is when they revealed their undeniable advantage, namely the
capacity to function properly without traffic lights under different terrain conditions. In
European countries, in Australia and in the USA, to the contrary, roundabouts are
popular and frequently implemented street intersection types. In these countries, a
significant number of scientific publications (including [6-32]) have already been
dedicated to these infrastructural components sometimes in the main role, and some-
times as a side study topic. This article comments upon results of an analysis of psy-
chotechnical parameters of drivers at roundabouts in Tokyo (Japan) and in the Tokyo
surroundings. Empirical studies have been conducted at six single-lane roundabouts.

2 Gap Acceptance Parameters

In the models used to estimate the flow capacity of entry legs, based on the theory of
gap acceptance in the main vehicle stream, the basic parameters which characterise the
behaviour patterns of drivers at roundabout entry legs as they attempt to enter the main
circulatory roadway are as follows:

e critical gap (zy),
e follow up time (¢).
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The critical gap for drivers of vehicles at an entry leg (z,) is such a value of time
interval between vehicles in the higher rank stream of vehicles on the main circulatory
roadway at which each interval of equal or higher value will be used to perform a
manoeuvre of entry to the main circulatory roadway by a statistically average driver
from a lower rank stream, while every such interval of a lower value (preventing
drivers from performing the intended manoeuvre) does not provide an entry opportu-
nity which can be used. The critical gap is not a fixed quantity. It assumes different
values for different drivers and for each individual driver at different times. The critical
gap is also a random variable whose value depends on the characteristics of a human-
vehicle system as well as on geometric and motional conditions of the given round-
about, and which can be characterised using probability distributions.

The follow-up time, on the other hand, i.e. the time interval between vehicles
entering the roundabout from an entry leg queue (#y), represents the time between the
passing of the circulatory roadway edge by the first minor stream vehicle from the entry
leg and the passing of a successive vehicle using the same gap in the roundabout
stream. If the roundabout stream gap time enables further vehicles to enter the
roundabout, they pass through the circulatory roadway edge at follow-up intervals of #,
one after another. On a very low flow rate of the roundabout stream, the #; follow-up
times mainly determine the entry leg capacity.

The passing through a roundabout by each vehicle consists of several stages. When
vehicle drivers reach the roundabout entry leg and are forced to queue, they lose time
by queuing at the entry leg as well as on account of the vehicle handling actions they
must perform. The vehicle drivers who have arrived at the roundabout entry without
being forced to queue, on the other hand, suffer time losses resulting only from the
vehicle handling process itself (thus losing no time queuing or advancing to the first
place in the entry leg queue). Hence the total time of driving through the roundabout
comprising four stages (Fig. 1):

e stage 1: myq = 1; - # - queuing time from the moment of arriving at the entry leg
queue end (#y) to the moment when the preceding vehicle accepts the gap and leaves
the entry leg by entering the circulatory roadway (#),

e stage 2: mg =1, - t; - time required to advance to the first place in the entry leg
queue. It is the time interval between the moment when the preceding vehicle left
the entry leg and when the vehicle in question takes the first place in the entry leg
queue. Starting from time #,, the vehicle driver begins to observe the gaps between
the vehicles already in the circulatory roadway,

e stage 3: wq = 13 - t, - waiting time at the first place in the queue directly at the entry
leg stop line until time 73 when the driver accepts the gap,

e stage 4: t; = t4 - t3 - time required for the vehicle at the first place in the entry leg
queue to enter the roadway around the roundabout’s central island.

The time required for the i vehicle to enter and the time of advancing in the queue
to the first place and crossing the entry leg stop line by the i + 1" vehicle overlap, and
consequently time instants 7; and ;"' overlap as well. The time required to handle the
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where:
£ 1, 1, - moment of arrival of a vehicle (i-1, i and i+1, respectively) at the
‘ ‘ entry leg’s queue,
t " - moment when the preceding vehicle accepts the gap and begins
leaving the entry leg by entering the circulatory roadway,
AR K - moment when the driver of a vehicle (i-/, i and i+, respectively)
begins to observe the gaps between the vehicles already in the cir-
_ _ culatory roadway,
t " - moment of gap acceptance by a vehicle (i-1, i and i+1, respective-
ly),
t - moment when the entry manoeuvre is completed by the vehicle (i-
1, i and i+1, respectively) entering from the first place in the entry
. _ leg,
mq‘_",mq, mq'f’ - time of queuing by a vehicle (i-7, i and i+1, respectively),
my”, my, my"! - time required for a vehicle (i-/, i and i+1, respectively) to advance
_ to the first place in the entry leg queue,
w, " Wy w, - time of waiting at the first place in the queue directly at the entry
leg stop line until the vehicle (i-7, i and i+1, respectively) accepts
_ v the interval (gap),
ot - time of entering the circulatory roadway by the vehicle (i-/, i and
_ » i+1, respectively) at the first place in the entry leg,
R - time required for a vehicle (i-1, i and i+1, respectively) to move

around the central island and reach the intended exit. The value of
this quantity depends on the chosen driving direction (right,
straight, left, turn).

Fig. 1. Successive stages in which a vehicle passes through a roundabout



Empirical Analysis of Gap Acceptance Parameters at Roundabouts 7

vehicle (S) does not comprise the entire interval of [¢;, z,], but it constitutes a sum of
two times:

§=wy+1[s] (1)

The vehicle handling starts at time 7, i.e. when the driver begins observing gaps
between vehicles on the circulatory roadway, and it ends upon completing the circu-
latory roadway entry action. The handling of the next vehicle (i + /) begins at time 74
with observation of the gaps in the circulatory roadway (Fig. 1).

Models based on the theory of gap acceptance in the main stream are generally
founded on the assumption that the vehicle drivers at the entry leg begin their effective
and efficient observation of the gaps on the main circulatory roadway from the moment
of arrival at the first place in the queue. This assumption stems from the fact that the
observation of the gaps in the main circulatory roadway by a queuing driver cannot
begin until the moment when it is physically possible on account of the preceding
vehicles. Hence the assumption that the handling of non-queuing vehicles cannot start
before the lapse of m, units of time after the previous vehicle handling operation was
completed. If a time gap of a value higher than that of the critical gap occurs in the
main circulatory roadway in time ¢, the decision to accept this gap is made by the
vehicle driver at the entry leg.

From a mathematical point of view, the vehicle detection process is described as a
point process, where each arrival is a point in a timeline. Each follow-up time is linked
with a vehicle the detection of which ends the current time interval. At roundabouts,
vehicle drivers at entry legs are considering the possibility of entering the higher rank
stream during the time intervals corresponding to the gaps in the main circulatory
roadway. Let us assume that a vehicle has arrived at the entry leg stop line in time 7, the
preceding vehicle on the circulatory roadway passed through the collision area in time
7;, while the following vehicle on the circulatory roadway passed through the collision
area in time 7;, ;. The time between the moment of passing by the preceding vehicle
and the moment of a vehicle’s arrival at the minor entry leg stop line is an unused
interval equalling to:

B(t)=1—1; (2)

The time between the moment of a vehicle’s arrival at the minor entry leg stop line
and the moment of arrival of the following vehicle on the circulatory roadway is an
interval which equals to:

L(t) =1t —71 (3)
The current follow-up time of 7 is the follow-up time before vehicle i + 1, i.e.:

T(t)=Ti+1 =1+1 — 1 = B(r) + L(1) (4)
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where:
T(7) - current follow-up time of .

The availability of gaps in the higher rank stream for the entry leg vehicles is
described by the distribution of gaps in the higher rank stream. The cumulative dis-
tribution function of gaps determines the probability that a randomly chosen gap is not
longer than the pre-set value:

ﬂw=PU<ﬁ:/}@mw> (5)
0
Fwﬂ=PU<w}=/ﬂ@ﬂ@=l (6)
0

where:
f(g) - probability density function.

Since the gaps do not assume negative values, the lower threshold equals zero in
both these expressions. The probability of a randomly chosen gap being longer than the
pre-set value is given by the negative cumulative distribution function of R(t):

R =PT21) = [ flg)dte) =1~ Fl0) ™)
The expected value of E[T] can be calculated as:
ET|=t= / if (r)dt (8)
0

Where ¢ < 0, then f{t) = 0, and therefore the expected value can also be expressed
using a negative cumulative distribution function:

ET|=1= / [1 —F(t))dt = / R(t)dt 9)
0 0

The mathematical proof of the above equation can be found in paper [27]:
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For n consecutive gaps, the expected time of their duration is:
Elt))=n-1 (11)

Traffic intensity 1 = 5¢b5 is the converse of average gap A = n(E [c]) =1t
The intervals encountered by vehicles randomly arriving at the entry leg are
characterised by a distribution different than that of gaps. If R(u) = P{T > u} is the
negative cumulative distribution function for the gap distribution and E[T] is the
expected gap value, the probability density function of intervals may be expressed as

the following equation of work [33]:

fo(u) = =4 R(u) (12)

With reference to the above equation, one can calculate the negative cumulative
distribution function for intervals [33]:

Ru(u) = 7 / R()dy (13)

(14)

3 Results of the Study on Psychotechnical Parameters
for Roundabouts Located in Tokyo and the Tokyo
Surroundings

The psychotechnical parameters characterising vehicle drivers, i.e. the gaps rejected
and accepted by individual drivers at roundabout entry legs (subsequently used to
determine the numerical values for the critical gaps) and the follow-up times, were
measured at six single-lane roundabouts:

Hitachi Taga roundabout,
Sakuragaocka roundabout,
Minami Hanyu roundabout,
Iida Nagano 1 roundabout,
lida Nagano 2 roundabout,
Suzaka Nagano roundabout.
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The measurements were conducted using digital cameras in February 2019. The
trajectories of the vehicles traversing the main circulatory roadway as well as those at
the entry legs were analysed using the Traffic Analyzer image processing system [34].
The position of vehicles was extracted in 0.5 s intervals, and then the position coor-
dinates were converted into a global coordinate system by projective transformation.
The vehicle trajectories transformed were smoothened by the Kalman smoothing
method.

The values of critical gaps were derived from the cumulative distribution functions
of the accepted and rejected gaps as well as using the gap acceptance curve. The gap
acceptance curve was also used to calculate the critical gap as the gap for which the
probability of acceptance equals 50%. The gaps were only collected for the entry leg
vehicles without any other vehicles ahead of the entry leg stop line. An example of how
the critical gaps were determined for the entry legs of the Hitachi Taga roundabout
using cumulative curves and the acceptance curve has been provided in Fig. 2.

Follow-up times, on the other hand, were calculated as the average value from
follow-up times of individual vehicle drivers at the roundabout entry leg. Table 1
provides an example of how the follow-up time values were determined for the entry
legs of the Hitachi Taga roundabout. Individual values of follow-up time # were
analysed for the vehicles queuing at the entry leg, and then the average value of #; was
established for the entry leg in question.

Values of critical gaps for individual entry legs and of average follow-up times
between vehicles entering the roundabout from a queue at the entry legs of the analysed
single-lane roundabouts in Tokyo and the Tokyo surroundings have been collated in
Table 2. Having analysed individual values, one can determine that the critical gap
assumed values ranging between 3.10 and 6.60 s, while the follow-up time ranged at
2.70-3.10 s. With reference to the previous studies involving measurements of values
of psychotechnical parameters performed at roundabouts in Japan, the following can be
established:

e the critical gap parameter assumed values ranging between 3.00 and 3.80 s as per
paper [35] and between 3.5 and 4.0 according to paper [36],

e the follow-up time parameter assumed values ranging between 3.26 and 4.90 s as
per paper [35] and between 2.6 and 3.8 according to paper [36].

However, it should also be noted that in the studies addressed in both these papers,
the relevant measurements were performed at the entry legs of only one single-lane
roundabout. The values of the psychotechnical parameters subject to analysis obtained
under the author’s own studies conducted at entry legs of six single-lane roundabouts
coincide with the values provided in papers [35] and [36] as for the critical gaps, and
they are similar to the follow-up time values obtained in previous studies. Nevertheless,
the results provided in publications [35] and [36] pertained to empirical studies con-
ducted in the years 2002, 2010 and 2011, and hence the conclusion that the decline in
the follow-up time values may be due to the fact that drivers had simply become
accustomed with roundabouts, and started entering the main circulatory roadway from
an entry leg queue with more confidence and at a higher speed.
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Table 1. Follow-up times values for single lane roundabout entry legs at Hitachi Taga
roundabout.

Vehicle from the queue 1 2 3 4 5 6 7 8

n e |Ip [t | | |l7 s
Entry 1
Average follow-up time [s] 3.01/2.982.982.962.95]2.93|2.95 | 2.94
Average follow-up time for entry [s] | 2.96
Entry 2
Average follow-up time [s] 3.05/2.99]2.98 2.96/2.97 | 2.93]2.95|2.96
Average follow-up time for entry [s]|2.97
Entry 3
Average follow-up time [s] 3.263.12/3.00|2.96]2.95 | 2.93 | 2.85 | 2.90
Average follow-up time for entry [s] | 3.00
Entry 4
Average follow-up time [s] 323(2.8 [2.95/2.93]2.95/2.93/2.902.90
Average follow-up time for entry [s] | 2.95

Table 2. Values of critical gaps and of follow-up times between vehicles entering the
roundabout from a queue at the entry legs of the analysed single-lane roundabouts in Tokyo and
the Tokyo surroundings.

Single lane roundabout | Entry leg number | 7, [s] | #, [s]
Hitachi Taga 1 4.40 2.96
2 4.80 [2.97
3 4.90 |3.00
4 4.90 |2.95
Sakuragaocka 1 3.80 [2.75
2 3.20 12.78
3 3.10 |2.73
4 _ _
3 _ _
Minami Hanyu 1 5.00 |2.95
2 6.60 |2.96
3 5.20 [2.91
Tida Nagano 1 1 4.90 |3.00
2 6.50 |3.02
3 5.10 |3.10
4 5.00 |2.98
5 5.40 |2.99
Iida Nagano 2 1 3.50 |2.77
2 3.40 | 3.00
3 3.80 |2.70
4 3.60 |2.75
5 3.30 12.80

(continued)
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Table 2. (continued)

Single lane roundabout | Entry leg number | 7, [s] | #, [s]
Suzaka Nagano 1 5.30 |3.04
2 5.80 |3.06
3 5.60 |3.02
4 5.50 |3.07
Average values 4.69 2.93

4 Conclusions

Despite roundabouts are not very popular kind of intersections in Japan, they contribute
to an environmentally friendly transport system [37]. The article addresses results of
measurements of psychotechnical parameters (i.e. critical gaps and follow-up times) of
vehicle drivers at entry legs of single-lane roundabouts located in Tokyo (Japan) and
the Tokyo surroundings. The results obtained in the course of the studies have enabled
the author to determine that the critical gap assumed values ranging between 3.10 and
6.60 s, while the follow-up time ranged from 2.70 to 3.10 s. These data will provide
grounds for further analyses aimed at building models assuming the form of functions
making it possible to estimate numerical values for the both parameters analysed in the

paper.
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Abstract. The current research aims to suggest some solutions to Aljadriya
intersection nearby Baghdad University in order to reduce traffic congestion
crisis at this intersection. It is assumed that shifting to more sustainable modes of
transport, and the opening of closed traffic routes will significantly improve
traffic performance. The traffic movement characteristic has been studied in this
intersection depending on some previous research. And as a result, there has
been many troubles shown in the level of service for this intersection reached (F
level). And by suggesting a group of solutions representing by; first: providing
enough space to extend the TOD transmission line from western side (Jadriya
bridge) towards the eastern side (Karrada). Second is to open a secondary
floating bridge that parallels Aljadriya bridge which works on prepayment, and
by applying these solutions we can reduce the traffic congestion from 7-28%
depend on strategies which applay.

Keywords: Intersections - Traffic - Traffic congestion - Aljadriya + Sustainable
transport

1 Introduction

According to the highway design manual, the traffic intersection is defined as the area
where two or more roads intersect or intersect at the same level, including the pathway
and sideway of the road for the traffic. Each road leads to an intersection and part of the
road is a leg (close by) to the intersection. At a point in which vehicles are likely to
interfere and in which pedestrians and cyclists are at risk of crashing accidents.

These are being dealt with the traffic intersections within a comprehensive plan and
with the participation of people’s views that reflect the public’s opinion [1]. As we have
mentioned before in class that the main types of traffic intersections are, “T” or the
three legs intersection, which is consisted of three approaches and four approaches, and
then intersections that include multiple approaches that can be five or more approaches.
Therefore, we will examine the quadratic intersection in detail and we will show the
rest of the types that are specialized in the Jadriya Intersection and it is in fact a
quadrilateral intersection [2]. The Functional and Physical Area of the Traffic Inter-
section show in Fig. 1.
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The level of service at any intersection on a highway has a significant impact on the
overall operational function of the highway. Thus, improving the level of service at
each intersection usually results in a general improvement of operational function on
the highway. The analysis of determining the capacity or level of service at intersec-
tions is an important tool for designers, process personnel, and policy makers. The
factors that affect the level of service at intersections include the flow and distribution
of traffic, engineering characteristics, and signaling system.

@ Physical Area

* Functional Area

Fig. 1. Functional and physical area of the traffic intersection

Capacity is defined as the maximum number of vehicles that are expected to pass
over a specific part of a lane or road over a given period of time under prevailing traffic
conditions [3]. As for the level of service which is defined as the qualitative mea-
surement of the impact of a number of factors such as operating speed, duration of
travel, traffic errors, freedom of maneuverability, transit, driving safety, comfort, road
suitability and operating costs for the service provided by the road to its users [3]. The
six levels of service are appointed. For each of one these service levels are identified
with the English letters from (A) to (F) [4], better to worse shows in Table 1.

Table 1. The six levels of service (Source: [8, p. 28]).

Property Occupational Level of
ratio service

Where the flow is free and the movement is high and low in traffic | Less than 0.4 A
density

Movement balanced on the street and high speeds 0.4-0.6 B
Stable flow 0.6-0.8 C
Flow is approaching instability and relatively high speeds 0.8-0.9 D
Unstable flow, low speeds and possible traffic jams 0.9-1 E
Low flow with high delays with traffic paralysis More than 1 F
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The delay is usually resulted due to [5]:

e delay severity (second\vehicle), which is related to the perception of the driver of
the vehicle that causes delay at the intersection,

e a total accumulated delay (hour\vehicle), which is more related to the economic
performance of the intersection.

2 Traffic Congestion Management

Traffic congestion management refers to the activities and strategies we rely on to
reduce the traffic volumes on the roads. It refers to all the methods we can use for more
efficient traffic movement. Since early in the twentieth Century, transportation planning
has focused on providing the necessary supply to support more and more vehicles. This
system worked well for some time, while building new transportation infrastructure
was inexpensive and houses were still relatively close to employment areas. Nowadays,
it appears that the supply theory was not able to propagate a viable transportation
system based on the private vehicles; there are two reasons for this:

e the cost of transportation investments has increased due to the high materials’ prices
and the lack of available inexpensive land to expand over,

e private vehicles are inherently less efficient as a system than transit, bicycling, or
walking.

Generally, managing the demand for road use can be done by implementing
strategies that works in two different ways [6]. Encouraging public transport, high
occupancy vehicles (HOV). And Discouraging private vehicles, single occupancy
vehicles (SOV) Fig. 2.

encourage(HOV) -le§s povate more free road less
. vehicles in the :
‘ discourage(SOV) streets spaces congestions

Fig. 2. Show the effect of encouraging (HOV) and discouraging (SOV) on traffic congestion

3 The Effect of Congestion Management

There are many methods and policies through which to manage the traffic congestion,
including the pricing of traffic for the purpose of restricting and the other related to the
encouraging of the increase vehicles occupancy rate. This section describes some of the
policies that we seek to apply in the study area:
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e road pricing, congestion pricing imposing some money amount on some roads in a
way that can reflect the level of congestion, time of day or type of vehicle, can help
in reducing the congestion by limiting unnecessary trips,

e road space management 1 strategies aim to increase the efficiency of roads such as
through intelligent transport systems (ITS), freeway management systems, assign-
ing transit only lanes, bus only lanes, or bicycle lanes, and the use of information
technology to better manage freeway access and operation [6],

e ridesharing and carpooling a strategy aim to reducing single-occupancy vehicles use
through initiatives that encourage the sharing of journeys to common or nearby
destinations, for example sharing can be encouraged through assigning special lanes
for high occupancy vehicles (HOV lanes), for vehicles with minimum occupancy
two passengers or more,

e publicity and public education campaigns This strategy aims at increasing com-
munity awareness and up-take of related initiatives, including the use of more
sustainable travel patterns and modes. Public education campaigns are necessary to
educate people about the importance of reducing private vehicles’ use in their daily
movements [6].

4 Study Area

The examined intersection is located in the Jadriya district in the southwestern part of
Baghdad. This road is characterized by being a major road (Urban Principal Arterial),
passing through the areas of Wihda, Karrada and Jadriya to Al Bayaa. This road
represents the east-west direction at the intersection. The other direction, the south-
north, is a road that is classified as a “Collector Road”. And it connects the road of Al
Sadda close by the rear gate of the University of Baghdad to Al Zawiya road in the
neighborhood of Karrada. The Study Area Show in Fig. 3.

The intersection of Jadriya is substantial because the surrounding area is charac-
terized by various activities. For the following reasons:

e it is located near the Jadriya complex, which includes the Universities of Baghdad
and Nahrain, and that increases the momentum of traffic volumes, especially during
the academic year,

e it is located near several government buildings such as the Ministry of Science and
Technology, the Central Organization for Standardization and Quality Control and
the Weather Department,

e it is located near the Jadriya bridge (over the Tigris River), that leads to the
accumulation of traffic volumes from different areas of this road to get to Karkh or
vice versa,

e this intersection represents the main choice for the first and second exit from and to
the residential areas surrounding this intersection.
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Legend

|— coLLEcTOR ROAD
{— LocAL rRoAD

[ university of baghdad

! Intersection of university

Fig. 3. Study area

5 Data Collection and Traffic Surveys

In order to achieve the requirements of this study, necessary surveys were conducted to
collect traffic information for the purpose of calculating the traffic volumes at the
Jadriya intersection. A traffic count was carried out twice on Thursday March 7th 2019,
Saturday, March 9th 2019. During the week, on each time of the enumeration period
was extended from 7:00 am to 5:00 pm to determine the peak or rush hour (the hour at
which the highest volume is passing).

5.1 The First Survey on Thursday (3/7/2019)

On this day, a traffic survey was conducted on students’ day of the universities of
Baghdad and Nahrain and a business day for employees in the government departments
close to the intersection. The results of the traffic volume for this day is as shown in the
Table 2.
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Table 2. Survey on Thursday.

Destination Vehicles | Traffic volume Capacity Service | Evaluation
(Vehicle/hour) (Vehicle/hour) | level

Passing from Karrada Dakhel 8136 813.6 800 1.01 F

(Hurryia Square)

Passing from Jadriya bridge 9503 950.3 800 1.18 F

Passing from Karrada Dakel and | 4112 411.2 600 0.68 C

Abu Nawas Street

Passing from the rear gate of 2603 260.3 600 0.43 B

Baghdad University

5.2 Second Survey on Saturday (3/9/2019)

On this day, the traffic survey was conducted on a holiday for the students of Baghdad
and Nahrain Universities as well as for the government departments close to the
intersection area. The results of traffic volume for this day were as shown in the
Table 3. Tables 4 and 5. Shows a comparison of current surveys with previous years’
surveys shows that the same problem has not changed.

Table 3. Survey on Saturday.

Destination Vehicles | Traffic volume Capacity Service | Evaluation
(Vehicle/hour) (Vehicle/hour) | level

Passing from Karrada Dakhel 5188 518.8 800 0.64 C

(Hurryia Square)

Passing from Jadriya bridge 6929 692.6 800 0.86 D

Passing from the rear gate of 459 45.9 600 0.076 |A

Baghdad University

Passing from Karrada Dakel and | 1649 164.9 600 0.27 A

Abu Nawas Street

Table 4. Peak hours survey at (7-8 am) (Source: [7]).

Destination ‘ Traffic volume ‘ Capacity (Vehicle/hour) | Level of service ‘ Evaluation
Peak hours survey at (7:00-8:00 am)

Passing from Karrada Kharij | 2913 800 13.6 F

Passing from Jadriya bridge ‘ 3391 ‘ 800 | 4.2 ‘ F

Peak hours survey at (12:45-01:45 pm)

Passing from Karrada Kharij | 1414 800 1.7 F

Passing from Jadriya bridge | 2456 800 3.1 B




22 F. Alrawi et al.

Table 5. Types of vehicle pass through the intersection at a day (Source: [9]).

Destination Private Small trucks, vans and buses | Medium trucks and buses
cars and | carrying up to 24 people carrying more than 24
taxi passengers

Passing from Karrada 10841 2791 1303

Dakhel (Hurryia Square)

Passing from Jadriya bridge | 12191 3139 1465

Passing from the rear gate | 6147 1583 738

of Baghdad University

Passing from Karrada 3820 984 460

Dakel and Abu Nawas

Street

Transportation mode Capacity person
Private car 2
Regular Bus 9
Cyclists 14
Pedestrians 19
BRT single lane 20
BRT double lane o 43
Light rail 22

Fig. 4. Shows the absorptive capacity of transport systems (Source: Own study based on [10,
p- 6)

6 Analysis and Results

As shown in the previous table, the traffic volume of the vehicles coming from the
western side (Jadriya Bridge) has recorded the highest traffic flow during the survey
hours in a volume exceeding the capacity of the road. Which affected the operational
function of the road, as well as the traffic volume of vehicles coming from the east
(Hurriya Square from Karrada), has also exceeded the capacity of the road as shown in
the table as the main road with a capacity of (800 vehicles per hour). As for the
northern and southern side, coming from Abu Nawas Street, as well as coming from the
gate of the University of Baghdad, has recorded the lowest traffic flow compared to the
previous two and during the hours of the field survey. And classified as an accumulated
road with a capacity of 600 vehicles per hour, specifically during the survey process.
To calculate the road service level = Traffic volume (vehicle/hour)/Capacity (vehicle/
hour).and Because the traffic volume exceeded the capacity of the road, the service
level was low, making unstable flow, low speeds, and possible traffic congestion.
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7 Strategies

Due to the previous analysis. and in order to reduce traffic flow because of the field
survey. and to ensure upgrading the low service level of the intersection, it is essential
to develop sustainable transport strategies to reduce the pressure on the capacity of the
road. These strategies are presented below.

7.1 The First Strategy

Providing middle pavements of the road, to provide enough space to extend the TOD
transmission line, from the western side coming from the Bayaa area (Jadriya bridge),
through the intersection of Baghdad University. And to the east towards Karrada kharij,
in the middle part of the street, in accordance with the concept of sustainable transport,
and application of public transport policy in this particular region Sown in Fig. 4. In
Turkey, the BRT system was used in the east of Istanbul, where the distance was
11 km. The number of BTR operators was 560 personnel per hour and one-way traffic,
which had a significant effect on traffic jam flow. It was efficient in reducing con-
gestion, where the efficiency of transport and traffic compared to other networks In
order to implement this strategy in the study area, a length of 8 km, starting from Al
Bayaa Garage to Hurriya Square, should be constructed. This line consists of one side,
that includes two ways. The proposed transmission line will transport 480 people per
hour. Using data of the Table 5 and Fig. 4 the formals are as below. Note: The
numbers: 2, 12, 30 represent the average number of people in each type of vehicles.
Destination Passing from Karrada Dakhel (Fig. 5):

10841-2+2791-12+1303-30=94264 Persons number in all vehicle’s type (1)
94264 /14 = 6733 Persons per hour (2)
480 - 100/6733 = 7.1% Congestion reduced (3)

Destination Passing from Jadriya bridge:

12191-2+3139-12+1465-30=106000 Persons number in all vehicle’s type 4)
106000/14 = 7571 Persons per hour (3)
480 - 100/7571 = 6.33 Congestion reduced (6)

Hence, this strategy reduces traffic congestion by 14% overall.
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Fig. 5. The first strategy

7.2 The Second Strategy

Is to open a secondary floating bridge that parallels the Jadriya bridge that works on
prepayment. It is possible to pass from this road in the morning by filling a prepaid
card, which can be crossed for free in the evening. Shown in Fig. 6.

The floating bridge is one of the bridges of the Emirate of Dubai in the United Arab
Emirates. It connects Riyadh Road, Dubai Courts and Al Khor Park to Bur Dubai,
Baniyas Street, Deira City Center and Dubai Creek Golf and Yacht Club.

The floating bridge is the fifth crossing on the Dubai Creek, with a capacity of
about 1600 vehicles per hour. The side of the road has 3 traffic lanes as well as the
return side. The bridge is 410 m long and was opened in 2007. The bridge was opened
on the bridge with 31% increase compared to the previous one.

Applying this strategy, and by constructing a floating bridge next to the bridge of
Jadiriya from the north and with two traffic lanes on each side. The capacity of the one
line of bridge would be 800 vehicles per hour and this would reduce traffic congestion
on the road bridge Jadiriya. That consists of 320 private vehicles per hour during peak
hours. And Using data of the Table 5. the females are as follows:

320/2 = 160 private vehicles in one line (7)
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The ratio of private vehicles of other two types is:

10800 - 100/ (10800 + 2790 + 1300) = 72% (8)
10841/14 = 773 private vehicles per hour 9)
160100/774 = 20% private vehicles (10)

20 - 100/72 = 28% congestion reduction (11)

Destination Passing from Jadriya bridge:

320/2 = 160 private vehicles in one line (12)

Legend

e COLLECTOR ROAD

—— LOCAL ROAD

(I University of baghdad
Intersection of university |[5

=== Proposed Floating Bridge

—— Proposed road

Fig. 6. The second strategy

The ratio of private vehicles of other two types is:
12191 - 100/(12191 + 3139 + 1465) = 72% (13)

12191/14 = 870 private vehicle per hour (14)
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160 - 100/870 = 18% private vehicle (15)

18 - 100/72 = 25% congestion reduction (16)

8 Conclusion

The research concluded that by suggesting a group of solutions, representing by first:
Providing enough space to extend the BRT transmission line from western side
(Jadriya bridge) towards the eastern side (karrada). Also, it’s founds that by applying
this solution, it will reduce the traffic congestion, by 7% at the western side, and 7% at
the eastern side. Second: Which is open a secondary floating bridge that parallels
Aljadriya bridge (private cars only). Which works on prepayment, and by applying this
solution, we can only reduce the traffic congestion by 28% in road line destination
dassing from Karrada Dakhel. and 25% in the road line Passing from Jadriya bridge.
The total traffic congestion reduction is (28% + 6.3% = 34.3%) in the road passing
from (Jadriya bridge) and (25% + 7% = 32%) in the road passing from (Karrada
Dakel). by taking into consideration that the road Passing from the rear gate of
Baghdad University and the road Passing from Abu Nawas Street are in a good level of
service.

References

1. Kay, F., Mark, D.W., Joseph, D.B.: Urban intersection design guide. Volume 1-Guidelines.
Texas Department of Transportation and the Federal Highway Administration, Texas (2005)
2. Garber, NJ., Hoel, L.A.: Traffic & Highway Engineering, 4th edn. West Publishing
Company, St. Paul (2009)
3. Ministry of Municipal and Rural Affairs: Road Engineering Design Manual. Ministry of
Municipal and Rural Affairs, Baghdad (2016)
4. O’Flaherty, C.A.: Transport Planning and Traffic Engineering. J.W. Arrow Smith Ltd.,
Bristol (1997)
5. National Research Council: Highway Capacity Manual 2000. Transportation Research
Board, Washington (2000)
6. Kutz, M.: Environmentally Conscious Transportation. Wiley, Hoboken (2008)
7. Sarkis, S.M.: Using the Intelligent Systems in Transport Planning for Baghdad City. Master
thesis. University of Baghdad, Urban and Regional Planning Center, Baghdad (2016)
8. Gamadi, A.S.: Traffic Jams, Technical Solutions. College of Engineering King Saud
University, Riyadh (2003)
9. Khattab, A.: Monitoring the traffic on Al-Jadriah intersection. Professional Higher Diploma
Project. University of Baghdad, Urban and Regional Planning Center, Baghdad (2014)
10. Litman, T.: Transportation Cost and Benefit Analysis II - Congestion Costs. Victoria
Transport Policy Institute, Victoria (2009)



q

Check for
updates

Improving Capacity and Traffic Operation
for Al-Furqan Intersection at Al-Fallujah
City (Iraq)

Khalid Hardan Mhana Alwani®®

College of Engineering, Al-Anbar University, Al-Anbar, Iraq
khalid. hardan@uoanbar. edu. iq

Abstract. Traffic congestion is one of the main problems in Al-Fallujah city
especially in central business district (CBD) area. The main aim of this study is
to evaluate the level of service for Al-Furqan intersection and suggested alter-
native proposals to overcome the delay problem and to present the best proposal
to improve the level of service. To achieve this aim, two types of data were
collected first, traffic volumes data were collected used video camera, second,
geometric data were collected manually. HCS 2010 program is used for the
requirements of level of service analysis process. The operational analysis of the
existing conditions shows that the intersection work under level of service
(F) with an average delay of (105.2) s/veh. Based on the analysis of the sug-
gested proposals it has been indicated that the third proposal (prevent the traffic
volume from the west direction) provide the best traffic operation where the
level of service is improved to (C) with an average delay of (34.5) s/veh.

Keywords: Traffic delay - Level of service (LOS) - Intersection traffic
operation * Peak hour factor (PHF)

1 Introduction

Traffic congestion is considered as one of the main problems especially in large cities in
the world. Traffic congestion has a negative impact on the quality of life, global
atmospheric conditions and energy resources due to increase the traffic accidents, gas
emission and fuel consumption [1].

The intersection is considered as one of the most important and complex location in
the road network due to its ability to manage and control the traffic of different types of
vehicles and pedestrians especially in peak hours. The main function of the intersection
is to provide the change of route directions whose be intersection shared by two or
more roads. Intersections vary in complexity from a simple intersection, which has only
two roads crossing each other, to a more complex intersection, at which three or more
roads cross within the same area [2].

Delay is one of major problems that happened at any part of traffic network
especially at intersections. The concept level of service (LOS) is used to evaluate the
delay at any intersection. Highway Capacity Manual (HCM) defined the LOS for
signalized intersection based on the delay time (the average stopped delay time per
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vehicle for 15-min analysis period), the LOS is varied from LOS A (free-flow con-
ditions) to LOS F (long delays) as shown in Table 1 [3].

Table 1. LOS for signalized intersection based on average delay [3].

LOS | Signalized intersection
A |d< 10

B 10<d < 20

C 20<d < 35

D [35<d <55

E 55<d < 80

F 80 <d

Al-Fallujah city is considered one of the capital cities in Al-Anbar government in
Iraq. As part of Al-Fallujah city Al-Furqan intersection is a significant location and
have high traffic volumes due to:

e Al-Furqan intersection connected between min directions,
e the existing commercial, educational and residential activities near Al-Furqan
intersection (Fig. 1).

—

Pty SRILL 5 7
“";!Ig""h;ﬂi@' ’

» 15

Al-Furqan
Intersection

Fig. 1. Satellite image for Al-Furqan intersection in Al-Fallujah city (Iraq) (Source: [4])
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Therefore, due to these activities Al-Furqan intersection have faced a congestion
problem especially at peak hours, this problem leads to increase the delay in this
intersection. Al-Furgan intersection is a congested intersection located at the north area
in Al-Fallujah city. Al-Furqan intersection is consisted from four major directions:

north - south direction (Al-Thrthar street to Al-Kamaleat intersection),
south - north direction (Al-Kamaleat intersection to Al-Thrthar street),
east - west direction (Al-Hatherha intersection to Al-Julian intersection),
west - east direction (Al-Julian intersection to Al-Julian intersection).

2 Aims, Objectives and Review of Literature

The main aims of this study are:

determine the peak hour volume at Al-Furqan intersection,

calculate the peak hour factor (PHF) for all approaches at Al-Furqan intersection,
determine the existing LOS for all approaches at Al-Furgan intersection,

assess all suggested proposals to decrease the delay for Al-Furqan intersection.

To date, several studies have evaluated the LOS at intersections, for instant Al-
Ubaidy et al. (2007), used HCS 2000 program to evaluate the LOS for Al-Thawra
signalized intersection in Al-Hilla city - Iraq. This intersection was working at LOS F
with average delay of 263.7 s/veh. The researchers suggested that bridge overpass to
sperate the thought movement for the North-South direction was consider as the best
proposals to improve LOS and decrease the delay at all approaches for Al-Thawra
intersection. The results showed that the intersection worked with LOS C with average
delay of 22.8 s/veh., due to apply the above proposal [5]. Using same program Karim
(2011), evaluate the traffic operation for Al-Quds intersection (T- intersection with 3
legs) in Baghdad, Iraq. He found that the existing LOS for the intersection is F with
average delay of 328.7 s/veh. The researcher found that the existing LOS was
improved to C with average delay of 34.6 s/veh., due to change the geometric layout of
the intersection from 3 legs to 4 legs. The research also found that the future LOS will
achieve E with average delay of 80.0 s/veh., after 11 years [6]. In another study Awad
et al. (2010), evaluated the traffic operation for Al-Zeoat Intersection in Al-Ramadi city,
Iraq, using SIDRA traffic program. The researchers found that the Al-Zeoat intersection
was worked under LOS F with average delay of 84.7 s/veh. Due to implementing the
best proposals to improve the LOS for this intersection. It has been determined that, fly
over at the main path of traffic movement at Al-Zeoat intersection (Al-Mohafadha St. -
Al-Mahkama St.), it has been found that the Al-Zeoat intersection will be was worked
under LOS C with average delay of 34.1 s/veh. [7].
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3 Data Collection

A digital camera was used to count the existing traffic volume for all approaches at Al-
Furqan from (7:00 am to 7:00 pm) during the workdays of the week from (15 to 20
December 2018). The type of vehicles that are counted are classified into two types:

e passenger cars: All vehicles with four tires only,
e heavy vehicles: All vehicles with more than four tires.

The heavy vehicles were converted to passenger cars by using a passenger car
convert factors which is equal to (2.0) (HCM 2010). According the site survey the peak
hour was found to be exists at 5:00 to 6:00 pm with 4317 (pcu/h) vehicles for all
approaches. The HCS 2010 program is used to calculate the existing saturation flow.
Figure 2 shows the existing geometric layout for each approach in Al-Furqan inter-
section. Table 2 shows the existing saturation flow at the stop line for all approaches in
Al-Furqan intersection.
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Fig. 2. Existing geometric layout for Al-Furqgan intersection
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Table 2. Existing saturation flow for Al-Furgan intersection.

31

Approach Existing saturation PHF No. of Approach
flow [%] lanes directions

From Al-Hatherha 5027 88 3 East

intersection

From AL-Julian 3506 93 2 West

intersection

From AL-Thrthar street 5059 93 3 North

From Al-Kamaleat 5030 91 3 South

intersection

To evaluate the existing LOS for whole intersection it required to know the number

of lanes and the direction of movements in each approach at the intersection.

4 Analysis and Results

It was found that the peak hour is limited between 5:00-6:00 pm. The total volume
during this hour is (4317) pcu/h (see Fig. 3). The maximum traffic volume (1121 pcu/h)
during the peak hour was coming from Al-Hatherha intersection. On the other hand, the
lowest volume (1029 pcu/h) which was coming from Al-Julian intersection.
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Variation of traffic volume at 1 h for all approaches at Al-Furgan intersection

The peak hour factor refers to the variation of traffic volume during the peak hour.
The peak hour factor can be defined as is the ratio of total hourly volume to the
maximum (15 min) rate of flow within the hour. The peak hour factor can be calculated
using Eq. (1) (Table 3):
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Table 3. PHF values for all approach at Al-Furgan intersection.

Approach Movement | PHF [%]
From Al-Hatherha intersection | R 78
TH 95
L 92
From AL-Julian intersection R 88
TH 98
L 92
From AL-Thrthar street R 91
TH 96
L 92
From Al-Kamaleat intersection | R 84
TH 96
L 92

Table 4. Existing phasing time and order for Al-Furqan intersection.

Approach Movement Volume No. of lanes Phase No. Cycle
length
Y G
From Al-Hatherha intersection R 94 3 1 2 28
TH 690
L 337
From Al-Julian intersection R 81 2 2 2 28
TH 611
L 360
From Al-Thrthar street R 95 3 3 2 28
TH 660
L 340
From Al-Kamaleat intersection R 88 3 4 2 28
TH 611
L 340

PHF = [(Hourly volume) /(4 - Peark volume in 15 min.)]

(1)

Table 4 shows the existing traffic volumes, geometrical features and phasing time at
each approach that used as input data in HCS 2010 program to determine the existing
LOS for Al-Furgan intersection. Table 5 shows the existing LOS for each approach for
Al-Furqan intersection. The results indicated that the intersection work under F LOS
with average delay of 105.2 s/veh. Therefore, an improvement is required to reduce the
intersection delay and improve LOS.
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Table 5. Existing level of service for Al-Furgan intersection.

Approach Average delay [s/veh] | LOS | Approach direction
From Al-Hatherha intersection | 84.6 F East (3 lanes)
From Al-Julian intersection 201.3 F West (2 lanes)
From Al-Thrthar street 62.2 F North (3 lanes)
From Al-Kamaleat intersection | 61.4 F South (3 lanes)
Average intersection delay 102.3 F

5 Suggested Proposals

In order to improve the LOS and decrease the delay for Al-Furqan intersection a
number of proposals will be clarified in the following sections. Proposal No. 1 sug-
gested to change the phasing time for all approaches. Table 6 shows the suggested
phasing time for each approach by adopting the proposal No. 1. The implementation of
this proposal shows that the expected average delay for whole Al-Furqan intersection
will be (95.6 s/veh.) which means that the intersection will be operated under F LOS

(see Table 7).

Table 6. Properties of traffic operation for Al-Furgan intersection by adopting proposal No. 1.

Approach Movement Volume No. of lanes Phase No. Cycle
length
Y G
From Al-Hatherha intersection R 94 3 1 2 30
TH 690
L 337
From Al-Julian intersection R 81 2 2 2 34
TH 611
L 360
From Al-Thrthar street R 95 3 3 2 24
TH 660
L 340
From Al-Kamaleat intersection R 88 3 4 2 24
TH 611
L 340

In order to improve the LOS for whole intersection, proposal No. 2 suggested to
add additional lane in all direction except west direction using the modified cycle time
for each approach (see Fig. 4). Table 8 shows the traffic volume, number of lanes and
cycle time for each approach by adopting the proposal No. 2. Table 9 shows the results
of proposal No. 2, it was found that the implementation of this proposal improves the
LOS for whole intersections and become E with average delay of (60.0 s/veh.).
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Table 7. Expected LOS for Al-Furgan intersection by adopting proposal No. 1.

Approach Average delay [s/veh] | LOS | Approach direction
From Al-Hatherha intersection | 64.6 E East (3 lanes)
From Al-Julian intersection 100.3 F West (2 lanes)
From Al-Thrthar street 1114 F North (3 lanes)
From Al-Kamaleat intersection | 109.4 F South (3 lanes)
Average intersection delay 95.6 F
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Fig. 4. Proposal No. 2 for Al-Furgan intersection
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Table 8. Properties of traffic operation for Al-Furqan intersection by adopting proposal No. 2.

Approach Movement Volume No. of lanes Phase No. Cycle
length
Y G
From Al-Hatherha intersection R 94 3 1 2 30
TH 690
L 337
From Al-Julian intersection R 81 2 2 2 34
TH 611
L 360
From Al-Thrthar street R 95 3 3 2 24
TH 660
L 340
From Al-Kamaleat intersection R 88 3 4 2 24
TH 611
L 340

Table 9. Expected LOS for Al-Furgan intersection by adopting proposal No. 2.

Approach Average delay [s/veh.] | LOS | Approach direction
From Al-Hatherha intersection |47.1 D East (3 lanes)
From Al-Julian intersection 41.7 D West (2 lanes)
From Al-Thrthar street 76.6 E North (3 lanes)
From Al-Kamaleat intersection | 75.4 E South (3 lanes)
Average intersection delay 60.0 E

Proposal No. 3 suggested to prevent the traffic volume that coming from the west
direction (Al-Julian intersection) to enter Al-Furqgan intersection as shown in Fig. 5.
Table 10 shows the traffic volume, number of lanes and cycle time for each approach
by adopting the proposal No. 3. Table 11 shows the results of proposal No. 3, it was
found that the implementation of this proposal improves the LOS for whole intersec-
tions and become C with average delay of (34.5 s/veh.).
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Table 10. Properties of traffic operation for Al-Furqan intersection by adopting proposal No. 3.

Approach Movement Volume No. of lanes Phase No. Cycle
length
Y G
From Al-Hatherha intersection R 94 4 1 2 30
TH 690
L 337
From Al-Julian intersection R 81 - - - -
TH 611
L 360
From Al-Thrthar street R 95 4 2 2 24
TH 660
L 340
From Al-Kamaleat intersection R 88 4 3 2 24
TH 611
L 340

Table 11. Expected LOS for Al-Furqan intersection by adopting proposal No. 3.

Approach Average delay (s/veh) | LOS | Approach direction
From Al-Hatherha intersection | 35.4 D East (4 lanes)
From Al-Julian intersection - - West (0 lanes)
From Al-Thrthar street 344 C North (4 lanes)
From Al-Kamaleat intersection | 34.4 C South (4 lanes)
Average intersection delay 34.5 C

6 Conclusion

The main aim of this study is to evaluate the LOS for Al-Furqan intersection in Al-
Fallujah city in Iraq. This study has shown that the operational analysis for the existing
conditions of this intersection using HCS 2010 indicated that the intersection work
under F- LOS with average delay of 105.2 s/veh. Therefore, an improvement is
required to reduce the intersection delay. Three proposals are suggested to improve the
LOS for Al-Furgan intersection. It has been concluded that, prevent the traffic volume
that coming from the west direction (Al-Julian intersection) to enter Al-Furqgan inter-
section is the best proposal to reduce the delay. It is found that the implementation of
this proposal improves the LOS for whole intersections and become C with average

delay of 34.5 s/veh.
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Abstract. The number of vehicles in the streets has been going up every year,
which is the main reason leading to traffic congestions. A way to deal with the
problem might be the development of an effective system, that would manage
the flow of transport vehicles stream through nodes with traffic lights in con-
gested urban networks. The proposed solution - application of innovative beam
sensors - is based on the use of specific light phases periods in traffic light
cycles, in a more effective way (effectively reduce the period in which no
vehicle is present at the nodes). Its essence is to improve nodes capacity in
congested metropolitan areas but also on major roads outside the metropolitan
area with high traffic. Any traffic control system supported with the beam
sensors would be able to clearly identify if a vehicle has left the node. This way
of displaying the green signal for the next phase in a light cycle would be
accelerated, while maintaining a very high level of safety. The green period for
the phase in which the vehicle was present and the red period for any other
traffic lights would be reduced. Thus, the main objective of beam sensors
implementation is to reduce the traffic congestions and generally improve the
traffic flow, which are certainly main advantages of such solution. They could
also contribute to reduction in a vehicle operating costs (related to stop-and-go
driving), lower emissions of harmful substances to the atmosphere and finally, to
reduced traffic noise.

Keywords: Traffic congestion + Traffic management - Logistics management -
Induction loop - High-traffic node - Traffic control - Vehicles stream - Urban
network - Pre-selection scales
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1 Introduction

The 21st century has seen dynamic development of many domains, including pas-
senger and cargo transport. People nowadays want to reach their destinations quickly
and comfortably, and often prefer to use their own means of transport rather than public
ones. The solution is highly convenient outside large metropolitan areas but becomes a
problem in cities/towns with a population over 30,000 people. The number of vehicles
in the streets has been going up every year and is among major contributors to traffic
congestions [1]. Other important factors include a lack of funds to build collision-free
nodes, inability to develop the existing road infrastructure (e.g. extending narrow, one-
lane roads) and a lack of efficient and effective traffic control systems in nodes with
traffic lights. The drivers are those who struggle with the problem of congested streets,
not only during peak hours but also in off-peak hours. Despite long time allowed to go
over nodes in off-peak hours, covering the same parts of roads during rush hours may
increase by 200% [2, 3].

Promoting public transport has become a way to reduce traffic congestions.
Unfortunately, in the majority of cities there are no special bus passes. It means of
public transport have to queue to go through nodes. Therefore a need arises to develop
an effective system to manage the flow of public transport vehicles stream through
nodes with traffic lights for congested urban networks [4—6]. A new system and traffic
control model have to be designed. This becomes particularly important in the most
critical parts of cities. The system could be implemented only at some nodes to support
the existing systems or constitute a completely new solution helping to improve effi-
ciency and capacity [7]. One should also remember the need to effectively reduce the
period in which no vehicle is present at the nodes (while maintaining the necessary
safety of the transport participants).

This paper aims to present a method to use specific light phases periods in traffic
light cycles (called traffic signal cycle) in a more effective way. The essence of the
proposed solution is to improve nodes capacity in congested metropolitan areas and/or
on major roads outside the metropolitan area with high traffic. The studies used directly
to fulfil the purpose of the paper were carried out at nodes in selected cities in Poland.

The paper consists of 6 sections. The first section contains a brief introduction and
defines the purpose of the paper. The second one presents the rule of induction loops
operation, which support traffic light control. The next section describes a sensor that
records the parameters of vehicle flows at nodes (called a beam sensor). The beam
sensor can help to optimise the number of vehicles driving through nodes during a
particular traffic signal phase. Section 4 highlights essential differences between
induction loops and beam sensors. The main advantages of the sensors are described.
Section 5 presents the results of studies, including their detailed analysis. The last part
of the paper contains a summary describing the contribution of the new type of sensors
to improvement and significant increase in the capacity of nodes with traffic lights in
congested metropolitan networks. The paper is supplemented by a list of references.
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2 Induction Loops as a Standard Solution Supporting Traffic
Control Systems

Traffic lights are used at high-traffic nodes. They are intended to systematise and
coordinate the flows of mechanical vehicles and pedestrians, by improving traffic
efficiency and safety [8]. By displaying signals of different colours, frequencies and
duration they give clear signals to the traffic participants. The signals inform how the
traffic participants should behave in a particular cycle phase [9]. Contemporary traffic
lights use a number of sensors and microprocessors. The items are responsible for fully
automated changes in the signals displayed, and altogether form integrated traffic
control systems [10, 11].

The most popular traffic control and traffic lights coordinating systems in Poland
include SCOOT, UTOPIA-SPOT and SCATS [12-15]. The systems use different kinds
of detectors which record various traffic parameters at nodes. The detectors adapt the
traffic lights setting parameters to current conditions on the road. They operate in a
manner opposite to fixed-time traffic signals when the particular light signal duration is
set in advance. It means that even if no vehicle is present in a lane, the particular light
phase needs to be displayed. The systems can be modified and adapted to nearly any
conditions. They can be used at one or more nodes, creating a system which optimises
traffic in a larger area. The systems vary for their data processing method [16, 17].

An induction loop is the most popular device used nowadays in all abovementioned
traffic control systems (traffic lights) at nodes [18, 19]. A ferromagnetic effect in the
loop can detect a vehicle in a lane due to the fact that the vehicle conducts electric
current. A vehicle within the loop’s reach causes interference in the loop eddy currents.
This way the traffic control system is able to read information about the presence of a
vehicle and its basic parameters such as e.g. the speed. Traffic lights with induction
loops do not activate the green phase in a cycle for a lane with no vehicle. The solution
is good for off-peak hours. Then the system allows a vehicle within the induction
loop’s reach to enter the nodes nearly immediately (unless the same message has been
read for the mutual collision direction). Unfortunately during rush hours the solution is
completely inefficient because vehicles are always present on the lanes and every loop
reads signals about their presence. This way the system is not able to support traffic
lights signalling (the duration of the phase periods in a signal cycle is according to the
pre-programmed minimum duration of the particular light signal, for the reference
traffic light and lane) [20]. Remembering the functional aspects of induction loops one
shall not forget their technical disadvantages. Induction loops can be easily damaged by
high temperatures. They are usually installed right below or in the asphalt wearing
course. On hot days, as a result of asphalt operation, they are broken (interrupted) and
no longer fulfil their functions. In order to avoid frequent damage and further time-
consuming repairs, the loops are installed in deeper layers of the road. This, however,
entails a risk that not all vehicles will be detected. Moreover, in the case of multi-lane
roads, two induction loops in adjacent lanes can fall within the impact field of one
vehicle. It means that e.g. a big truck, bus or public transport vehicle near the lane edge
can interfere with the signals recorded by the neighbouring loop. In such a case a green
light phase can be unnecessarily activated for the adjacent lane [21].
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3 Innovative Beam Sensor Supporting Traffic Control
Systems Operation

Pre-selection scales have become increasingly popular. They are used for detecting and
weighing of vehicles. They help to record the approximate axle load, and specify the
number or even the speed of vehicles passing. Pre-selection scales often operate based
on resistance strain gauge measurements. A vehicle driving onto a horizontal beam in
the driveway increases the installed circuit resistance. This way the system gets
information that a vehicle axle crossed the device.

Pre-selection scales can also support traffic lights management and control systems
at nodes. Once installed before the node’s entrance they could provide information
about presence or absence of vehicles. It seems a much better solution to use systems
with similar characteristics and functions but much simpler and with a lower total cost.
A sensor, which needs to record many parameters for pre-selection scales, can be
modified in such a way that the sensor reads only one parameter - a presence or absence
of a vehicle at the node. The device would come in a form of a horizontal beam (hence
the name: beam sensor) consisting of a number of smaller sensors no longer than 2 cm
(the shorter the sensor, the more accurate the system). Resistance-based sensors would
provide information to the system about vehicle presence in a lane. It would also help
to identify if a vehicle has already left the node (if a sensor is also installed at the node
exit). Any traffic control system supported with beam sensors (Fig. 1) would be able to
clearly identify if a vehicle (with the particular length, axle spacing and vehicles
entering the node before and after the vehicle) has left the node. This way displaying

JJL

B 5o sensor

Induction loop

Fig. 1. Diagram of node with the use of an induction loop as a preliminary selection, a beam
sensor at the node entry and a beam sensor at the node exit as the appropriate detectors of
described solution
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the green signal for the next phase in a light cycle would be accelerated while main-
taining a very high level of safety. The green period for the phase in which the vehicle
was present and the red period for any other traffic lights would be reduced.

The proposed solution addresses the issue of the ever growing vehicle traffic. The
solution is innovative and allows the use of the traffic signal cycle time when no vehicle
is present at node.

The above mentioned solution involving an innovative beam sensor is patent
pending according to a procedure carried out by the Patent Office of the Republic of
Poland. The procedure was initiated on request of the authors of the study.

4 Major Differences Between an Induction Loop and a Beam
Sensor

A beam sensor as a detector of traffic control systems can be adapted in any kind of
nodes. The sensor mounting time and method will be similar to the time and method for
the induction loop. The installation cost shall not exceed significantly the induction
loop installation cost, either. Other advantages of the solution include its much higher
reliability. Geometrical changes in the asphalt surface do not affect the sensor operation
(formation of ruts in a lane interrupt the loops and cause the need to make frequent
repairs and/or replacements). The sensor has compact dimensions. It can be installed in
any place of the node, with any road infrastructure. Induction loops, to the opposite,
must not be mounted at the nodes entrance. It is due to presence of e.g. bicycle lanes,
traffic separators etc. A beam sensor may come in any length (measured perpendicu-
larly to the roadway axis). This way it can be installed at the entire nodes length, which
means that no vehicle can drive through the node without driving onto the sensor
(drivers often do not “drive onto” the induction loops in the right way). Contrary to
induction loops a beam sensor can be installed in a non-hardened part of a road, for
instance in the roadside that drivers use to overtake or pass by other vehicles. There is
another advantage to using beam sensors, apart from reducing traffic congestions and
improving traffic flow. They could contribute to reduction in vehicle operating costs
(related to stop-and-go driving), lower emissions of harmful substances to the atmo-
sphere and reduced traffic noise by reduction of travel time on given sections [22-28].

5 Studying a Flow of Vehicle Stream Through Nodes
with Traffic Lights

Traffic measurements were carried out for the needs of the study between 14 December
2018 and 4 February 2019 at selected nodes in Poland. They involved recording the
time in which no vehicle was present at the node. The measurements were made during
afternoon rush hours, i.e. between 3.30 p.m. and 5.30 p.m. It was non-probability
sample study. The main criteria were the accessibility criterion and the degree of
differentiation of the advancement of the installed devices supporting the control of
traffic lights. The studied nodes were located in the centre of Warsaw - Marszatkowska
St. and Swi@tokrzyska St., and Aleje Jerozolimskie St. and Marszatkowska St., and in
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Lodz - Al. Widkniarzy St. and Lutomierska/Wielkopolska St., and Uniwersytecka St.
and Jaracza St.. Fixed-time traffic lights were installed at the studied nodes in Warsaw
(each phase lasts the same in subsequent cycles). In Lodz the flow of the stream of
vehicles was supported by induction loops.

The results of the studies are presented below, in Figs. 2, 3, 4 and 5 and Tables 1, 2,
3 and 4, respectively. The results characterise the light signal phases at the studied
nodes. The green period values presented in the tables stand for the green light display
time (for the particular phase) when no vehicle was present at the entrance to the node,
no vehicle was approaching the node and each vehicle driving through the node has
already left it. It means that by shortening the green period for the phase can accelerate
and/or extend the green period for another phase. The red periods presented in the tables
are the periods between subsequent phases when no vehicle was present at the node.
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Fig. 2. Marszatkowska St. node with Swigtokrzyska St., Warsaw

Table 1. Marszatkowska St. node with Swigtokrzyska St., Warsaw-results of measurements.

No. Phase 1 Phase II Phase 111 Cycle duration
Green | Red | Green | Red | Green | Red

1. 6.02 |7.01/6.03 [1.46 0 0 2:01.45

2. 24.02 |7.38|0 2220 0 2:02.10

3. 8.43 1634 |0 1990 0 2:00.89

4. 7.77 |5.88(3.33 273 |1.1 0.94 | Average:

5. 6.5 |44 |395 (234|143 |1.36|2:01.00

6. 62 489|122 194(2.67 |1

7. 83 |52 |22 32 |17 1.2 | Total:

Average | 9.61 |5.87(2.39 [2.27/0.99 |0.64|20.14
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The mean values for each column in Tables 1, 2, 3 and 4 (mean time loss in a
reference cycle phase) were calculated and presented in the last lines. The “Total” value
is the last line sum, i.e. the time not used in each light signal cycle. The results of the
studies do not include (in the total of the reference phase mean times) the time values of
less than 2 s (it can be assumed that a driver’s reaction takes 2 s). It means that if it was
possible to obtain up to 2 s in each cycle, the validity of replacing fixed-time traffic
signals/induction loops with beam sensors should be taken into consideration. The
studies clearly suggest that every node has significant time resources which are not
used. Even greater reserves can be obtained when the time periods of less than 2 s not
taken into account are included.
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Fig. 3. Al Jerozolimskie St. node with Marszatkowska St., Warsaw

Table 2. Al. Jerozolimskie St. node with Marszatkowska St., Warsaw - results of
measurements.

No. Phase 1 Phase 11 Phase III Phase IV Cycle duration
Green | Red | Green | Red | Green | Red | Green | Red
3.05(1.3 2.23(0 574|112 0 1:51.24
0 0 35310 525]1.1 14.33 | 1:50.74
1.5 |0 3.1414.02 |0 0 9.28 |1:51.01
0 25 145 (45 |0 11.65 | Average:
0 0.8 1.89 2.9 122|143 104 |1:51.00
95 |21 |0 2.6 [3.65 [3.45|0 6.6
. 19 |13 4.02(5.8 25 |1.15 |5.67 |Total:
Average | 0.28 |1.22/0.49 |2.84|4.41 |3.24/0.70 |8.28 |18.77
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Nodes in the very heart of Warsaw, the capital of Poland, with high traffic volume,
were studied. Fixed-time traffic lights are installed at the nodes. It means that every
phase in the light signal cycle lasts the same, regardless of traffic intensity. The dis-
played light signal duration is not adapted to the current conditions.

= Phase |
mm) Phasell
==) Phaselll
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Fig. 4. Uniwersytecka St. node with Jaracza St., Lodz

Table 3. Uniwersytecka St. node with Jaracza St., Lodz-results of measurements.

No. Phase 1 Phase 1T Phase III Cycle duration
Green | Red | Green | Red | Green | Red
9.68 |0 392 343|931 245|1:40.21
44 0 5.5 4.11(8.92 |3.04|1:41.38
654 |0 811 |[1.75|7.21 |22 |1:39.25
7.44 |0 7.04 2.88|7.11 |19 | Average:
55 0.9 (443 [3.1 [6.92 |3.9 |1:40.00
4.66 |05 |2.13 |3.87|594 [3.42
33 1 22 2.5 |4.12 2.6 |Total:
Average | 5.93 |0.34(4.76 |3.09|7.08 |2.79|23.65

NS R wIN e

According to the data in Table 1 (Marszatkowska St. node with Swietokrzyska St.),
the mean traffic light cycle duration is 2:01.00. The mean time with no vehicle at the
node accounts for ca. 20% of the whole cycle. A similar situation is true for another
node studied in Warsaw (Aleje Jerozolimskie St./Marszatkowska St.). The data in
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Table 2 show that the mean cycle duration is 1:51.00. On average there is no vehicle at
the node for 16.9% of the time (the light signal cycle duration is 111 s, while the
unused time reserves last 18.77, i.e. 16.9% of the whole cycle duration).
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Fig. 5. Al Wiodkniarzy St. node with Lutomierska St. and Wielkopolska St., Lodz

Table 4. Al. Widkniarzy St. node with Lutomierska St. and Wielkopolska St., Lodz-results of
measurements.

No. Phase 1 Phase 11 Phase III Phase IV Cycle duration
Green | Red | Green | Red | Green | Red | Green | Red
2.7 15.2514.3 241(0 26912 1.21{2:20.36
39 15.62 3.5 354|121 |3.14|1.1 5.4512:21.56
0 145 371 [1.26(3.02 [2.11|0 3.212:21.45
34 16.49|1.19 [236/|0 0 0 0 Average:
0 13.05/092 |1.96|2.65 [4.21|1.43 |2.12|2:21.00
2.8 14.01|3.16 |3.21|1.55 [3.89/0 2.36
1.9 17.2312.32 [2.32|1.13 |2.14|1.15 |4.19|Total:
Average | 2.10 |15.16(2.73 |2.44 /137 |2.60|0.70 |2.65 27.68

NN BRI

With regard to the above, it seems reasonable to implement a system able to reduce
green and red periods in the particular phase and accelerate the green period in sub-
sequent phases by means of horizontal beam sensors. It will help to increase the
number of vehicles passing in a column to about 10-20. As compared to the current
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conditions, it means a significant improvement. It is also possible that once the system
is implemented at neighbouring nodes which are connected by a relevant system (e.g.
SCATS) the capacity will increase by more than the assumed 10-20 vehicles. At night,
at lighter traffic, the system with the proposed beam sensors will adapt the displayed
signals to the actual conditions. The adaptation will be aimed to obtain as smooth flow
of vehicles as possible, without stop-and-go cycles. Besides shorter times of driving
through the nodes, it will be possible to reduce the traffic noise and quantity of exhaust
gases released to the environment.

Lodz is the third largest city in Poland (as for the population) and ranked as the fifth
most congested city in the world (according to TomTom ranking) [29]. Despite the fact
that the city authorities have implemented smart traffic control system in the city,
moving around Lodz in peak hours is very difficult. The system is mainly based on
induction loop sensors. It does not eliminate traffic phases when no vehicle is present at
the node. The same is true for Warsaw, while the per cent share of the phases is
definitely much higher. At Aleja Wtokniarzy St. node with Lutomierska St./
Wielkopolska St. the period with no traffic at the node accounts for nearly 20% of the
whole cycle duration (Table 4), while at Uniwersytecka St. node with Jaracza St. it is
nearly 25% (Table 3). If a beam sensor was installed at every node, based on the
conducted studies it can be concluded, that each traffic phase could be extended by
about 1/4 of the whole cycle duration. The solution could contribute to significant
improvement in the capacity and would free the nodes of traffic congestions.

The application of the described system using beam sensors is feasible. It allows the
adaptation of current systems and guarantees reasonable green period inter-phase
intervals. The solution can be implemented at nodes in congested city centres (like
Warsaw), in roads off the very centre (similar to the studied nodes in Lodz) and at
junctions of national and regional roads with local roads.

6 Final Conclusions

High traffic intensity and poorly adapted traffic lights are the main causes of traffic
congestions worldwide. Advanced traffic control systems based on various kinds of
motion detectors - mainly induction loops - have been installed in the largest Polish
cities. Despite their application, the majority of systems in the very centres of cities are
inefficient during rush hours. It makes moving from one place to another extremely
difficult. The situation can be improved owing to better use of inter-phase periods.
According to the completed studies, on average about 20% of the whole traffic signal
cycle at the most congested nodes is wasted (because there is no vehicle at the node).
The use of the proposed horizontal beam sensor solution will help to significantly
reduce traffic congestions at nodes. The system will offer accurate information about
the vehicles entering and leaving the nodes (including the information about the exit
way). Observation of traffic at the nodes leads to a conclusion that if the traffic was by
about 10% lower in rush hours, it would be possible to move around smoothly or
without any major difficulty. Once the proposed solution has been implemented, extra
10% reserve would still be left. The traffic flow in off-peak or night hours could be



Improving the Capacity of Signalized Intersection 49

fluent or at least more fluent. The solution could not only improve the capacity but also
reduce the traffic noise and the quantity of harmful substances emitted to the atmo-
sphere by combustion engines.
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Abstract. The work presents landslide threats in the context of the planning
and spatial planning process. The available sources of information on landslides
used for the needs of spatial plating were reviewed and analyzed. Particular
attention was paid to the SOPO project - the Anti-slip Shield System. Based on
the conducted analyzes, it was found that one of the most important planning
problems in the landslide area is the designation of areas for infrastructural
investments, including for the development of transport hubs. One of the most
effective methods of counteracting and minimizing sludge damage was the
properly conducted planning and spatial planning process and risk assessment,
among others for road investments.

Keywords: Landslides - Spatial planning - Risk - Road investments *
Transport node

1 Introduction

The problem of landslides is touching. a significant part of voivodships located in the
area of the so-called Flysch Carpathians, where about 95% of all landslide phenomena
occur in our country. The landslide situation in this area is related both to the geological
structure of the ground (sandstone - shale flysch rocks) and the high dynamics of relief
[1-3]. The most important factor causing the formation of landslides are torrential and
rainfall, for example, after heavy rainfall i.e. in May and June 2010 and May 2019.
These landslides are usually non-anthropogenic, however, the responsibilities of local
government units and individuals are to eliminate environmental hazards through the
use of appropriate techniques and technology, as well as through proper implemen-
tation of spatial planning tasks [3-8].

The aim of the work is to present the landslide hazard occurring and the associated
problems in the field of plating and spatial management as well as risk estimation for
the transport node located in the area threatened by landslides.
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2 Landslide and Law Acts

“Landslide is a form created as a result of gravitational movements, resulting in a rapid
displacement of rock masses in accordance with the direction of the gravity force, as a
result of which material on slopes is moved from higher to lower” [5]. In addition to
the geological structure, the main factors affecting the formation of the landslide
include the slope and the occurrence of heavy rainfall with a large spatial range.
Saturated with water, weather time located between the soil layer and the solid rock
absorbs the consistency of the mire and allows the movement of the heavy layers of
earth saturated with water on it.

There are many criteria according to which landslides can be classified. From the
point of view of planning and spatial planning issues, one of the most important seems
to be the criterion based on their activity, understood as the behavior of rock masses
defined in time. Due to the above the landslide feature is divided into [3-25]:

e periodically active landslides (landslides) - landslides, in which the symptoms of
activity occurred at irregular intervals over the last 50 years,

e continuously active (chronic) landslides - are landslides that are constantly in
motion, until the slope is reached,

e inactive landslides (stabilized) - landslides in which no symptoms of activity have
been observed and documented for at least 50 years.

Many landslide phenomena cannot be predicted whether to counteract them, and
the main factors causing the movement of earth masses belong to the group of non-
ergogenic factors. Preventive measures include: creation of an efficient landslide
information system, proper development and use of areas exposed to landslides, actions
aimed at reducing the negative impact of rainwater and groundwater, or mechanical
improvement of rock properties [26, 27].

The most important legal provisions regarding the landslide problem are:

e act of 27 April 2001. Environmental Protection Law (Journal of Laws of 2001,
No. 62, item 627) - giving a definition of mass movements of land, and imposing on
the county governor the obligation to register areas threatened by mass movements
of land and areas where there are these movements,

e act of February 3, 1995 on the protection of agricultural and forest land (Journal of
Laws 2004, No. 121, item 1266) - obliging owners of agricultural and forest land to
counteract mass movements of land,

e act of 18 April 2002 on the state of natural disaster “(Journal of Laws of 2002
No. 62 item 558) - landslides the nature of a natural disaster, for the prevention or
elimination of which the announcement of a state of natural disaster may become
deliberate,

e act of 27 March 2003 on spatial planning and development (Journal of Laws 2003,
No. 80, item 717) - imposing on the village mayor, the mayor or the president of the
city the obligation to consider landslide areas in the records and graphic content of
both studies conditions and directions of spatial management of the commune,
which is an obligatory document for the whole area of the commune as well as local
spatial plans. In addition, the Act obliges the body that performs the study or plan to
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request opinions on the solutions of the study or plan to the appropriate body of
geological administration,

e the Act of July 17, 1994 Construction law (Journal of Laws 2006, No. 156, item
1118, as amended) and the Act of 11 August 2001 on special rules for the recon-
struction, renovation and demolition of buildings destroyed or damaged as a result
of the element (Journal of Laws No. 84, item 906, as amended) - regulate the issues
of a construction disaster resulting from the slippage of earth masses.

The basic sources of information on landslides used in the spatial planning process
currently include studies resulting from the implementation of the SOPO project -
Landslide Counteracting System [28]. It is a cartographic project commenced in 2006,
implemented by specialists from the Polish Geological Institute, geological enterprises
and scientific units. The implementation of the SOPO project was divided into four
stages:

e stage I (2006-2008) - Pilot lapping of landslides along with the existence of areas
where they occur in Poland,

e stage II (2008-2015) - Mapping and making maps of landslides and theories
endangered by mass movements for the area of the Polish Carpathians (75% of the
surface) and monitoring of selected landslides in the Carpathians,

e stage III (2016-2018) and STAGE IV (2018-2022) - Mapping and mapping
landslides and areas threatened by mass movements for the Polish Carpathians and
monitoring of selected landslides in the Carpathians.

The result of the specialists’ work are Landslide Registration Cards (KROs) and
Registration Cards of Areas at Risk of Mass Movements (KRTZ) developed in
accordance with the pattern adopted in the first stage of the project implementation and
constituting the basic landslide registration document collected by staters. In addition,
within the SOPO, maps of landslides and terrains threatened by mass movements
(MQOT?Z) are created in the scale 1:10000, compiled within communes - in the case of
Carpathian areas, and counties - for non-Carpathian Poland.

An extremely important feature of the project is the universal availability of results
of its implementation. All developed maps and completed Registration cards are col-
lected in the prepared SOPO database, available to users at the address osuwiska.
pgi.gov.pl.

In addition to studies resulting from the implementation of the SOPO project,
knowledge about landslides can be derived from ecophysiographic studies, which
require a description of individual natural elements and their interrelationships in the
area covered by the plan or study. A special role can be played here by problem studies
that are next to information about the resources and condition of the region’s envi-
ronment or climate change, they contain characteristics of anthropogenic and natural
hazards, including floods or landslides. From the point of view of spatial planning, it is
important that in elaborations are designated areas excluded from building due to
environmental threats, including landslides.

A detailed description of geological and ground conditions for selected areas of
landslides can also be found in the geological engineering documentation and
geotechnical documentation.



56 I. Skrzypczak et al.

3 Landslides and Road Investments

The typical impact of landslide movements can include situations when [3]:

e the infrastructure itself does not enter the slopes on which landslides occur, but is
located in the “paddling” zone of the mass movement, i.e. in the area into which the
tongue may slip or in which the rafting will stop; even if the road lane is not
interrupted, it can be at least backfilled with colluvium material,

e the infrastructure is set on the colluvium and is subjected to sudden or slow
destruction when the landslide dislocates; a classic example from the Polish
Carpathians is the location of a national road on the slopes of the Just mountain (on
the Roznowskie Lake) or a relatively recent landslide on the municipal road in
Falkowa, a district of Nowy Sacz,

¢ the infrastructure was built on a relatively stable slope, but due to the retrogression
of the main slope of the landslide (landslide threshold) it will be in the zone of
instability. That is why it is very important to recognize the landslips well, to
precisely determine the boundaries of individual forms and to take inventory and
distinguish the natural impacts of mass movements (landslides) on infrastructure,
from those caused by human activities. Slides in embankment slopes and inden-
tation of communication routes may be the cumulative effect of these two factors.
The operation of the colluviums can also lead to the launch of a landslide, an
example of which is the road from Muszyna to Leluchow. However, where com-
munication routes are not in the area of potential mass movements, the instability of
embankment slopes and indentations is rather the result of errors in geotechnical art
(design and execution). Therefore, any road settlement, overwhelming or inter-
rupting it should not be considered as caused by mass movements, i.e. landslides in
the so-called wider (colloquial) meaning.

4 Risk Analyses

The development of road infrastructure in landslide areas, like any economic activity, is
associated with risk and uncertainty. Risk is a measure of threat and is defined as the
product of probability and negative consequences of undesired events. Threat means
the possibility of an event causing loss of life, health and/or social, material and
ecological losses. Identification of hazards and determination of possible scenarios of
disasters or structural failures, as well as assessment of the probability of their
occurrence and the consequences they may cause, are among the basic tasks related to
risk analysis. The risk associated with various stages of the construction process is
diversified and depends on the risks associated with each stage. Due to the reasons, two
types of threats can be distinguished: natural and anthropogenic. Natural hazards are
related to the accidental nature of impacts on building structures, random properties of
materials and geometric dimensions of the elements from which they were made. The
anthropogenic threat connected with the human factor is directly related to the con-
struction process, resulting from unintentional or deliberate departures from the rules
and rules of the building arts (errors and negligence of people). In construction
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according to [28, 29] risk is a measure of threat defined as a combination of the
probability and consequences of an undesirable event occurring. In the event of a
random nature of events, they are treated as random events and the risk is a determinate
or random value and can be calculated using the formula (1):

R= i:Pi~S,- (1)
i—1

where:

P; - the probability of damaging structures on the area of landslides influence,
S; - effects related to damaging structures on the area of landslides influence.

Thus, the objective risk in the design of structures in landslides areas is related to the
reliability of the structure. The PN-EN 1991-1-7:2008 [30] standard provides for two
methods of risk analysis for buildings and structures: A qualitative analysis involving
the identification of hazards and their corresponding impact scenarios and the basic use
of the structure in order to demonstrate that their safety implications are acceptable. The
quantitative analysis is based on risk assessment using the formula recommended inter
alias in the ISO 13824:2009 [31] code (2):

np ns

R= nZHP(Hi) D> p(Di/Hi)p(Se/D;) C(Sk) (2)
i=1

J=1 k=1

where: it is assumed that the structure is subjected to ny different threats that can
damage it in np different ways, where the behavior of the damaged structure can be
considered in n; unfavorable S, states causing consequences C(Sk), p(Hi) is the
probability of the occurrence of the i-th threat, p(Dy/H;) is a conditional probability of
the j-th state of damage causing the i-th threat, a p(S;/D;) means the conditional
probability of the k-th negative behavior of the S, structure causing j-th state of
damage.

Quantitative risk analysis calculated as the risk value in monetary units according to
the formula (1) should be treated as the nominal size, which has no direct reference to
financial costs incurred in the event of structural damage. Taking into account the fact
that the maximum probability of pfd destruction of a structure, whose cost in the full
life cycle of the facility is C(S), qualified to the appropriate reliability class (RCX =
{RC3, RC2, RC1}), for the reference period T,, was defined in the PN-EN 1990: 2004
[28] the risk index iz (3) can be accepted as a measure of the risk associated with the
analyzed emergency situation in accordance with the publication [29] (3, 4):

g = R (3)

Ruc = Py (RCX, TO)X(C(S)) (4>
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The most common quantitative risk analysis includes: estimating the probability of
occurrence of possible hazards with a fixed intensity, estimating the probability of
occurrence of various damages and their consequences for the threats under consid-
eration, estimation of the probability of unfavorable reactions to local structural
damages and related consequences. The most common causes of disasters are factors or
circumstances not taken into account in the design phase and the assessment of the
technical condition. In such a situation, systematic risk analysis and assessment is
recommended as the most appropriate and promising method to ensure a satisfactory
level of construction’s resistance to exceptional impacts, including hazards related to
the impact of mining operations [29]. The basic and controversial issue in the risk
assessment is the determination of the risk acceptance criterion. In the literature on the
subject, there are numerous proposals for qualitative and mixed criteria, most often not
very precise and leading to significantly different results. Most often these are different
variants of the ALARP principle, i.e. “as little risk as possible within reason”. The PN-
EN 1991-1-7: 2008 code [30] presents a mixed criterion (Fig. 1).

3
10 X

10-47

10

»
»

VSm Sm M G S C

Legend: X - means the highest acceptable level of risk
Where: C-Consequence: VSm-Very Small, Sm-Small, M-Moderate, G - Great,
S - Serious and P - Probability

Fig. 1. Consequences diagram according to PN-EN 1991-1-7:2008 (Source: [30])

5 Example of the Risk Analysis

The subject of the analysis is the transport node qualified for 3 consequence classes
made in the landslide area. The exceptional situation of the transport node is caused by
the influence of landslides discharged as H, threat (e.g. threat of landslide effects due to
horizontal deformations and sudden depression) that may occur with the probability
p(H;) = 0.01 and cause local node damage transport D; or complete destruction of
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node D,, with conditional probability p(D;\H;) = 0.01 and p(D,\H;) = 0.01. The
probability p(H;) - concluded taking into account the specificity of the landslide area, a
large nuisance of using the node due to the influence of surface deformation, the value
of 0.01 was assumed. The effects of local damage to the transport node were defined as
the destruction of the node fragment S; (up to 15% of the node’s surface), or the
destruction of larger fragments or the node S,, and the conditional probabilities of their
occurrence are respectively:

p(S1/Dy) = 0.1,
p(SQ/Dl) = 0017
p(Si/D2) = 0.5,
p(SQ/Dz) = 0.05.

The consequences of the destruction of the node fragment and the entire node were
estimated at:

C(S;) = 750.000 Euro, and
C(S;) = 15.000.000 Euro.

The acceptable risk of destruction of the transport node classified as RCI reliability
class for the reference period T, = 1 years [28], including the investment costs in the
full lifetime of the C facility (§) = 7.500.000 Euro, is:

Rie = prg x C(S) = 85 x 107% x 7.5 x 10° = 63.75.

The quotient of the risk associated with the destruction of the node as a result of the
considered exceptional situation and acceptable risk is: ir = R/R,. = 823.25/63.75 =
13.07 means that the risk of destroying the node exceeds the acceptable level of risk 13
times. Therefore, appropriate measures should be taken to reduce it, for example by
applying a more effective procedure related to securing the structure of the node against
the effects of landslide by appropriate protection of the structure and its foundation and
the associated costs.

6 Discussion

The risk of damage to transport infrastructure in landslide areas is an inseparable
element of spatial and financial management. Risk analysis is carried out for the
planned project. The most optimal criterion for designing and dimensioning as well as
for assessing the condition of facilities on landslides, enabling quantitative and quali-
tative requirements to be taken into account is the minimum risk criterion. The risk
measure is the product of the probability of occurrence of events that may cause the
structure to exceed a given state. The estimated risk is characterized not only by the
condition of the structure, but also by the various consequences of threats. Recom-
mendations related to quantitative risk analysis and assessment are rather vague and
raise many doubts related mainly to the interpretation and quantification of risk factors,
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i.e. probabilities of occurrence of threats, their local and global effects and
consequences.

Risk assessment in the design of road infrastructure is related to the determination
of the reliability class of the structure (acceptable probability of destruction), the
number of potential victims and financial, social, ecological and other consequences.
A particularly difficult issue is the assessment of the effects of the disaster of linear
objects.

7 Summary and Conclusions

The landslides hazards are an inseparable element of spatial economy. The landslide
aspect is particularly important for the Carpathian region, where, according to esti-
mates, one landslide covers 5 km of a roadway and 10 km of a coil line. The analysis
of existing legal sources allows us to conclude that they primarily focus on the obli-
gation to designate threatened areas, but there are too few regulations on how to act in
the area of already established landslides. The pressure of spatial development allows
us to understand that it is impossible to completely exclude the possibility of devel-
opment in landslide areas. An example of an investment in a landslide area is, for
example, Zakopianka. Economically valuable areas will always be subject to building
pressure. It is very important to create such a law (local plan), which will allow you to
introduce security and changes in the scope of form, height or construction technology.

The SOPO project is based on the study of landslide phenomena that are already
present, that is why there is a lack of permanent monitoring of areas and structures in
our country, even those of strategic importance, over regional, not to mention local
roads implemented in vulnerable areas and potentially landslide.
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Abstract. One of the most important aspects of operation of transport system in
urban areas is the integration of public transport. It is a complex task, that
requires multiple actions, i.e. the choice of potential places of integration. The
article presents therefore the methodology of assessment of possibility of inte-
gration of railway transport with other sub-systems of public transport. Different
aspects of functioning of public transport stops have been chosen in order to
compare them in wide range. Proposed method has been presented for two cities
in Metropolis GZM.

Keywords: Spatial integration * Public transport + Railway network

1 Introduction

Integration of public transport is one of the most important aspects of operation of
transport systems in modern metropolitan areas and urban agglomerations. Not only
does it enhance the attractiveness of public transport but also the perceived quality of a
whole transport system in the area. Proper integration of public transport may also lead
to better exploitation of available resources and reduction of costs [1-7].

However, integration of public transport is a complex and difficult issue. Each
subsystem of public transport plays a different role in it and is required to fulfill
different tasks. It is especially visible when taking into consideration subsystems of
railway, bus and tram transport. Railway should be the backbone of public transport in
metropolitan areas, allowing to travel greater distances in shorter time. Buses and trams
should play a supplementary role, i.e. operating in areas with no railway service and
enabling passengers to travel from their homes or workplaces to stations or railway
stops where they can change the mean of transport and continue they journey i.e. by
train.

That approach, however, brings up the issue of selection of nodes in the railway
network that should be places of integration of railway transport with different sub-
systems of public transport. The article presents the methodology of assessment of
public transport stops in terms of possibility of integration with railway transport.
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2 Selected Aspects of Integration of Public Transport

Among the biggest tasks currently faced by public transport, one should mention the
assurance of multidimensional integration [1-3], which level shows the system’s
maturity and the degree of its development as well as determines fulfilling the transport
needs of residents ensuring proper accessibility and reliability of service. The set of
activities implemented as part of ensuring integration is aimed at increasing the
attractiveness of the transport system of the region as a whole, through better, con-
sistent use of all modes of transport based on their complementarity and substi-
tutability. It allows to take advantage of positive features of the particular subsystems
and minimize their disadvantages, by appropriately allocating specific transport tasks to
particular branches, in accordance with their specificity. This results in a synergy effect
that causes the growth of the volume of transport in all subsystems and the increase of
the satisfaction of travelers as well as reduction of the inconvenience of their trips. This
is achieved through the conscious and thoughtful and, above all, consistent shaping of
all elements of the system, i.e. spatial planning of linear and point infrastructure ele-
ments, management, organization, technology implementation, land use considerations,
and, above all, the tariff system. From the passenger’s point of view, it is important that
one comprehensive, coherent and multi-branch public transport functions. Such cen-
tralized activities will ensure a total improvement of quality that would not be possible
if there was real competition between individual systems, i.e. in the absence of
integration.

The integration motivation is the benefit that market participants and transport
policy entities can get as a result of this process [8]. The main premise of transport
integration is considered to be shortening the time of transport (travel) [9]. Other
transport postulates are a precondition for integration as it affects:

increased spatial and temporal accessibility of services,
convenience and security of travel by limiting operations related to the organization
of transport by various means of transport.

In market economy conditions, integration becomes an important tool for
increasing competitiveness - both in the subjective (e.g. individual market entities) and
systemic (e.g. public transport subsystem) way. Problems related to restrictions of
integration in the European Union concern in particular on railway transport infras-
tructure and passenger transport in cities (especially in agglomerations) [5].

When it comes to public transport, the functioning of such a complex conglomerate
of various forms of transport and carriers requires the existence of points enabling their
change. Public transport infrastructure includes stations and stops, which are, by def-
inition, places of change in the form of transport, and they play a special role in the
places of intersection of several transport routes or public transport lines. Then they
form the so-called integration nodes giving the possibility to choose the form and
means of transport, depending on the destination of the trip, sometimes requiring
several transfers between different types of transport [10]. The most efficient change in
the type of transport is based on the minimization of spatial and temporal barriers, i.e.
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on the optimization of transfers between modes of transport. Usually three main
objectives of multimodal transport stand out:

e minimization of transport costs,
e minimization of transport time,
e improvement of the transport process.

There are many areas of transport integration, which should be approached in a
systematic way. The most important aspects of system integration included:

functional integration,
spatial integration,
intermodal integration,
tariff integration,

social integration,
technological integration,
management integration.

They remain closely related to each other in a variety of ways. The strength of
interaction and relation is different. The areas of intermodal and functional integration
are the closest to spatial integration. All three aspects are mutually interpenetrated.
Therefore, they will be discussed in the next part of the chapter.

Spatial integration includes two areas of activity. On the one hand, one should
strive to ensure the minimization of the distance traveled during interchanges, con-
sistency of stops through their readability and ease of navigation, on the other hand it is
important to increase the served area and access to public transport for people traveling
in diverse relationships and distances. This is achieved through the cooperation of
independent branches and types of transport operating at different levels of spatial
coverage and accessibility of destinations for individual travelers.

In the first case, spatial integration primarily includes the proper organization and
location of interchange points. It is important to shape them in a way that ensures
service through as many branches of transport as possible (metropolitan, interurban,
metro, bus, tram and intermodal transport like Park and Ride and Bike and Ride). The
interchange node should take the form of a consistent, spatially and functionally
functional station accessible for various modes of transport, those serving the urban
area as well as the farther, extra-urban and regional range. The integration of public
transport significantly increases the role of interchange points, which become a natural
place to connect individual elements of the transport system. An appropriate inter-
change infrastructure (train stations with waiting rooms and commercial facilities,
information points, etc.) makes it possible to alleviate the inconvenience of inter-
changes, which favors the integration of the public transport system. Along with the
growing role of transfers in traveling by public transport, attention should also be paid
to the systems responsible for providing information on possible delays or changing
routes. The use of telematics, including ITS solutions, which should support transport
through its optimization and high quality standard, constitute a great potential.
Increasing the quality and achieving specific savings related to the rationalization of
tasks and transport activities - these are the main opportunities in the use of ITS in
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passenger transport [11]. Moreover, these systems are important tools for shaping
urban mobility [12—15].

The organization of transfers is strongly related to the availability of a specific
means of public transport. In a well-designed integration node, at least the following
factors should be considered [16, 17]:

ensuring transfer reliability,

minimizing transfer time,

number of public transport lines and their frequency at different times of the day,
ensuring visibility for drivers of vehicles between which the transfer takes place,
the ability to compensate for delays.

These factors affect, among others, the number and location of public transport stop
stations for vehicles serving various lines.

An important task is also to increase the territorial scope of direct links with public
transport with the suburban area, i.e. spatial break through the barrier of administrative
boundaries of the city and start servicing the relations in accordance with the real needs
and functioning of the inhabitants. It also opens up completely new possibilities and
demand for travel.

Intermodal integration concerns enabling passengers to make multi-branch trips
using different types of transport on their route. In practice, this means, among others,
basing public transport on the metropolitan railway and its complementation with other
subsystems, enabling the transport of bicycles, building transfer nodes in form of Park
and Ride and Bike and Ride systems, and including taxis in the urban transport system.
These activities greatly increase the transport accessibility of the entire area, facilitate
the implementation of multi-purpose trips in the door-to-door system and adapt the
system to the individual needs of individual residents, their habits and opportunities. In
turn, through the integration of public and individual transport (e.g. P&R or B&R
hubs), the demand for transport and the accessibility of public transport (including
urban) increases through indirect support of areas not covered by the public transport
network.

Functional integration includes centralizing the organizational activities of the
public transport system, such as coordination and defining the course and route of the
line, scheduling synchronized timetable, allowing planning of complex journeys using
many means of transport without excessive inconvenience and minimizing delays for
the passenger. Thus, the accessibility of public transport and the possibility of efficient
travel are increased regardless of the relation, direction and range. In addition, the
centralized timetable of many transport branches connected by a common transport
organizer offers the possibility of using one, universal information platform of a travel
planner with information on all transport systems in the city. This allows for earlier
efficient planning of complex trips fitted to the individual needs of public transport
users.
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3 Methodology for Assessing the Possibilities of Integration
of Public Transport

The study area is a specific territorial unit with boundaries defined in an administrative
manner (e.g. city, municipality, district, voivodship), or individually depending on the
needs of research (e.g. area of impact of particular railway line). The proposed
methodology for assessing the possibilities of integrating public transport is aimed at
determining public transport stops (e.g. bus, trolleybus, tram) whose close proximity to
the node of railway network that supports passenger transport (i.e. station or railway
stop) makes the integration of these subsystems possible. In addition, it is assumed that
the greatest benefits will be achieved by integrating stations or railway stops and public
transport stops with the highest functionality. The general scheme of the proposed
methodology has been presented in Fig. 1.
The proposed approach includes three main stages:

e stage 1 - analysis of the equidistance for stations and railway stops,

e stage 2 - analysis of walking access from stations and railway stops to public
transport stops,

e stage 3 - ranking of public transport stops with respect to their functionalities.

Stage 1 begins with identification of all nodes of railway network serving passenger
transport in the analyzed area. As a result, the identified elements are numbered and
presented in the form of a set:

SPK = {1,...,spk,...SPK} (1)
where:
spk - the number of the individual station or railway stop,
SPK - number of all stations and railway stops in the study area.

Next, for each of the elements of SPK - the set of stations and railway stops, an
equidistance’ with a specific radius is determined. This radius can be selected indi-
vidually depending on the assumptions and local conditions. Its length may also result
from studies on the preferences of public transport passengers. A detailed analysis of
the area covered by the range of the designated equidistance allows to identify the
public transport stops that are located in this area. The set of numbers of all public
transport stops identified at the stage of the equidistance analysis (stage 1) was for-
mulated as:

P1Z ={1,...,ptz,.. . PTZ} (2)

! A circle is the set of all points in a plane that are equidistant from a given point, in this case node of
railway network.
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where:
piz - the number of the individual public transport stop,
PTZ - number of all public transport stops identified at stage 1 in the study area.

Rai |WBY STAGE 1
network

| Identification of stationandrailwaystops SPK | Radius
of equidistance

Designation an equidistance for each station and railway stop i—

network Identification of public transport stops
within therange of an equidistance for each station or railway stop
PTZ1,y,

Publictransport

Correctionof theset of stationsor railwaystops SPK1

Land use ‘

inthe vicinity
of the stations STAGE 2 Limit value
or railway stops of walkingaccess

Analysisof the walking access from each stationor therailway stop _
to identified public transport stops

Correctionof the set of public transport stops PTlepk

Correction oftheset of stations or railway stopsuS P K2

-

STAGE 3

CRITERIA FOR ASSESSING THE PUBLIC TRANSPORT STOP
INTERMS OF ITS FUNCTIONALITY

Number of Total number of N‘_Jml?erof'
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Normalization P p . served by all public
hni linesservingthe forallpublictransport transport lines
techniques stop linesservingthe stop )
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for the entireselected territoria unit

Fig. 1. Scheme of methodology for assessing the possibilities of integration of public transport
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Each public transport stop refers to a specific station or railway stop. Therefore, the
mapping xI has been introduced, which assigns elements from the set {0,1} to each
element of the Cartesian product PTZ x SPK, i.e.:

x1 : PTZ x SPK— — {0,1}

wherein:

x1pz ok = 0 when the ptz-th stop is not in the range of the designated equidistance
of spk-th station or railway stop,

X1y px = 1 when the piz-th stop is in the range of the designated equidistance of
spk-th station and railway stop.

Therefore, for each spk € SPK the set PTZI i, containing the public transport stops
in the range of its equidistance was determined as:

PTZ1y = {ptz : X1y = 1,ptz € PTZ}, spk € SPK (3)

Only those stations and railway stops are subject to further analysis, for which at
least one public transport stop has been identified in the range of their equidistance.
This means reducing the set SPK by removing items that do not meet this condition.
The set after the appropriate reduction was formulated as:

SPK1 = SPK\{spk : PTZ1,, = 0, spk € SPK} (4)

Stage 2 covers the analysis of the walking access from the spk-th station or the
railway stop (spk € SPK1) to the public transport stops identified at stage 1. If the length
of the route to reach the public transport stop exceeds the assumed limit value (set
individually by the analyst), this stop is removed from the set PTZI .

For modeling purposes, the mapping x2 was introduced, which assigns elements
from the set {0,1} to each element of the Cartesian product PTZI,, x SPK1, i.e.:

x2: PTZ14 x SPK1 — {0,1}, spk € SPK1

wherein:

X2p sk = 0 when the length of the walking access from the spk-th station or
railway stop (spk € SPK1) to the ptz-th stop (ptz € PTZI ;) is longer than the assumed
limit value,

X2pizspk = 1 when the length of the walking access from the spk-th station or
railway stop (spk € SPKI) to the prz-th stop (ptz € PTZI ;) is not longer than the
assumed limit value.

Therefore, the set PTZ2,,, containing public transport stops within the range of the
equidistance of spk-th station or railway stop with the length of the walking access to this
node of railway network not longer than the assumed limit value, was determined as:

PTZ2 = {ptz : X2k = 1,ptz € PTZ13 }, spk € SPK1 (5)



70 P. Soczéwka et al.

Only those stations and railway stops are subject to further analysis, for which at
least one public transport stop has been identified with the length of the walking access
not longer than the assumed limit value. This means reducing the set SPKI by
removing items that do not meet this condition. The set after the appropriate reduction
was determined as:

SPK2 = SPK1\{spk : PTZ2y = 0, spk € SPK1} (6)

In stage 3, all public transport stops from the sets PTZ2,, are considered for further
analysis. For each spk-th station and railway stop (spk € SPK2) the ranking of public
transport stops (ptz € PTZ2,,;) is determined in terms of:

e number of public transport lines serving the stop (]j,},z)
e the total number of courses per direction for all public transport lines serving the

stop ( ,;2;1) ,

e number of territorial units served by all public transport lines using the stop ( ;’Q).

These values are the criteria for assessing the public transport stop in terms of its
functionality. The proposed methodology assumes that first of all spatial integration
should be carried out for the stops with the most functionality.

At each public transport stop, there may be a certain number of stations from which
vehicles of the same (but in various directions) or different public transport lines
depart. An example of location of railway station, public transport stop and station
within the stop has been presented in Fig. 2.

A set of numbers of stop stations within each public transport stop has been defined
as:

STy = {1,...,st,.. 8Ty}, ptz € PTZ2yy, spk € SPK2 (7)

where:

st - the number of the individual stop station within public transport stop,
STy, - number of all stop stations within the pzz-th public transport stop.

It has been assumed that if at least one stop station within the public transport stop
(ptz € PTZ2,) is located in the range of the equidistance and accepted lengths of
walking access to the spk-th station or railway stop, all stop stations within this public
transport stop are taken into consideration.

The public transport lines serving each stop station st € ST,,,, may be marked in
various ways (e.g. in the form of numbers, digits, combinations of numbers and digits,
others). For simplicity, each line was given an individual order number. When num-
bering the lines, all the lines serving all the stops identified at stage 2 were taken into
account. Therefore, the set of public transport lines was determined as:
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LK ={1,.. Ik, ... LK 8
where: { prr e } (8)

lk - the number of the individual public transport line,
LK - number of all public transport lines serving all the stops identified at stage 2.
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Fig. 2. An example of location of public transport stop stations (Source: Own research based on

[18])

To determine the set of public transport lines serving each stop station st € ST,,, the
mapping x3 has been introduced. It assigns elements from the set {0,1} to each element
of the Cartesian product ST, x LK, i.e.:

X3 : ST, x LK — {0,1}, piz € PTZ2,y, spk € SPK2

wherein:

X35« = 0 when the lk-th public transport line (lk € LK) does not serve the st-th stop
station (st € ST),,),

X35x = 1 when the lk-th public transport line (Ik € LK) serves the st-th stop station
(st € ST,,).

The set of public transport lines serving the st-th stop station (st € ST,,.) was
formulated as:

LKy = {lk : X34y = 1,1k € LK}, st € STy, ptz € PTZ2,spk € SPK2  (9)
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Whereas the set of public transport lines serving all stop stations at one stop is
described as:

LK,. = | J LKy, ptz € PTZ2, spk € SPK2 (10)

st€STy,

The number of public transport lines serving the pzz-th stop is therefore the size of
the set LK), determined as:

Jinz = LK, ptz € PTZ2,;, spk € SPK2 (11)

The number of courses for a given public transport line from each stop station at a
given stop may be different. Therefore, the mapping kr was introduced, which assigns
elements from the set of natural numbers N to each element of the Cartesian product
LKy x STy, ie.

kr: LKy X STy, — N, st € STy, piz € PTZ24y, spk € SPK2

where kr(lk, sf) should be interpreted as the number of courses for the lk-th public
transport line from the sz-th stop station.

In the case where the public transport line serves more than one stop station within
the same stop, a set of such stop stations and its size should be determined. Thus, the
set of stop stations served by the lk-th public transport line within the prz-th stop is
defined as:

Sleptz = {Sl x35,[k =1,steS ptz}
Ik € LK., ptz € PTZ2,, spk € SPK2 (12)

The average number of courses for the /k-th public transport line at the prz-th stop
was determined as:

kr(lk, st
i g = = )
P STIk,plz

, Ik € LKy, ptz € PTZ2 spk € SPK2 (13)

where:

STk pi - the size of the set STy p,.

Therefore, the total number of courses per direction for the prz-th stop was deter-
mined as:

ptz - Z kr;;z lk (14>

IKELK

The study area was divided into smaller territorial units. Depending on the scope
and level of detail of analyzes, these may be individual municipalities, districts, traffic
analysis zones (TAZs) or other areas separated on the basis of predefined criteria [19].
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All territorial units served by public transport lines departing from all stops identified at
stage 2 were appropriately numbered and organized in the form of a set:

JT={1,...,jt,...,JT} (15)
where:
Jjt - the number of the individual territorial unit,
JT - number of all territorial units served by all public transport lines departing from

all stops identified at stage 2.

To determine the set of territorial units achieved from each public transport stop
station st € ST,,,, the mapping x4 has been introduced, which assigns elements from the
set {0,1} to each element of the Cartesian product ST, x JT, i.e.:

x4 : STptz x JT — {0, 1}, ptz € PTZ2,, spk € SPK2

wherein:

x4 i = 0 when the jt-th territorial unit (j¢ € JT) is not achieved from the st-th public
transport stop station (st € ST,,,),

x4y = 1 when the jt-th territorial unit (jt € JT) is achieved from the st-th public
transport stop station (st € ST),;,).

The set of territorial units achieved from the st-th public transport stop station (st €
ST,;) was determined as:

JTy = {jt : ¥y = 1, jt € JT}, st € STy, ptz € PTZ24y, spk € SPK2 (16)

Whereas the set of territorial units achieved from all public transport stop stations
within one stop is described as:

JTy. = | J JTy, ptz € PTZ24y, spk € SPK2 (17)

steSTy,

Therefore, the number of territorial units served by all public transport lines using
the ptz-th stop is the size of the set JT,,, described as:

foe = Tz, piz € PTZ2yy, spk € SPK2 (18)

. . 1 2 3 .
Next, for each of the criteria iz fprz and otz the weights wy, w, and w3 were

assigned respectively, wherein:

owi=1i=1,..,3 (19)
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The assessment of each stop in terms of its functionality is based on the formula:

Foe =Y Wi fo, i=1,...,3, ptz € PTZ2yy, spk € SPK2 (20)
1
where:
w; - weight for the i-th criterion of the assessment,
J;' tlz - the normalized value of the i-th criterion of the assessment for the p#z-th public
transport stop (normalization techniques have been described, among others in
[20-23]).

Based on the F),,, value the ranking of public transport stops for the entire selected
territorial unit (e.g. city, municipality, district, voivodship) is determined in terms of
their functionality. This means that the stops are organized in a non-increasing order in

terms of the value of the F),, function.

4 Case Study

Two cities: Bedzin and Chorzow, located in Metropolis GZM have been chosen for
further analysis. First stage of proposed method requires identification of all railway
stations and stops in the area of analysis. Table 1 presents railway stations and stops
identified in both analyzed cities.

Table 1. Stations and railway stops identified in analyzed cities.

City Railway station or railway stop

Bedzin | Bedzin Ksawera
Bedzin Miasto
Bedzin
Chorzéw | Chorzéw Batory
Chorzéw Miasto

Chorzow Stary

Basing on data from Table 1 two sets SPK has been established, one for each city.

Next step of proposed method was an imposition of an equidistance with a radius of
250 m and with a center located in the middle of a analyzed railway station or railway
stop. Figures 3 and 4 present equidistance for each station and railway stop respec-
tively in Bedzin and in Chorzow.
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Fig. 3. Equidistance for each station and railway stop in Bedzin (Source: Own research based on

[18])

Fig. 4. Equidistance for each station and railway stop in Chorzow (Source: Own research based
on [18])

In order to establish set PTZ, for each equidistance public transport stops located
within its range have been identified. Results of such identification have been presented
in Table 2.
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Table 2. Identified public transport stops.

City Public transport stop

Bedzin | Bedzin Poczta

Bedzin Dworzec PKP

Bedzin Brata Alberta

Bedzin Sienkiewicza

Nowy Bedzin Dworzec PKP
Bedzin Huta

Chorzow | Chorzow Batory Dworzec PKP
Chorzéw Miasto Dworzec PKP
Chorzow Dworcowa

Chorzow Stary Dworzec PKP

According to an assumption that each public transport stop refers to a particular
station or railway stop each public transport stop from Table 2 was assigned to a
particular railway station or railway stop from Table 1. Results of that assignment have
been presented in Table 3. A public transport stop is assigned to station or railway stop
if it is located in the range of equidistance of particular railway station or railway
stop. In this way a set PTZI g, for each station or railway stop has been created.

Table 3. Public transport stops assigned to each identified station or railway stop.

Station or railway stop | Public transport stop

Bedzin Ksawera -
Bedzin Miasto Bedzin Poczta
Bedzin Dworzec PKP
Bedzin Brata Alberta
Bedzin Sienkiewicza

Bedzin Nowy Bedzin Dworzec PKP
Bedzin Huta

Chorzow Batory Chorzow Batory Dworzec PKP

Chorzéow Miasto Chorzow Miasto Dworzec PKP
Chorzow Dworcowa

Chorzéw Stary Chorzéw Stary Dworzec PKP

If there is no public transport stop assigned to a particular railway station or railway
stop such station or stop is excluded from further analysis. In this manner the set SPK1
has been established. Basing on Table 3 it turns out that only one railway stop has to be
removed from further analysis. Hence, two sets SPKI (each for one city of analysis)
contain following railway stations or railway stop: Bedzin Miasto, Bedzin, Chorzéw
Batory, Chorzéw Miasto, Chorzéw Stary.
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In stage 2 an analysis of walking distanced between a particular station or railway
stop and public transport stops located in the range of its equidistance has been per-
formed. An assumption has been made that the limit value of the length of the route to
reach public transport stop was 250 m.

After analyzing public transport stops from Table 3 it turned out that only one
walking distance exceeded the limit value. Although public transport stop ‘Bedzin
Huta’ is located in the range of the equidistance of railway station ‘Bedzin’ the system
of platforms and railway tracks impedes the access to the public transport stop from the
railway station. Hence, public transport stop ‘Bedzin Huta’ has been removed from
further analysis. Nevertheless, there is still one more public transport stop on the range
of the equidistance of the railway station ‘Bedzin’ which means that this station is not
removed from the analysis. Therefore, the set SPK2 equals the set SPK1, despite the
fact that one public transport stop has been excluded and the set PTZ2,; does not equal
the set PTZI ;.

After performing first two stages of proposed method sets SPK2 and PTZ2,,, have
been established. Set SPK2 contains stations and railway stops that have been chosen
for stage 3 and set PTZ2,,, contains public transport stops that meet all criteria and are
assigned to stations and stops from set SPK2.

List of elements of these sets has been presented in Table 4.

Table 4. Stations, railway stops and public transport stops chosen for the analysis in stage 3.

Elements of set Elements of set PTZ2,,; assigned to each station or railway stop from
SPK2 set SPK2
Bedzin Miasto Bedzin Poczta

Bedzin Dworzec PKP
Bedzin Brata Alberta
Bedzin Sienkiewicza

Bedzin Nowy Bedzin Dworzec PKP

Chorzow Batory Chorzéw Batory Dworzec PKP

Chorzoéw Miasto Chorzoéw Miasto Dworzec PKP
Chorzéw Dworcowa

Chorzow Stary Chorzow Stary Dworzec PKP

In stage 3 of proposed method a ranking of public transport stops has been
determined. Following criteria of functioning of a public transport stop have been
included:

e number of public transport lines serving the stop <]§,',Z),

e the total number of courses per direction for all public transport lines serving the
2
stop ( m),

e number of territorial units served by all public transport lines using the stop ( ],3,2>
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An analysis has been carried out in order to determine values of pllz, p%z and Iftz.
Results have been presented in Table 5.

Table 5. Aspects of functioning of public transport stops.

City Public transport stop pltz -] pztz -] [ftz (-]

Bedzin | Bedzin Poczta 30 4435 |13
Bedzin Dworzec PKP 32 4925 |13
Bedzin Brata Alberta 2 33.0 | 3
Bedzin Sienkiewicza 2 36.0 | 3
Nowy Bedzin Dworzec PKP 3 27.0 | 3

Chorzow | Chorzow Batory Dworzec PKP | 18 486.0 | 7
Chorzéw Miasto Dworzec PKP | 5 98.0 | 2
Chorzéw Dworcowa 4 2160 | 4
Chorzow Stary Dworzec PKP 5 875 | 3

Basing on zero-unitarization method each value from Table 5 has been converted to
a number from a range <0,1>. The following formula has been used.

' fpilz N rll;ltizn ’jtz
= i =1,2,3, ptz € PTZ2,,, spk € SPK2 21
fp[z I]I])gxf;tz _ n[}tlznfl‘;tz 9 y 4y dy P spk P ( )
wherein:
1 . . o .
ijz - normalized value of i-th criterion ( pltz, pztz or ;,Z> for ptz-th object (elements of

PTZ2, sets separately for Bedzin and Chorzéw),

1 2
ptz) Jptz

1

piz - value of i-th criterion ( or ;’tz) for ptz-th object (elements of PTZ2,,; sets

separately for Bedzin and Chorzow).

The values of particular criteria for Bedzin have been presented in Table 6 and for

4 . . . 1 2 3 . .
Chorzow in Table 7. For each of the criteria f,,., /. and f,,. a weight has been assigned.

. . 2 3 . . . l
For criteria f,,, and f; a weight of 0.4 has been chosen whereas for criterion f, a

weight 0.2. Basing on formula (20) the value of a final measure of functionality of a
public transport stop (F,,) has been calculated. Results have been presented in
Tables 8 and 9.
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Table 6. The values of particular criteria for public transport stops in Bgdzin.

Public transport stop pltz (-] pztz -] [ftz -]
Bedzin Poczta 0.89 1093 1.00
Bedzin Dworzec PKP | 1.00 [1.00 |1.00
Bedzin Brata Alberta [0.00 |0.01 | 0.00
Bedzin Sienkiewicza |0.00 |0.02 |0.00
Nowy Bedzin 0.03 |0.03 0.00
Dworzec PKP

Table 7. The values of particular criteria for public transport stops in Chorzow.

Public transport stop pllz (-] pztz (-] 1;”[1 -]
Chorzoéw Batory 1.00 1.00 1.00
Dworzec PKP

Chorzow Miasto 0.07 ]0.03 |0.00
Dworzec PKP

Chorzéw Dworcowa [0.00 [0.32  |0.40
Chorzéow Stary 0.07 ]0.00 |0.20
Dworzec PKP

Table 8. Ranking of public transport stops in Bedzin.

No.

Public transport stop

Fiiz

-]

AR A e

Bedzin Dworzec PKP
Bedzin Poczta

Bedzin Brata Alberta
Bedzin Sienkiewicza

Nowy Bedzin Dworzec PKP

1.00
0.94
0.01
0.01
0.01

Table 9.

Ranking of public transport stops in Chorzow.

No.

Public transport stop

FptZ [7]

Eal el i

Chorzow Batory Dworzec PKP
Chorzow Miasto Dworzec PKP
Chorzéw Dworcowa

Chorzéw Stary Dworzec PKP

1.00
0.02
0.29
0.09

5 Conclusions

Integration of railway transport with other sub-systems of public transport in urban
areas is a complex issue. One of a very important aspects of such integration is a
location of nodes in the railway network that could be integrated with public transport
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stops. It is significant not to choose too many railway stations and stops because of
possibility of unnecessary elongation of journey by train but on the other hand few
places of integration may reduce the level of accessibility to railway transport.
Therefore it is important to develop a method of assessment of public transport stops in
terms of possibility of integration with railway.

The article focuses on spatial integration of public transport as it is the first stage of
integrating different sub-systems. Integration of i.e. timetables should be performed in
specific places that should be identified during the analysis of the possibility of spatial
integration. Selected aspects of operation of public transport have been chosen as a
measures that allow to compare existing public transport stops and identify those which
should be integrated with railway transport in the first place.

A case study has been performed for two cities in Metropolis GZM. Railway
stations and stops as well as public transport stops have been analyzed. For each city a
ranking of public stops in terms of adaptation for integration with railway transport has
been prepared using zero-unitarization method.

Further research may involve different aspects of integration, such as integration of
timetables or fares.
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Abstract. The article addresses the overall body of problems related to syn-
chronisation of traffic streams. With such a perspective in mind, the author
discusses the problem of studying characteristics of traffic streams using a
research tool of his own design. Characteristics of traffic streams affect the
relations between one another (including internal impacts within individual
streams). Consequences of non-synchronised traffic streams include excessive
effects such as vehicle queues and delay in the network. Further outcomes of
non-synchronised streams may be road traffic incidents and accidents. The
article provides a discussion on the general concept of traffic stream synchro-
nisation analysed from the perspective of both internal and external aspects. It
establishes the context against which the problem of traffic self-regulation at
non-signal-controlled intersections is discussed. Synchronisation of traffic
streams appears to be possible, given the prospects of further development
of technologies such as V2V (vehicle to vehicle) and V2I (vehicle to
infrastructure).

Keywords: Traffic stream * Synchronising - Synchronisation + V2V - V2I -
Traffic regulation

1 Introduction

Road traffic streams are described using a number of basic characteristics, such as
traffic volume, density, average speed, average headway between vehicles, average
buffer etc. [1-4]. These characteristics fail in accurately reflecting the irregularity and
inhomogeneity of traffic as it can be observed in reality. What they also fail to reflect is
the relations between different traffic streams. One can observe variability of parameters
in nearly every traffic stream of vehicles.

One may speak of regularity of the vehicular traffic stream when vehicles appear at
the same point at constant time intervals. Homogeneity is the capacity to maintain
traffic volume of a constant level. One may digress on the homogeneity of traffic stream
characteristics in a macroscopic scale, once the effect of the type structure has been
taken into account. Homogeneity of the traffic stream describing characteristics (e.g.
traffic volume) typically pertains to street sections of small length, where it is observed
(in a single cross-section) with regard to small observation intervals. A regular stream
is not necessarily homogeneous, especially for small traffic variations.

Whether or not a traffic stream is regular/homogeneous affects the emergence of
both internal impacts, observed within a single stream, and external impacts between
different streams. A regular traffic stream characterised by considerable variability of
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type structure may be inhomogeneous. High variability of traffic parameters within a
single stream forces individual vehicle drivers to frequently change their driving speed
(traffic self-regulation). All these changes consequently translate into individual vehi-
cles’ impacts and delay, increasing the probability of road traffic collision. Such
problems have been addressed in the literature of the subject from traffic measurement
to the angle of what is referred to as the traffic smoothness theory [5—11]. Irregularity
and inhomogeneity are also deleterious in major vehicular traffic streams in the vicinity
of road intersections. In certain periods, this situation may hinder merging with the
traffic for vehicles incoming from minor approach, effectively reducing the capacity of
selected intersection elements. This is the case when the acceptable critical gap interval
is increased [1, 2]. A lot depends on the selection of route in the transport network
[12-14].

This article discusses results of studies of streams based on measurements of their
positioning in the network [8—10]. These study results have been provided with ref-
erence to pairs of traffic streams combined in a major/minor approach. Based on these
studies, the author has discussed the problem of traffic stream regulation at non-signal-
controlled intersections and the possibility to synchronise streams, claiming that such
an approach is only realistic when using (in the future) contemporary means of com-
munication between automotive vehicles, i.e. V2V (vehicle to vehicle) and V2I
(vehicle to infrastructure).

2 V20, Vehicle to Object (V2V and V2I)

The vehicle to vehicle (V2V) type communication has enabled vehicles driven by
different persons to communicate directly between one another over the road network.
The prerequisite of successful communication is the appropriate infrastructure on-board
the vehicle. Using the means of wireless information exchange between vehicles,
drivers can warn each other about the manoeuvres they are about to perform somewhat
in advance. It should also be stressed that such communication often precedes reactions
of the drivers involved, which result directly from their perceptive and psychophysical
capabilities. This increases the information capacity of the road transport system, and
consequently, an opportunity emerges to optimise transport and to improve it safety.
V2V is essentially a subject-to-subject type of communication, and it steps far beyond
the scope of warning messages.

An extension to the V2V technology is V2I (vehicle to infrastructure), designed to
enable communication between vehicles and the network infrastructure, control sys-
tems and - more broadly - the ITS. According to this communication concept (subject-
to-object type), the transport infrastructure functioning within a traffic lane and in its
vicinity can collect information about the traffic characteristics, traffic incidents, etc.
Consequently, based on the information thus acquired, feedback for vehicles (actually,
in practical terms, for drivers, at least until traffic is optimised) can be generated to meet
specific goals depending on the traffic or weather conditions, traffic organisation or
other temporary needs (adaptation to traffic).

The V2V and V2I infrastructures use diverse technical equipment, mainly devices
which operate on the basis of the wireless technology and the RFID readers. Both the
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transmission between vehicles and that which involves the transport infrastructure are
based on dedicated short range communication (DSRC) frequencies.

This article presents a concept of synchronisation of road traffic stream charac-
teristics which may be implemented using the features offered by the V2V and V2I
technologies (V2¥).

3 Traffic Stream Studying Technique

The studies addressed in this article were conducted using a microprocessor-based
device of the author’s own design intended for detection of the vehicle presence. It was
built on the basis of the RCWL-0516 short range microwave motion sensor. Making
the most of the microwave technology, this device detects vehicles in a distance of up
to ca. 5 m away from the sensor’s front antenna. The detector is coupled with the
ATmega328 2560 microprocessor system. Additionally, the device features the Neo-
6M GPS module enabling it to store vehicle detection data using the GPS system time.
The data are stored on an SD memory card. The motion sensor is capable of monitoring
vehicular traffic in one or two lanes for more than 24 h. Figure la is a photograph
showing the device in a dedicated enclosure. Figure 1b presents the device in opera-
tion. In its miniature version, the detector can be mounted to road shoulder posts,
barriers, cat’s eye type devices, etc.

" : ‘ A : : @n=0
ATmega V7 27.02:2019

Fig. 1. Measuring device: (a) overview photograph, (b) device in operation

During measurements, the device is placed outside the roadway so that the range of
detection is limited to one traffic lane, which affects both the process itself and the
accuracy of detection (its position is calibrated by model detector with counter). As
vehicles move within a lane, which the device covers while performing its detection
function, the passing of individual vehicles is recorded with the accuracy corre-
sponding to that of the GPS time (at 1 s interval).
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4 Selected Measurement Results

Different pairs of streams were parameterised during the studies, namely major and
minor approach at selected intersections (including one roundabout and circular
intersection). The following characteristics have been discussed in this paper with
regard to individual road intersections:

structure no. 1 - two colliding traffic streams, 4 approach,

structure no. 2 - two colliding traffic streams, 3 approach,

structure no. 3 - two colliding traffic streams at a roundabout,

structure no. 4 - two colliding traffic streams at a traffic circle intersection.

Figure 2 contains graphs showing instants of detection of vehicles moving in the major
traffic streams at the structures subject to the study in measurement cross-sections
shown in Fig. 6. The X-axis is divided into consecutive seconds of the measurement
(clocked by a GPS signal), while on the Y-axis, the value of 1 signifies the fact that a
vehicle was detected. The value of zero signifies the fact that a vehicle wasn’t detected.
Several such values in a row means that a single vehicle was detected in consecutive
measurement intervals. The detection time duration depends on the parameters of the
vehicle’s motion, i.e. the lower the speed, the higher the number of detection points.
This is also the case of the heavy vehicles (their length being determinant) - the larger
the type structure, the higher the number of detection points. Therefore, the vehicle
detection depended on the running speed and the traffic structure by type.

Figure 2 demonstrates the considerable irregularity of the traffic streams subject to
the study. One could observe particularly notable intervals separating individual
detection entries at structures no. 2, 3 and 4. The structures were characterised by
diversified intensity of detection entries. Traffic homogeneity was not recorded (non-
surveyed structure by type), however, no atypical distributions of the traffic structure by
type were observed during the measurements.

Figure 3 contains graphs showing instants of detection of the vehicles moving in
the minor stream at the structures in question. Individual axes correspond to the same
quantities as in Fig. 2. One can clearly notice the irregularity of detection entries, and
the intervals separating them are large. There were queues forming at approach, hence
the frequently observed continuous detection signal.

Figure 4 shows headway observed between vehicles moving in the major traffic
streams at the structures examined. Short headway ranging up to several seconds are
predominant. At the first structure, they are from 0 to 3 s long, from 4 to 7 s at the
second one (in fact, in range 0-3; they represent values from 2 to 3 s, since the buffer
time between vehicles was not recorded), and from 8 to 11 s at the fourth one. Very
atypical characteristics were recorded at the third structure, where higher volumes were
observed at a minor approach.

Figure 5 illustrates headway observed between vehicles moving in the minor traffic
streams at the structures examined. As in the case of the major streams, short headway
of ca. several seconds are predominant. They come to 0-3 s at the first and the second
structure. They range from 4 to 7 s at fourth structures. One can also notice that longer
headway, exceeding 28 s, started being recorded. And again, the characteristics of
structure no. 3 were atypical compared to others.
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Figure 6 provides schematic diagrams representing the intersections where char-
acteristics of traffic streams were studied. On the diagrams, the examined traffic streams
have been indicated and the cross-section designated with cubes. An green arrow marks
the plane of symmetry of the motion detection area.
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Fig. 6. Traffic streams studied at the respective intersections: (a) structure no. 1, (b) structure no.
2, (c) structure no. 3, (d) structure no. 4

Variability of daily, weekly, monthly and long-term traffic causes that traffic
research should be carried out constantly [8—10]. Such research should be carried out
for various types of objects. Comprehensive research in all network areas is conducive
to the presented method.

5 Traffic Stream Synchronisation Method

Traffic in the transport network may either be regulated or self-regulating. Railway
traffic is regulated, since every section of the network which may be occupied by a one
rail vehicle is controlled by control systems or by a traffic management system (save for
individual special traffic management cases). Unlike railway traffic, road traffic regu-
lates itself. A special form of traffic self-regulation can be observed at non-signal-
controlled intersections. Drivers entering these road structures from minor approach
regulate their respective driving parameters in order to adapt to the applicable traffic
regulations and the traffic conditions observed. This is how the traffic stream self-
regulation is achieved. When another vehicle positions itself in a field of collision (with
the major stream) at a non-signal-controlled intersection, such regulation is obligatory,
and it is individually performed by the vehicle using the minor street, without any
intervention of traffic control systems. In this process, there are certain differences
between traffic signs A7 and B20.

In terms of traffic self-regulation, one should distinguish between the probability of
traffic regulation on a global and local scale. Both global and local traffic regulation
involves the prohibition to merge with traffic at an intersection imposed upon a vehicle
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approaching from a minor street on account of other vehicles using major streams
(taking places in a field of collision). The difference between global and local regu-
lation is that of the reference level (stream vs. vehicle), and the global probability of
traffic regulation is calculated over the entire period of observation of the minor stream
(e.g. measurement intervals: 10, 15, 20, 30 and 60 min). This probability is not always
linked with a single vehicle, but also with an entire traffic stream in the chosen
observation period. Hence the term global (macroscopic). It is given by a quotient of
the out-of-traffic time for the minor stream and the analysis period (Relation 1). The
collision area is blocked by vehicles moving in major streams. For the major stream,
the estimated probability of the collision area being occupied (otherwise referred to as
forced regulation, exclusion from traffic) is calculated as (PSRN):

P = M (1)
m ta

where:

P, - estimated probability of the collision area occupation (forced potential

regulation) calculated for the major traffic stream (rn) by taking the total
collision area occupancy (exclusion) time into account [-]. Pertains to the chosen
minor stream,

t - i™ measurement interval where occupancy of a major road by vehicles using the
major stream (i) is identified directly in front of the collision area [minutes],

t, - selected global analysis period [minutes],

n - number of intervals occupied by vehicles using major streams which collide
with the analysed minor stream [-],

k - correction coefficient resulting from the time required to arrive at the point of

collision with the minor stream [-].

Relation (1) is an estimation, since the calculation of the probability at which the
collision area is excluded from use for the minor streams results from the occupancy of
the major approach directly before the major streams enter the intersection’s (which is
how the detector counts it). This time may differ from the actual occupancy of the
intersection’s conflict zone. In a longer time horizon, this would require further
development of an occupancy validation method. An alternative solution is to directly
examine the conflict zone occupancy, e.g. using visual techniques which are more
expensive in both design and operation, but also more accurate in this specific case.
This problem will be addressed by the author in further publications.

And analogically, for the minor stream, one can calculate the probability at which
an attempt is made to enter the conflict zone, which may be referred to as the proba-
bility of direct access to the conflict zone (PxRP):

u

§  Lixp

_ j=1"]

P, ===
a

(2)
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where:

Py, - probability of direct access to the conflict zone for the minor traffic stream,
involving a vehicle standing first in a queue at a minor approach with a
(potential) possibility to merge with traffic [-],

t - /™ measurement interval where occupancy of a minor approach by the minor
stream’s vehicle (queued first) is identified [seconds, minutes],

u - number of intervals occupied by the minor stream’s vehicles [-],

p - correction coefficient resulting from the time required to arrive at the point of

conflict with the major stream [-].

Relation (2) is also an estimation to a certain extent, as it disregards the queue
length, while it only takes into account the fact of a vehicle being present and queued
first at the minor approach. In practice, vehicles using major traffic streams often
occupy the conflict zones at non-signal-controlled intersections at the same time, which
does not largely increase the global time for which the minor approach vehicles cannot
merge with traffic, and consequently:

Do tixk — ZE Iw

P, = 5 G)
where:
tw - time for which the conflict zones are occupied by the major stream’s vehicles
which merged with traffic at the intersection in time i + At [seconds],
m - number of vehicles simultaneously having access to the intersection’s conflict
zones [-].

This is how the probability of forced regulation was defined at a non-signal-
controlled intersection using the occupancy of the conflict zones and the probability of
direct access to the conflict zones at a minor approach.

For a single vehicle using the minor stream, the probability of global regulation is
merely an indicator of the quality of traffic at the minor approach. Such datum can be
used in control algorithms. In practice, on account of the irregularity of traffic, one
should determine what is referred to as probability of local regulation for each vehicle
separately (in a very short time interval when the vehicle is waiting for an opportunity
to perform a manoeuvre, taking into account temporary traffic conditions and primarily
the conditions that are relevant to this vehicle):

ot ot
Py, =t @
ta t
where:
P4 - probability of forced local regulation for a single vehicle A [-],
t - i™ measurement interval where occupancy of a major approach by a vehicle has

been identified [seconds],
ta - local analysis period [seconds]; #, > 2,
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S

- number of intervals occupied by the major stream’s vehicles [-],

tin — _ traffic irregularity coefficient chosen in such a way as to match the analysis
period, being the quotient of minimum headway between vehicles and the
average one [-].

~1E

An event of a vehicle emerging at the minor approach is established with a certain
probability, determining the possibility to directly access the conflict zones:

ph = il foin Loin (5)
v la il
where:
P/r‘lp - probability of a vehicle emerging/waiting at the minor approach [-],
Iy - k™ measurement interval where occupancy of a minor approach by a vehicle
has been identified [seconds],
o - number of intervals occupied at a minor approach [-],
lmT - coefficient of irregularity of a queue at a minor approach, being the minimum

queue length in observation period to average queue length ratio.

Calculation of traffic regulation parameters is only useful in practice in cases when
a vehicle is present at the major and the minor approach at the same time, regardless of
the configuration of conflicting streams (mutual self-regulation of vehicles at major
approach has not been taken into consideration). Otherwise, traffic regulation is typi-
cally absent, or it is highly specific. For minor approach, and with no vehicles in the
major stream, it is the traffic case regulated by the B20 sign. Whether or not a vehicle
emerges at a minor approach simultaneously with another vehicle emerging at a major
approach is not interdependent (save for certain cases), which is why local traffic
regulation (RRL) occurs when:

RRL = P, * P}, (6)
And analogically, the probability of global regulation equals:

RRG = P;, x P%, (7)

Comparing respective probabilities using the research technique discussed in this
article (i.e. presence detector) is intuitive and quick. It is the very fundamental
advantage of the method in question. It suffices to sum up the relevant intervals
connected with the fact that a vehicle has been detected in the relevant measurement
cross-sections of major and minor approach, and to multiply them by the correction
coefficients pre-established with reference to the intersection geometry measurement.
Assuming that vehicle presence detectors dedicated to individual traffic streams have
been installed at the intersection, one may collate tables of traffic regulation probability
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for all conflicting streams on a real-time basis. Table 1 summarises the global regu-
lation probabilities calculated for the four structures analysed. It is easy to notice that
none of the examined objects during the observation was excessively burdened with
traffic. What can not be said about individual approach.

Table 1. Probability of global regulation.

Structure no. Probability PSRN Probability PxRP Probability RRG % of observation time
1 0418 0.282 0.118 12
2 0.369 0.474 0.175 17
3 0.075 0.086 0.006 1
4 0.312 0.312 0.097 10

Note: structure no. 4 is characterised by identical probabilities for both traffic streams analysed, i.e. the
major and the minor one.

In practice, it is the period of local analysis, understood as the time for which traffic
regulation is measured for individual vehicles using a minor approach, that proves
crucial from the perspective of synchronisation of traffic streams. The foregoing stems
from the dynamics of changes in traffic characteristics observed in practice.
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Fig. 7. Graphs of local regulation probability for the time of 60 s

During this period of time, one also determines the probability of the conflict zone
being occupied by vehicles moving in major streams. Unlike the global traffic regu-
lation analysis, local analyses should be conducted for very short time intervals. In
accordance with the research results provided in the literature of the subject, most
drivers representing typical populations make use of nearly all critical gap times within
up to 20 s [1, 2]. A typical driver merges with traffic within a period of time ranging
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between 3 and 20 s (with a dominant less than 10 s). Therefore, according to the
author, one should study the probability of local regulation in intervals of 10, 20, 30, 40
and 60 s. In the local regulation calculations, structure no. 1 was used as an example,
and the regulation probability analysis interval was assumed to equal 60, 20 and 10 s.
Figure 7 provides a graph of local regulation probability for all vehicles at structure no.
1, assuming an interval of 60 s (blue - probability of occupancy, orange - probability of
direct access).

Interpretation of Fig. 7 may be such that the longer time of local analysis implies
higher probability of occupancy of the intersection’s collision zones versus the prob-
ability of having a direct opportunity to perform a manoeuvre (which results from the
traffic structure). For the exponential model, the curves are almost parallel. This
statement requires further research in order to generalize.
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Fig. 8. Graphs of local regulation probability for the time of 20 s

For shorter periods of local analysis, the probabilities in question are becoming
even on average, however, one can observe their considerable inhomogeneity in time.
Both probabilities increase compared to Fig. 7 (exponential time intervals).

Figures 6, 7, 8 and 9 illustrate the fact that, for the traffic streams subject to
analysis, one finds disadvantageous synchronisation in time to occur for all observation
intervals (10, 20 and 60 s). What one can also observe is a nearly constant probability
of blocking (blue polyline, Fig. 10). These cases (only 4 object) may obviously be
specific. However, if the blue straight line (intervals: 20-60 s) in Fig. 10 descended
more rapidly (negative slope), it would be possible that the probability of regulation
should be reduced by changing the time intervals between vehicles in a horizon of up to
60 consecutive seconds (remark: very similar period to average signalisation cycle in
Poland). The foregoing means that, on average, a delay is introduced for every vehicle
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running in the traffic stream at the minor approach before reaching the intersection
(detection entries are spread over a period of 60 s), but it will consequently cause a
quicker entry into the conflict zone. One can also analyse forced acceleration, but the
legitimacy of such an approach is dubious at road junctions. The difference between a
delay in the minor stream and the benefit resulting from passing the conflict zones more
effectively requires further statistical research.
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Fig. 9. Graphs of local regulation probability for the time of 10 s
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Figure 10 clearly shows that the probability of forced regulation at the structure
subject to analysis is nearly constant and independent of the analysis time (the dif-
ferences are so small that they have been intentionally exposed by appropriate words),
while the probability of direct access declines as the analysis time increases.

Hence the question about the conditions which the major and minor traffic streams
must meet to increase the capacity. First and foremost, the probability of forced traffic
regulation must be low. It is not appropriate to achieve this by reducing the major traffic
stream, since traffic issues will merely be shifted to another intersection. It may,
however, be accomplished by deliberately changing time intervals between vehicles, so
that the headway suffice to enable the minor stream vehicles to merge with traffic.
Another question is whether delaying the major stream vehicles makes any sense. It
may prove reasonable provided that the analysis covers the entire network area instead
of being limited to individual intersections. Therefore, from such a perspective, the
distribution of headway in the major stream is optimised depending on the charac-
teristics of detection entries at the minor approach, as given below:

minimum P, — optimum{1;(q,) } (8)
where:
te - set of headway in the major stream [seconds],
g, - intensity of detection entries in the minor stream [-].

Relation (8) implies that minimisation of the probability of forced traffic regulation
is attained for a known distribution of headway in the major stream, the latter being
modified depending on the temporary intensity of detection entries at the minor
approach. A converse procedure entails regulation of intensity of detection entries at
the minor approach.

The V2V and V2I technologies provide adequate tools to regulate headway in the
major and/or the intensity of detection entries in the minor stream. These technologies
make it possible to communicate the need to adapt the traffic speed to enable merging
with traffic at the subsequent road junction (desirable speed). In the case of automated
traffic, such procedures may be used to directly regulate vehicle driving speed in both
streams. Synchronisation of traffic streams may also pertain to their internal structure,
without taking the parameters of collision streams into consideration. From such a
perspective, the V2V and V2I technologies allow for the average traffic stream speed to
be regulated by regulating the speed of individual vehicles. It should be noted that,
irrespective of the conditions required to adapt vehicles to the V2V communication, the
traffic regulation capability will also depend on other technical factors, including the
road infrastructure condition. The road pavement condition, route path and type of
product (type of vehicle) may prevent regulation of the traffic stream speed in broad
ranges of values [15-20]. On the one hand, the poor condition of roads and so slow
down the flow of traffic. On the other hand, it makes it impossible to make wider
changes to its parameters. Nevertheless, examining the condition of the road surface is
helpful to implement this method. Changes in the parameters of the traffic flows must
take into account the condition of the road surface.
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6 Conclusions

The article describes the method of studying and parameterisation of road traffic
streams using a tool of the author’s own design which enables simple and quick
estimation of approximate values of probability of traffic regulation at non-signal-
controlled intersections. The traffic regulation probability is estimated by totting binary
values describing the chosen pairs of major and minor traffic streams or their sets.
Based on the estimated values of the probabilities in question, they can be minimised
by optimising the distribution of headway in the major stream and the intensity of
detection entries in the minor stream.

The traffic synchronisation technique proposed by the author requires validation,
for instance by visual means, in order to determine the relationship between the esti-
mated regulation probability and the actual time of occupancy of the conflict zones.
Such studies should also comprise atypical geometric parameters of minor approach.
This, as stated, requires further research in a larger statistical material (not only 4
object). Both the major and the minor traffic stream can be synchronised by means of
adequate communication messages transferred via the V2V and V2I channels. In the
case of traditional traffic (without autonomous vehicles), one will observe delay dif-
ficult to estimate, emerging on account of the manual process of speed regulation in the
major and minor streams. Synchronisation of traffic streams will become feasible, and
with increasing efficiency, as the share of autonomous vehicles in traffic grows (in the
perspective of 2050).

With regard to the foregoing research, a dedicated method has been developed and
presented in this paper, one which enables analysis of the possibility introduction of
synchronisation process in traffic stream in vast areas of the road network by means of
predefined measures (presence detectors operating on binary values). The traditionally
applied reductionistic description of road traffic processes (measurement with classical
counters e.g. loops) has been replaced in this method with a near quasi continuous
examinations (cheap and small detectors). The devices used in the field tests can be
minimised. Even to the size of the cat’s eye (row size in relation to the loop). It is more
suitable for contemporary road networks where the dynamics of traffic has been
growing systematically. The vehicle queues observed in contemporary road networks
often cross administrative borders of municipalities within which traffic is organised.
Hence the legitimacy of the author holistic approach [11].

Another interesting issue is to take into account the homogeneity of the travel
behaviour in traffic network space. Tools such as travel planners make it possible to
predict the load on the cross-sections of the road network. They allow, to a certain
extent, the parameterization of the corresponding probabilities [12, 14, 16].

Of course there are cases in which this method can not be used. This applies, for
example, to the passage of columns of emergency vehicles, governments column,
transportation of unexploded ordnance, explosives and hazardous substances [18]. In
these cases, synchronization is debatable. Nevertheless, the network occupancy of such
vehicles is negligible with some exclusions (capital city area).
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Abstract. In recent years, the installation of roundabout (RAB) has been
promoted in Japan since roundabouts can be operated safely and at the time of
disaster. However, due to the limited cases, the impacts of geometry under
Japanese situation have not been totally understood and certificated. Thus, in
this analysis, five roundabouts which have different geometric structures were
created for examining the impacts through conducting experiments using a
driving simulator (DS). It was confirmed that the influence of the entry radius
was strong, and the larger the entry radius, the faster the entry speed and the
farther the driving position from the RAB center. Moreover, from this study, it is
possible to confirm the effectiveness of using DS for examining the geometric
impacts. The application of DS experiments under more conditions is expected
in future.

Keywords: Roundabout - Geometry * Driver behavior + Driving simulation

1 Introduction

q

Check for
updates

With the revision of the Road Traffic Law in 2014, roundabout has been officially
identified in Japan and the installation has been promoted. Vehicle behavior at
roundabout is largely dependent on geometry. However, in Japan, due to some unique
circumstances such as left-handed traffic and limited space, it is impossible to totally
follow and apply overseas experience. The following matters are shown in the
Roundabout Manual [1] as the relationship between the geometric structure and the
vehicle behavior at roundabout:

© Springer Nature Switzerland AG 2020
E. Macioszek et al. (Eds.): TSTP 2019, LNITIL pp. 103-114, 2020.
https://doi.org/10.1007/978-3-030-39109-6_8

the speed may increase under the geometry structure of the entry and exit radius,
and outer diameter which steering wheel is only by one operation from enter to exit,
as the relation between the outer diameter and the central island diameter, when the
central island is small, the speed of straight vehicles becomes high,
the impact of outer diameter, entry/exit radius, circulating road width and central
island diameter are closely related and they cannot be designed separately.
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Moreover, in the report of International Association of Traffic and Safety Sciences
(Studies on social implementation and promotion of roundabouts) [2], the central island
diameter was verified by social experiments to show that the traveling speed tended to
increase with inappropriate central island diameter.

However, due to the various road and experiment conditions, it is difficult to
summarize the impact of each geometry element separately. Therefore, in this research,
a relatively inexpensive and easy way-driving simulator (hereafter DS) for conducting
experiment is applied to identify the impact of geometry independently. Through
drawing several roundabouts with different geometry structures in DS, the impact of
entry radius and center island diameter are expected to be elucidated.

2 Literature Review

Impact of Geometry at Roundabouts

Roundabout Manual of Japan [1] has been published in 2016. The manual describes the
basic concepts of planning, design, and operation that are necessary for actively
installing roundabout in Japan, and summarizes the technical basic matters related to
design. The manual covers the definitions and types of roundabouts, application con-
ditions, geometric design, traffic operations using road signs, etc. In this study, these
indicators are used as a reference. However, due to few installation experiences, there
are some geometric structures such as entry radius and central island diameter that are
not clearly described. Therefore, in this research, experiments were conducted focusing
on the entry radius and central island diameter.

The reports of International Association of Traffic and Safety Sciences (Research
on practical development of safe and eco-roundabout I-IV, Studies on social imple-
mentation and promotion of roundabouts [-III) [2—8] recorded social experiments of
Japan from 2009 to 2014. In each case, the history of achieving roundabout, points
taken into consideration when converting to roundabout in social experiments,
achievements, considerations, and points improved by implementation are summarized.
However, in the social experiment, since the roadside environment in the surrounding
area also affects the vehicle behavior, it is difficult to obtain the pure influence of the
geometrical structure. For this reason, in this study, driving simulator is used to conduct
an experiment with a constant roadside environment.

Kobayashi et al. [9] compared and summarized design concepts based on technical
standards in foreign countries with the aim of accumulating roundabout knowledge. In
addition, trial design based on the design vehicle and driving method of Japan and
driving experiment using the actual vehicle were performed. Through these experi-
ments, standard values of outer diameter, central island diameter and circulating road
width which are the most basic elements of the geometric structure were discussed.
However, in large-scale driving experiments using actual vehicles, due to the high cost
and long time, types of geometric structures which can be examined are limited. Thus,
other geometric structures which have not been examined should also be considered.

Yoshioka et al. [10] tested the traveling speed at regular roundabout. The speed in
the circulating road was approximately 20 km/h, and after passing by the central island,
the speed was increased until exiting roundabout. Moreover, the entry speed showed
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large variation in the analysis. In addition, there was a correlation between the trav-
elling position passing through central island and the radius of curvature of the trav-
eling path, and as a result, impact on the speed in circulating road was confirmed.
Based on this analysis, the necessity of focusing on entry speed is defined.

Driving Simulator (DS)

Oshima et al. [11] summarized the application needs and issues of DS through inter-
views with relevant organizations and literature survey. In particular, since DS has the
utility value “scenarios that can only be evaluated in DS”, the reproducibility, weather,
etc. that are difficult to set in actual experiment or repeat under the same conditions can
be easily controlled in DS. In addition, it is also useful in technical evaluation for
dangerous events that can not be tested on actual vehicles. There are three problems
that DS have, “standardization of evaluation method”, “real environment repro-
ducibility of simulator and simulator sickness”, and “load on scenario creation and
customization”. The study will be conducted under paying attention to these issues.

The Relationship Between Travelling Speed and Safety Performance

As recorded in WHO [12] speed management: A road safety manual for decision-
makers and practitioners, cars and pedestrian fatality rates is significantly influenced by
speed. According to the results, the fatality rate becomes 80% or more when the car
collides with the pedestrian at the speed of 50 km/h or more. On the other hand, the
fatality rate is reduced to 10% or less than this value when the vehicle speed is lower
than 30 km/h. By this, speed is considered as the safety index in this study.

3 Methodology

Hypothesized Geometric Layout
The basic geometry layout which is hypothesized in this study is shown in Fig. 1.
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Fig. 1. Roundabout geometry
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It is a regular four-leg roundabout with physical separate island and apron around
central island. The value of geometry elements such outer diameter are shown in
Table 1.

Table 1. The value of geometry [m].

RAB geometry a b c d e
Standard 27.00|5.00|1.50 | 12.00 | 8.75
Large entry radius (L-ER) 1.50 | 12.00 | 15.00
Small entry radius (S-ER) 1.50 | 12.00 | 4.00
Large central island diameter 2.5010.00 | 8.75
(L-CID)

Small central island diameter 0.50 | 14.00 | 8.75
(L-CID)

For all examined cases, the outer diameter values are assumed to be 27 m based on
discription of Roundabout Manual of Japan [1]. The circulatory road width is fixed to
be 5 m. Based on previous analysis [2, 3], it is roungly known that entry radius and
central island diameter have significant impact on driving behavior at roundabout, but it
is not clearly recorded in Roundabout Manul of Japan [1]. Thus, these two geometry
elements are selected as examined factros.

Driving Simulator (DS)

Figure 2 shows the DS used in this experiment. It is operated based on FORUM 8§
“Compact Research Simulator” system and supported by “TOKEN C.E.E. Consultants
Co. Ltd”. The DS is characterized by no motion (inclination of the vehicle is not
reproduced, etc.), three LCD monitors, and the seat and steering wheel are made similar
to those of actual vehicle. The application sof winkers, accelerator pedals, brake pedals,
side brakes, shifts lever are reproduced. The operation system of this driving simulator
is “UC-win/Road Drive Simulator” which manufactured by FORUM 8.

—

Fig. 2. Applied DS in this experiment

Subject of Experiment
20 subjects who are staff of TOKEN C.E.E. Consultants Co. Ltd participate in this
experimet. Figure 3 shows the age, gender ratio and driving frequency of 20 subjects.
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Age (person) Gender (person) Driving frequency (person)

Almost not drive More than 3

times/week
3 Once/month,
” \
408 Once/week
8 15

Fig. 3. Information of subjects

According to the graph, the majority is around 40 s, and the male/female ratio was
15:5. About driving frequency, many people were driving about once a week. Also,
according to the questionnaire, out of the 20 subjects, 10 had experience of driving at
roundabout.

Driving Course
Figure 4 shows one example of driving courses in formal experiment. Five hypothe-

sized roundabouts are located at flat space as a straight line and the space between
adjacent two roundabouts is equally set to be 200 m. Instruction “going straight” is
given before subject entering roundabout. Five roundabout connection patterns are
prepared, and they are randomly assigned to subjects. In order to purely examine the
impact of geometry, subject vehicle is assumed to passenger car and set to be free-flow
vehicle during driving. Trees are planted at regular intervals to give a sense of speed.
Experiment screen is shown in Fig. 5.

Fig. 4. Experiment course

Sequence of Experiment

The sequence of experiment are explained to subjects before formal experiment, but the
intention of experiment and difference of roundabouts are not explained to subjects. At
the beginning of formal experiment, there is 5-min test driving. Then, formal driving
experiment are conducted as “first driving-rest-second driving”.

In the end after all driving, all subjects are requested to answer questionnaire about
this experiment. In the questionnaire, in addition to basic information such as age,
driving frequency, roundabout driving experience, in this experiment, subjects are also
requested to answer the question “Did you feel any difference in the structure of
roundabout during driving?”.
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Fig. 5. Screen shot of experiment

S2:1/2 cir

H S3: 3/4 cir
%

S2:1/4 cir

S1: entry lire

Fig. 6. Definition of section (cir: circulating road)

4 Results and Discussion

4.1 Reliability of Driving Simulator

In order to classify the difference of driving behavior between in DS and in real world,
travelling speed at standard geometry is compared at first. In DS, the layout of standard
geometry is shown in Table 1, and in real world, roundabout located in Yaizu City,
Shizuoka Profecture (outer diameter: 27 m, circulating road width: 5 m, apron width:
2 m, central island diameter: 11 m) is selected. Five sectors from entry to exit which
are shown in Fig. 6 are identified for comparing travelling speed. The result is shown in
Fig. 7. Subjects of DS and real roundabout are from two different groups. T-test is
conducted at each sector and it is found that 5% significant difference obtained expect
central sector S3. The difference is considered that the results of Yaizu roundabout
were observed by citizens who are familiar with travelling roundabout that would pass
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by higher speed, especially at the moment entering and exiting roundabout. The biggest
difference of speed is 5 km/h at entry line and exit line which is reasonable and
acceptable, thus, it is certified that DS can reasonably reproduce driver behavior.

45 Observed
40 results
35

Observed

~ f ,
E [ 30 i |l average
=
3
%)
10 DS results
5 (Stan)
0
S1 S2 S3 S4 S5
Section

Fig. 7. Speed comparison of standard roundabout and field site

4.2 Impact of Geometry on Speed and Trajectory

Speed Comparison
Figure 8 shows the results of sector travelling speed of five hypothesized roundabouts.
With regard to the entry radius, traveling speed shows higher value under the geometry
of large entry radius comparing to other cases from entering to exiting. In addition, T-
tests are performed on “large entry radiuss” and “small entry radius” at each sector. At
the sector S1 (entry line), the results show 5% significant difference. It is because the
larger the corner radius, the easier it is to bend and the higher the speed tends to be.
On the other hand, a large difference is not obtained for the central island diameter.
A T test is performed on the “large central island diameters” and the “small central
island diameter”, and a 5% significant difference is not obtained for all cross sections.
This may be caused by fixing the circulating road width in this experiment. Although
the central island diameter is changed, apron width is also changed depending on the
central island diameter for fixing circulating road width. Due to this, it is supposed that
circulating road width has greater impact on travelling speed that central island
diameter. On the other hand, the step of apron could not be made in DS, thus, although
apron width shows significant difference in screen, it could not influence driver
behavior as real world.
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Fig. 8. Speed comparison of five roundabouts

Comparison of Trajectory

In order to compare vehicle trajectory, Y coordinates in each section are collected and
the results of five roundabouts are shown in Fig. 9. The origin O of the Y coordinate is
defined at the center of roundabout’s central island, as shown in Fig. 6.

10 / —@— Standard
- L-ER
Outer e— S-ER
2 9 diameter S -CID
~ —e— L-CID
[}
= 8
g
3
3
8 7
o
>~
6
5 Central
island
4

S1 S2 S3 S4 S5

Fig. 9. Comparison of trajectory of five roundabouts

As a result of the entry radius, based on the result of T test on “large entry radius”
and “small entry radius”, a 5% significant difference of two conditions was obtained on
entry section S1 and the exit section S5. It is a reasonable result since entry radius have
impact on entry speed, further influencing trajectory at entry corner. Thus, the impact of
entry radius on travel trajectory is identified. Moreover, since difference of driving
behavior by DS under three patterns of entry radius have been performed, DS can be
applied as an effect way in understanding influence of roundabout geometry.
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On the other hand, the difference of Y coordinates on “central island diameter”
cannot be found at any section. Like the reason of speed, although central island
diameter has been changed, circulating road width is fixed through adjusting apron
width. And under the suppose that circulating road width has greater impact than
central island diameter, trajectory may not significantly change when fixing circulating
road width.

4.3 Entry Radius and Entry Design

Based on the results shown above, it is suggested that the entry radius have strong
impact at entry. Thus, several analyses are conducted to show more details.

The steering wheel operation data between the section 12 m in front of entry line
and the section 2 m after exit line is collected and the results are shown in Fig. 10. The
“large entry radius” case starts to operate the steering wheel relatively early. The reason
is considered that the larger the entry radius, the wider the cornering range. based on
the T-test result, it is found that at the position 1.5 m in front of entry line, T-test shows
5% significant difference. Moreover, it is suggested that in the case of “large entry
radius”, the overall amount of steering wheel operation is smaller, and it tends to entry
more easily and smoothly than the case of “small entry radius”. This result can
response to the questionnaire opinions like “there was roundabout easy to drive and
roundabout hard to drive” and “there was difference in the easiness of driving though it
was not visually understood”. Thus, the impact of entry radius is also confirmed by
drivers’ feeling. However, as it was confirmed in the speed comparison, the speed tends
to increase as the entry radius increases, and it should be pay attention that if the ease of
driving increases, further increasing the entry speed and this kind of design will lose
safety performance of roundabout. Therefore, the entry radius considering the ease of
driving and safety performance is required in future discussion.

—0— Standarld
o L-ER
—e— S-ER

0.25
0.31

5% significant
difference

0.5
-12.0 m S1 2.0m
X coordinate (m)

Average steering wheel
operation (roll)

Fig. 10. The result of steering wheel operation at entry

The relationship between the entry radius and the entry speed and entry position
(distance between center of roundabout and the position of left-front wheel of vehicle
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when passing the entry line) is shown in Fig. 11a and b, respectively. As the entry
radius increases, the entry speed increases, and the entry position is farther from the
roundabout center. Moreover, a correlation tendency is suggested due to the results.
However, since there are only three patterns which were examined in this experiment,
further DS experiments are required.

a). Average speed b). Entry position
35 14.8
= 30 _ 146
H g
25 = 144
B 20 £ 142
2 3
2 15 2 140
o0
£ 10 g 13.8
Z s 13.6
0 13.4
$:40  Standard:8.75 L 150 S:40  Standard:875  L: 150
Entry radius (m) Entry radius (m)

Fig. 11. The correlation tendency of entry radius and speed/entry position

5 Conclusions and Future Work

In the world, roundabouts are very popular type of intersections [13—16]. In this study,
a driving experiment for examining impact of roundabout geometry was performed
though applying driving simulator. Entry radius and central island diameter were
selected as the examined factors. The impacts of these two factors were examined
through analyzing speed, trajectory and steering wheel operation. Also, from this
experiment, the applicability and reliability of DS was also examined. From this study,
it can be concluded that:

e DS showed lower speed performance (2-3 km/h) than real observation. While,
since considering the slight difference of geometry and characteristics of subjects, it
is recognized that DS can provide quite reasonable performance for examining
driver behavior. The application of DS in future is expected,

e the influence of the entry radius was confirmed at entry and exit. Especially around
entry line, the larger the entry radius, the higher the entry speed and farther passing
position from roundabout center. In addition, the amount of steering wheel oper-
ation decreases as the entry radius increasing, further causing driving at entry easier
and much more smooth. On the other hand, since this easy driving may decrease the
safety performance of roundabout, engineers should pay more attention on entry
area design at roundabouts,

e the influence of the central island diameter could not be confirmed from this
experiment. It was supposed that circulating road width provide greater impact on
driving behavior than center island diameter, especially when vehicle driving in
circulating road.
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For future work, experiments under more roundabout geometry structures are

desired. In particular, the correlation tendency of entry radius and speed or trajectory is
expected to be clarified by increasing patterns of entry radius.
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Abstract. The introduction of countdown timers at signalized intersections
changes the perception of traffic control signals by drivers. Devices can have
negative impact on safety, manifested by an increased number of dangerous
behaviour events such as early starts during red signals and rear end collisions.
On the other hand countdown timers can affect the traffic conditions at inter-
sections, as drivers receive advance information on the changes of traffic lights.
This information favours drivers earlier starts and lower time losses for inter-
section entries. The problem is analysed using video data collected at inter-
sections using UAVs. Intersections with varying traffic conditions are chosen as
test sites. Traffic is observed at whole intersections including approaches with
queues of up to several vehicles. Measures of drivers behaviour changes such as:
start time and intersection travel through speed related to the intersection traffic
conditions are discussed.

Keywords: Countdown timer * Driver behaviour - Signalized intersections *
Traffic parameters

1 Introduction

The scope of the information perceived by the driver, in the course of driving a vehicle,
highly affects his behaviour. A smooth and explicit drive is an important factor
determining the safety and influencing traffic conditions in road traffic networks. Road
signs, traffic lights signals constitute the basic information sources, these are supple-
mented by a plethora of other sources among them: variable message signs, traffic
information broadcasts, countdown timers. Countdown timers are devices tightly
coupled with traffic light signals in the sense that the presented information is derived
from data provided by road traffic lights controllers.

Countdown timers (CTs) are regarded as supporting devices at signalized inter-
sections. CTs display elapsing time values indicating moments of traffic lights changes.
The current CT constructions are not fully integrated with the functioning of traffic
controllers [1]. The countdown procedures are triggered by signals from the traffic
controllers but it is not possible to dynamically change the initial time values presented
by the counters. Traffic controllers implementing fixed time control traffic plans can be
supplemented with CTs.
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The introduction of countdown timers at signalized intersections changes the per-
ception of traffic control signals by drivers [2]. Drivers receive information on the
operation of the traffic lights controller at the intersection. Depending on the drivers
nature this can be a source of stress or motivation to act when the lights change.
Nervous drivers may initiate dangerous behaviours such as intersections entries at red
signals or rear end collisions. Motivated drivers can increase the efficiency of the
intersection by diminishing start times thus allowing a larger number of vehicles to pass
through the intersection during green times.

The impact of CT on drivers behaviour is not only the outcome of drivers nature
but is also determined by the circumstances of travelling. Traffic conditions and the
operation of traffic controllers play a significant role in defining the factors describing
the CT impact.

The aim of the study is to determine and analyse the factors affecting the drivers
behaviour when CTs are introduced. The results can be used to justify the introduction
of CTs at newly designed intersections or in order to enhance the performance of
existing ones. Manual collection of drivers behaviour data is laborious and may not be
accurate so automatic collection is preferred. Video data is chosen as the basic source
of data. This can be analysed off-line and provide the most comprehensive set of
description parameters of drivers behaviour. Traffic is observed at whole intersections
including approaches with queues of up to several vehicles. UAVs equipped with high
resolution cameras are used to collect traffic data.

The paper is organized as follows: Sect. 2 discusses the current results of studies in
the field of CTs effects and places the proposed approach in this field. Section 3
presents the method of data processing for determining the significance of factors
affecting the drivers behaviour. Three factors are chosen: start time, intersection travel
through speed, intersection traffic conditions. This is followed by Sect. 4, which dis-
cusses the results of the analysis of the impact of the CTs on drivers behaviour.
Section 5 of the paper contains conclusions and propositions for future work.

2 Related Works

The perception of traffic control signals supported by CTs affects three main driving
decisions that is:

e to stop when the green light signal ends,
e to continue driving when the green signal ends and pass the intersection,
e to pass the stop line at the beginning of the red light signal.

The consequences of these decisions may contribute to the reduction of the inter-
section safety and bring about changes in traffic conditions at the intersection [3].
Overall important are also consecutive decisions made by drivers in vehicle queues at
the intersection approaches.

The authors of the study presented in [4] give an analysis of the impact of the CT
on the behaviour of the drivers in a queue of vehicles. The results of the study indicate
that CTs improve the ability of the drivers to decide whether to stop or to enter the
intersection. The number of hesitant decisions is reduced when CTs are introduced.
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The influence of the countdown timers on intersection safety is discussed in the
study [5]. Results show that CTs reduce the total number of vehicles drivers, who drive
through stop lines at the beginning of the red light signal. Countdown timers impact on
safety is larger in the case of non-urban traffic intersections [6, 7], especially red light
violations are reduced [8, 9].

Countdown timers, which show green light elapsed time improve the safety at the
intersections with low traffic flow. The use of the CTs information speeds up the
decisions to enter the intersection and halt safely, before the end of the green signal, at
the stop line [10].

Reported studies discuss the effects of countdown timers application for the fol-
lowing traffic parameters [11]:

e intersection capacity,
e queue discharge rate,
e intersection approach speed.

A wide range of traffic intersections with variable traffic conditions is examined.
Some authors carry out experiments using driving simulators for establishing strictly
controlled test environments. Authors focus on the way CT change the behaviour of
drivers and in consequence affect the functioning of intersections.

Intersection capacity is determined by the readiness of drivers to shorten distances
between vehicles when travelling through the intersection [12]. The count value of
green signal CT encourages the driver to reduce his distance to the preceding vehicle to
increase the chance of passing through the intersection. Red signal CT causes the
reduction of start-up lost time by 33% and this contributes to the increase in inter-
section capacity. The evaluation of intersection capacity is closely related to the way
vehicle queues at the intersection are discharged.

Queue discharge rate is important for managing traffic congestion and so draws
more attention. Liu et al. [13] notes headway compressions, which means increasing
discharge rates, at the end of discharge of queues when CT are functioning. Only
a small change in saturation headways is attributed to CT. A study of effects of green
signal CT [14] shows that discharges have unstable saturation flow, increased start-up
lost time and reduced clearance lost time. The conventional intersection capacity
estimation methods require a modification to account for such characteristics of the
queue discharge process. Red signal CT reduces the saturation headway by 5% is
reported in [15] which leads to an increase of the intersection capacity. The studied
traffic database consisted of several thousand measurements done on tens of intersec-
tions. The biggest of the impact of CT is noted in response time to changing signal by
the first and second vehicle waiting in the queue [4, 16, 17].

Devalla et al. report [18] that green signal CT encourage higher approach speeds
during the lights transition phase. This improves the efficiency of the intersection but
may lead to accidents. Authors in [19] confirm this result indicating a 24% increase of
the number of early starts before the lights change. No evaluation was done on the
impact of changing traffic conditions on the rate of change of the approach speed.

The reports do not attempt to analyse the changes of CT effects dependent on traffic
conditions although careful examination of the results may indicate some change
trends. For instance the plots of discharge rates [14] have a large number of outliers,
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their origin is not explained. Separate analysis of these could suggest some relations
with the values of traffic flow.

3 Collection of Traffic Data

The aim of the study is to derive the relation of changes, in the drivers behaviour due to
introduction of CTs, to traffic conditions Two factors are chosen which describe the
drivers behaviour that is: start time and intersection travel through speed. These factors
directly indicate the way in which CTs affect driving characteristics and intersection
capacity. The task is to collect start times and intersection travel through speeds of
vehicles in different traffic conditions. Three measurement sites are chosen, which differ
in the volume of traffic, for tests.

Manual registration of traffic data is laborious and requires, in this case, a large
number of observers. Video recording highly reduces the collection effort but requires
several camera sites to survey the whole intersection when it is done on the ground. To
save on cameras a UAV equipped with one high resolution camera is used. Previous
measurement experience and examples referenced in literature for instance in [20]
indicate that this approach is sufficient to obtain the necessary data.

The field of view of the camera mounted on the UAV covers the area of the
intersection with approaches of approximately 300 x 160 m when it hangs at 100 m
over the ground. A camera with the resolution 4 K (4096 x 2160) is used which maps
an average car using 30 x 70 pixels. 25 frames per second are registered which gives
a time resolution of 40 ms.

Object tracking software is used for processing the registered video data. The
resulting set of trajectories is a complete description of the movement of objects, in this
case vehicles moving through the intersection. In order to obtain start times and travel
through speeds the trajectories are filtered and synchronised with the timings of the
traffic lights controllers.

The trajectories of the first vehicles stopping at the intersections are analysed. Other
drivers in the approach queues follow the first vehicle and their behaviour copies the
behaviour of the first one in the queue.

Drivers approaching the intersection stop at different distances from the beginning
of the intersection area, usually marked with a stop line. In order to obtain a uniform
measure of the beginning of the unloading of the vehicle queue, the area boundaries are
slightly moved to leave a start up path of approximately a few meters.

Start time t, is defined as the travel time from the place of stopping of the vehicle to
the boundary of the intersection area. Travel through the intersection speed vy is defined
as the average speed of crossing the intersection and calculated as:

S+
vy = t—s (1)
P + 1
where:
s - distance between the intersection boundaries [m],

t, - travel time between the intersection boundaries [s],
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ss - average distance between the stopping place and the intersection border [m],
t; - travel time from the place of stopping to the boundaries of the intersection at the
beginning of the green signal [s]

Tracking software compensates the UAV air movements in result gives an accuracy
of £2 pixel that is +0,015 [m] for determining positions of the vehicles.

Figure 1 presents video frames of the measured intersections. Red rectangles limit
the intersection areas, while blue rectangles cover start up paths.

5 s«

ul. Karkonoska_ - -

Fig. 1. Traffic sites (a) Zabrze, (b) Opole, (c) Wroctaw (images recorded by camera on UAV)

The following measurement sites are chosen for tests:

e urban traffic located in Zabrze city, characterized by the dominant and high share of
passenger cars as well as delivery trucks in traffic,

e mixed traffic located in Opole city, characterized by the presence of trucks, trucks
with trailers and passenger cars,

e non-urban traffic located in Wroctaw city, characterized by a high proportion of
trucks and trucks with trailers [7, 8].
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Table 1 contains real world sizes of these areas. At each site two measurement
sessions are carried out: with CTs on and with CTs switched off. At the studied
intersections, traffic is controlled using fixed time signals with an average cycle time of
100 s and 2 or 3 phases. In all over 650 signalling cycles are examined.

Table 1. Sizes of intersection areas and start up paths.

Sites s - distance between the s - average distance between the stopping
intersection boundaries [m] place and the intersection border [m]

Zabrze 55.5 7.0

Opole 30.0 7.0

Wroctaw | 57.0 10.0

The largest sizes of s and s are noted for the Wroclaw site. The start up paths are
similar at all of the sites.

4 Measures of Drivers Behaviour

Measurements of z, are done for two measurement sessions with CTs on and off for all
the sites. In order to observe the changes in drivers behaviour 7 histograms are pre-
pared. The range of values of ¢ is divided into intervals with a 0.5 s step and numbers
of drivers with drive times falling in the intervals are counted. The result represents the
distribution of the #, values. Normalisation is omitted.

Figure 2 presents the histogram of 7, values measured in Zabrze. The introduction
of CTs shifts the histogram towards smaller values of #; which indicates that drivers
decided not to wait for the green signal but start at small values shown by the counter.
Characteristic is a small second maximum which may be accounted for drivers not
reading the counters.

Histogram of the #; values in mixed traffic site located in Opole city is presented in
Fig. 3. The shift to the smaller values is much more significant and a second maximum
is also noted but it is much higher.

Histogram of the f#; values in non-urban traffic site located in Wroctaw city in
Fig. 4. is flattened when the CTs are switched on. A large number of drivers ignores
traffic lights and starts much earlier than at the other intersections but there is also a
significant number of late drivers which may be accounted to heavy vehicles as the site
has a high share of such vehicles in the total volume of traffic.

Table 2 summarises the average #; and speeds v at the measuring sites. The average
values are chosen as the measures. These measures adequately illustrate the impacts of
CTs on the drivers behaviour. Values in round brackets after the averages approximate
the spread of the values which is significant in all 7, cases especially when CTs are
switched on. It means that the behaviour of drivers is not uniform.

The large spread of #, may be accounted to drivers of heavy vehicles who are not
accustomed to reading of CTs as these are seldom used on routes the drivers use.
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Table 2. Measured traffic characteristics for the analysed intersections.

Traffic parameters CT OFF CT ON The difference
between the values
obtained with

CT ON and CT
OFF

1, - average travel time from the place of stopping to the boundary of the intersection at
the beginning of the green signal [s]
(A t,) - standard deviation [s]

Zabrze 4.9 (1.6) 3.3 (1.1) -1.6 33%
Opole 5.4 (1.9) 33 (1.3) 2.1 39%
Wroclaw 45 (1.2) 3.8 (1.6) -0.7 16%

vs - average speed of crossing the intersection [km/h]
(A vy) - standard deviation (value spread) [km/h]

Zabrze 19.5 (3.2) 22.6 (4.8) 3.1 16%
Opole 14.4 (2.3) 18.4 (2.8) 4.0 28%
Wroctaw 26.0 (3.9) 28.5 (5.1) 2.5 10%

The average travel time from the place of stopping to the boundaries of the
intersection at the beginning of the green signal in the case of CT on is shorter by an
average of about 36% except for the Wroctaw site. This site has a high share of heavy
vehicles and the effect is less than half of this value. The CTs cause a reduction of loss
time when starting off, i.e. at the beginning of the green signal. The reductions are
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related to traffic conditions at the intersections. Traffic with a higher share of heavy
vehicles in the total volume is less sensitive to the introduction of the CTs. The
behaviour of drivers is dominated by the start up characteristics of the vehicles.

Drivers of vehicles also travel faster through the intersections, when the CT are
switched on, on average it is about 22% for intersections with much urban traffic but
the prevalence of non-urban traffic reduces this effect more than twice.

Studies done in parallel with, the UAV based measurements, reported in [6—8]
confirm the change of impact of CTs related to traffic conditions.

5 Summary

Countdown timers have the biggest impact on the behaviour of drivers of passenger
cars and utility vehicles. The influence diminishes with the decrease of dynamic
parameters of the vehicles. Start up times of heavy vehicles are much larger than noted
reductions in start up times due to introduction of CTs. A large share of heavy vehicles
in the total volume of traffic in consequence changes the statistics of the traffic.

Drivers reading CTs more precisely select the moment of starting and this reduces
the time losses at the start. The overall effect depends on the dynamic characteristics of
the driven vehicles. Further work is required to determine the dependence of the size of
CTs impact on the share of heavy vehicles in the total volume of traffic. A microsim-
ulation model of intersection with countdown timers can be a base for studies. Onsite
studies have a limited capability for changing traffic conditions.
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Abstract. The article presents the level of road traffic safety at selected inter-
sections. The authors focused on side collisions that are most often road accident
effect in Poland. In the paper are presented localisation of analysed areas on the
transport network of Sosnowiec (Silesian Province, Poland), intersections
geometry and the number of collision points. Analysis was performed of causes
and effects of road accidents at selected intersections. For this purpose, the data
was used from SEWiK database. Additionally local visions were carried out.
They allowed to identify conflict situations. Also was analysed the level of
visibility from the point of view of every road users. Side collisions causes was
characterised. The authors proposed solutions, that should increase road traffic
safety.

Keywords: Side collision - Road traffic safety - Intersection

1 Introduction

The level of road traffic safety in Poland is low in comparison to other European
countries. People die on the roads every day and a lot of people are injured. 60% of
road traffic accidents in urban networks take place at intersections. The reason is the
occurrence in the area of intersections of frequent interweaving of traffic flows. It leads
to the dangerous situations that have a significant impact on the decreasing of road
traffic safety. The increasing number of vehicles on roads in provinces in Poland lead to
increase the probability of participation in a road accident [1, 2].

The road traffic safety is the subject of many studies of authors in the country and
abroad and is discussed in the literature, e.g. [3—11]. In addition, in publications [12—
15] were described the road traffic safety at road intersections.

When the road traffic safety was analyzed, attention should be paid to the division
of road accidents according to [16] into: collisions and road accidents. It takes into
account the type of losses incurred in the conflict. Moreover, in this document are also
definitions of: a person slightly injured, a person seriously injured and a person killed.
The classification depends on the damage incurred and duration.

The aim of road traffic safety analyses is searching places, where is a risk occur-
rence of a road traffic accident. Then it is carried out their analysis, including analysis
of the causes of road traffic accidents. At the end is searching for solutions that could
cause their reduction. An important system that should be considered in the case of
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road traffic safety analyses is the “human-road-vehicle”. According to accident cards
provided by the police after accident happened, road is the cause of 2-3% of road
accidents, vehicle - 2% ant the rest - human mistake [17]. This may be caused by
incorrect assessment of the traffic situation, which leads to road accidents. It can
concern the unclear places, wrong interpretation of them or high congestion etc. [18].

It was decided to analyze types of traffic accidents (mainly at intersections), which
include vehicle collisions. Three most frequency vehicle crashes are:

e side crashes,
head-on crashes,
rear-end crashes.

The most frequently type of collisions from those listed are side crashes [19]. It is
confirmed by statistical data (Fig. 1) at the roads in Poland. Number of side collisions
is still on high level. Despite the decreasing number of their in 2017, in comparison to
2007.
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Fig. 1. Number of road accidents in Poland with division into different collision types (Source:
own elaboration based on [19, 20])

Vehicles side collision occurs while front part of one vehicle hits into a side part of
another [8]. In the Table 1 are shown the most frequently types of traffic accidents at
the typical intersections.

Table 1. The most frequently types of traffic accidents at the typical intersections (Source: own
elaboration based on [13, 21, 22]).

Intersection type | Road accidents types

With major road | Head-on, Rear-end and side crashes, collisions with pedestrians

With traffic Rear-end and side crashes, collisions with pedestrians, collisions at an
lights angle

Roundabout Rear-end and side crashes, collisions at an angle
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At the every type of intersection (Table 1), one of the groups of road accident types
are side collisions. It affect the number of road accidents and collisions. Attention
should be paid to the problem of occurrence of road accidents that they are vehicle side
collisions.

The authors of this article presented a case study of two selected intersections in the
city of Sosnowiec (Silesian Province, Poland). The focus was on side collisions and
possible causes of their occurrence.

2 Characteristic of Selected Intersections
Selected intersections are located through of the one of the major communication route
in the city of Sosnowiec:

e crossroads: 3 maja Street, Staszica Street, Narutowicza Street,
e crossroads: 3 maja Street, Blachnickiego Street, Prusa Street.

Localization of them are presented in the Fig. 2. Intersections are located nearby
Sosnowiec City Centre.

LEGEND X e vmpc

Fig. 2. Localisation of analysed intersections on the transport network of the city of Sosnowiec
(Source: own elaboration based on [23])

They allow drive to/from 3-Maja Street, that leads to the national road to Katowice,
Dabrowa Gornicza (DK94).

3 Road Accidents Analysis at Selected Intersections

The data was used from Record Keeping System of Accidents and Collisions (in
Polish: SEWiK). It was concerning causes, effects and perpetrators of road accidents at
selected intersections. The data was from period of time 2008-2017 years. In this
chapter was presented the analysis of these data.
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3.1 Intersection of 3 Maja Street, Staszica Street and Narutowicza Street

The Fig. 3 shows the road accidents causes at the intersection of the three roads: 3 Maja
Street, Narutowicza Street and Staszica Street, at the analyzed period of 10 years.
119 road accidents (72%) occurred, because drivers fail to yield the right of way.
Disregarding minimal safety distance between vehicles caused 22 accidents (13%).
Incorrect reversing, turning back and not respecting with another signals represented a
very low percent of road accidents causes.

2% 1% 1% 49

3% |, A Failure to yield the right of

way

\ # Failure to maintain a safe
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 Failure to adapt speed to
traffic conditions

2 Incorrect: changing lanes

13%

N Incorrect: riding alongside
E obstacles
7. Incorrect: overtaking

72%

N |ncorrect: reversing

u Not respecting other
signals

Fig. 3. Total number of road accidents causes at intersection of 3 Maja Street, Narutowicza
Street and Staszica Street at the analysed period between 2008 and 2017 years

Figure 4 presents percent participation of different types of road accidents. These
accidents were noticed at intersection of the roads: 3 Maja Street, Narutowicza Street
and Staszica Street. The highest value is for vehicle side crashes (121 road accidents).
The second highest value is for rear-end crashes with the number of 25 accidents.
Values of the other road accidents are lower than 8.

N
X
-
X
=
x

~ Side impact 2%2%,‘
A Rear-end impact % bt \%X‘jz :.E:...¢
6 /é§é
* Humping on a hole, //§:3:"°'."5'+.'."\.
bumping, hump \:;'3."3.3.'.'."‘
< Overrunning a protective e
barrier 14% e
N Running over the column, +'¢'ﬂl '_:.'lt-':"ﬁ"ﬁ'q.'
sign e
7 Other e e e e
s
¥ Head-on impact et
g s T
= Riding on a vehicle . ey
immobilised $$-_- -3

8 Accident with passenger

Fig. 4. Types of the road accidents at the intersection of 3 Maja Street, Narutowicza Street and
Staszica Street between 2008 and 2017 years
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3.2 Intersection of 3 Maja Street, Prusa Street and Blachnickiego Street

Figure 5 shows the road accidents causes at the intersection of the three roads: 3 Maja
Street, Blachnickiego Street and Prusa Street, at the analysed period of 10 years.

v Failure to yield the right of
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N Not giving priority to
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® Incorrect: turning

# Incorrect: reversing

= Not respecting other
signals
¥ Incorrect: overtaking

Fig. 5. Total number of road accidents causes at intersection of 3 Maja Street, Prusa Street and
Blachnickiego Street at the analyzed period between 2008 and 2017 years

Based on the Fig. 5, we could noticed that 65 road accidents, which are caused by
drivers who fail to yield the right of way. While disregarding of minimal safety dis-
tance between vehicles caused 55 road accidents. Total number of road accidents
caused by incorrect overtaking, reversing, turning, fail to yielding the right of way to
pedestrian and non-compliance with another signals was represented by 7 road acci-
dents at analyzed intersection.

Figure 6 presents percent participation of different types of road accidents. These
accidents were noticed at intersection of the roads: 3 Maja Street, Prusa Street and
Blachnickiego Street.
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Fig. 6. Types of the road accidents at the intersection of 3 Maja Street, Prusa Street and
Blachnickiego Street between 2008 and 2017 years
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The most frequently group among road accidents were side crashes (73). Rear end
collisions represent 57 road accidents. The lowest values noticed in cases of head-on
crashes, collision with tree, pedestrian and another causes - 5 road accidents (Fig. 9).

4 Local Vision

Local vision was carried out at 20th of January 2019 at intersections of 3 Maja Street,
Staszica Street and Narutowicza Street. While at the intersection of 3 Maja Street, Prusa
Street and Blachnickiego Street local vision was carried out at 18th of February 2019.
Area inventory was allowed to identify elements affecting to decrease the road traffic
safety. During the analysis it was focused on: pavement condition, visibility from the
point of view of every road users, places of occurring traffic conflicts.

Characteristic for analyzed intersections is road inclination at minor inlet. There are
located sign B-20 “STOP”.

4.1 Intersection of 3 Maja Street, Staszica Street and Narutowicza Street

One of the critical points is tram rail (Fig. 7). The minor relations have to yield the right
of way at first to the road vehicles. Then they crossing the tram rails and is forgotten by
the drivers very often. Moreover, coming tram can be invisible for drivers. This is
caused by localization of entrances to the underground crossing for pedestrians.
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Fig. 7. Conflict situation caused by tramway track crossing and localization of underground
pedestrian crossing
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The analysis visibility shown negative impact of energy-absorbing barriers loca-
tion, at the central part of the intersection (Fig. 8). Additional, it was noticed negative
impact of barriers securing pedestrian traffic (Fig. 9). The drivers, who must give the
right of way, could not see conflicting streams because of them.

Fig. 8. Insufficient visibility caused by
localization of energy-absorbing barriers

Fig. 9. Insufficient visibility caused by
barriers securing pedestrian traffic

The Figs. 10 and 11 are presented insufficient visibility for drivers. It is caused
impact of barriers (Figs. 8 and 9). In these places occur the conflict traffic streams.
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Fig. 10. Conflict situation caused by the
occurrence of barriers and improper localiza-
tion of them
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Fig. 11. Conflict situation caused by the
occurrence of barriers and improper local-
ization of them
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4.2 Intersection of 3 Maja Street, Prusa Street and Blachnickiego Street

Visibility the conflicting streams is limited for drivers because of energy-absorbing
barriers located at the central part of the intersection (Fig. 12) and barriers securing
pedestrians traffic (Fig. 13). This situation is also observed at the intersection of road
crossing: 3 Maja Street, Staszica Street and Nartowicza Street.

Fig. 12. Insufficient visibility caused Fig. 13. Insufficient visibility caused by local-
by barriers securing pedestrian traffic ization of energy-absorbing barriers

Figures 14 and 15 presented insufficient visibility for drivers impact of barriers
(Figs. 12 and 13). It was caused occurrence in these places the conflict traffic streams.
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5 Conclusions

The most frequently occurring effect is side collision. That was showed on the basis of
carried out analysis at the selected intersections. It was observed: crossroads: 3 Maja
Street, Narutowicza Street, Staszica Street - 70% and crossroads: 3 Maja Street, Prusa
Street and Blachnickiego Street - 46%.

The most frequently reason the road accidents, at both intersections, was fail to
yield the right of way. It was observed: crossroads: 3 maja Street, Narutowicza Street,
Staszic Street - 72% and crossroads: 3 Maja Street, Prusa Street and Blachnickiego
Street - 43%.

The second most frequently reason was not maintaining a safe distance between
vehicles. It was observed: crossroads: 3 Maja Street, Narutowicza Street, Staszica
Street - 13% and crossroads: 3 Maja Street, Prusa Street and Blachnickiego Street -
36%.

Characterized situation was noticed when the minor street visibility is insufficient
and limited by some obstructions (e.g. barriers). Another factor affecting refuse to yield
the right of way could be unclear markings.

Other causes, for example: failure to adapt speed to traffic conditions (7-8% at the
analysis intersections) or incorrect turn, can influence on the dangerous situations.
These situations could result in side collisions, because of refuse to the right of way, as
well as rear-end collisions, because of hard braking. Moreover, the analyzed inter-
sections are similar to roundabouts, what could affect incorrect interpretation of the
traffic organization by drivers.

The dangerous situations at the selected intersections were confirmed during
driving in the road traffic and sometimes need rapid reaction (e.g. hard braking).
Moreover, local vision showed bad condition the road surface and incorrect localization
of elements of the road traffic safety. Energy-absorbing barriers are necessary because
of the road traffic safety (they secure vehicles from falling from the viaduct). However,
they hamper on minor entry assessment of the situation for drivers. These components
could have a negative impact on the road traffic safety at the intersection. Drivers on the
major street are forced to hard braking, just in the front of vehicle from minor road. It
causes a lot of dangerous situations, such as rear-end and side collisions.

Changes geometry at the analyzed intersections could have influence on decreasing
the number of road accidents. It would reduce the number of collision points. Also the
traffic lights would affect positively to the level of the road traffic safety. According to
researches, application of the traffic lights influence to reduction of side collisions about
43-57% [6].
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Abstract. With the progress of modern technology, more and more vehicles
arise on the road, which may cause some congestion and a high level of exhaust
emission, such as CO, and NO,. As an environment friendly trip mode, walking
should be encouraged. And pedestrians are definitely a non-negligible group
participating especially in urban traffic. Therefore, a control system of
pedestrian-crossing speed is proposed in this work, which is similar to the
“Green Light Optimal Speed Advisory (GLOSA)” for motor vehicles. It can not
only provide pedestrians with the dependable speed recommendation to walk
but also the optimal path to follow. A smart-phone-app is finally designed to
validate and test such system. The result comes out that such app works sig-
nificantly fine especially when pedestrians are faced with multiple choices at
intersections. The result indicates that crossing with the app with GLOSA can
reduce respectively 41.62% and 35.21% of used time on average, compared
with crossing in the fixed paths. It can still save 27.86% of the average time,
compared with the behavior of choosing the path in green time first.

Keywords: GLOSA - Pedestrian-crossing - Speed recommendation - Optimal
path

1 Introduction

The purpose of traffic signals is to conduct complex flows of traffic, including motor
vehicles, non-motor vehicles and pedestrians [1]. As the amount of vehicles rises day
by day, the conflict between motorists and pedestrians is increasingly prominent [2].
Pedestrians are also one of the main factors, which influence the capacity of round-
abouts [3]. In traffic research, pedestrians are often neglected [4], generally the only
focus on walkers is safety rather than time saving [5].

Nevertheless, even if there are pedestrian crossing signals, they can still not meet
the requirements of different groups of people. For elders and handicapped people,
sometimes they just follow others, when the crossing signal is going to change color
but others can finish crossing in the clearance interval. This can usually trap the
vulnerable groups in discomfiture and danger, when they get stuck in the middle of the
road. Especially when pedestrians can not predict the residual time to still wait, it might
cause jaywalking. It also makes them feel uncomfortable, when people are standing at
the intersections, faced with multiple paths to choose. It is such an annoyance to find an
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optimal path to avoid more crosswalks and save more time. To add all desired functions
to pedestrian crossing signals is not practical and the cost could be significantly high. It
is estimated that [6], only a Countdown Timer Module can cost $740 on average.
Taking all these factors into account, an intelligent assistance system for pedestrians
crossing is immensely needed, which can be finally installed on smart phones instead.

Within this work, this kind of system is designed referring to a green light optimal
speed advisory model (GLOSA) [7] for vehicles. It can predict the remaining time to
wait, and give an appropriate speed recommendation to catch green time for an optimal
path beforehand. By means of predicting the upcoming phase of pedestrian signals and
calculation of the crossing time, this app can effectively provide walkers with an
optimal path to choose and judge whether the remaining time to finish crossing enough
or not. In the long run, it saves a lot of waiting time, and improves the safety, degree of
comfort and satisfaction of pedestrians. On the other hand, it regulates felicitously the
traffic order, improving the whole efficiency of traffic system, which results in a higher
satisfaction of motorists. Obviously, such an assistance system for pedestrians can
make walking more attractive and comfortable. When more people join in walking, not
only do they choose a healthier way to live, but also there will be less people driving
cars, which causes less noise, less fuel consumption and less pollution.

2 Signal Control of Pedestrian Crossing

Nowadays, GLOSA for motor vehicles has been put into use in some cities. And
varieties of driver-centric GLOSA are proposed, such as multi-segment GLOSA [8],
genetic algorithmic GLOSA [9] and platoon-based GLOSA [10]. There is no reason
why pedestrians should not take advantage of new technologies in the same way.

Making reference to several studies about the speed of different groups of pedes-
trians and also in different environment, overall researches have the similar result as the
German Guidelines for Traffic Signals (RiLSA) [11], the speed of pedestrians mainly
ranges from 1.2 m/s to 1.5 m/s. And the speed of 1.0 m/s is used mainly for handi-
capped and elderly. Also the speed of 1.2 m/s is defined as a reference velocity to
design the clearance time. Griffiths et al. [12] got the result that average crossing speed
at unsignalized crosswalk of the young is 1.72 m/s, the crossing speed of the middle-
aged is 1.47 m/s while for the elderly it is 1.16 m/s. The result in some ways extends
the range of the crossing speed which can be normally reached by most pedestrians. In
2013, Ma et al. [13] found that the average crossing speed impacted by a countdown
for pedestrian signals is 0.53 m/s higher than that without countdown.

Therefore, there are ample reasons to make such an assumption, the default speed
of pedestrians is 1.2 m/s, and the minimum and maximum speed are respectively
1.0 m/s and 1.5 m/s.
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2.1 Signalization at Successive Crossings

Simultaneous Signalization

Under the control of simultaneous signalization at successive crossings, the 4 groups of
pedestrian signal lights have the same display all the time [11], distributed on both
sides of crosswalks. And the whole simultaneous signalization at a successive crossing
is interpreted in Fig. 1.
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Fig. 1. (a) Crosswalk with simultaneous signalization, (b) Fla and Flc signalization, and
(c) F1b and F1d signalization (Source: [11])

As shown in Fig. la, there is a central island separating the carriageway into two
segments. And the distance between Fla and F1b is longer than that between Flc and
Fld. In Fig. 1b, it shows the phase at Fla and Flc which are used to conduct the
pedestrians to cross from Fld to Fla. Pedestrians get the right of way as long as the
signal is green, and when they reach the central island seeing Fla is still green, they can
continue to cross. As a result, they will finish the complete crossing with only one
chance, without waiting on the central island. In the duration of time which is marked
as twice crossing, pedestrians have to wait on the island from when they reach the
separating strip to the next start of a green signal. This means they need two chances to
finish the crossing. Even if at the last moment of green phase, can pedestrians get the
right of way to start to move. However, in Fig. lc, it shows another situation that
pedestrians move in the opposing direction.

Progressive Signalization

In order to solve the problem in simultaneous signalization, progressive signalization is
raised [11]. Under the control of progressive signalization, the 2 groups of signals on
the central island always have the same display, and also the 2 groups on the sides of
road have the same display. However, the green signal of the latter should end after the
former. The details of the control principle are presented in Fig. 2.
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Fig. 2. (a) Crosswalk with progressive signalization, (b) F1b and F2a signalization, and
(c) Fla and F2b signalization (Source: [11])

It is clearly shown that under the control of progressive signalization, the twice
crossing duration is gone, because all the pedestrians who enter the crosswalk legally
will reach the other side without stopping on the central island (see Fig. 2b and
Fig. 2c¢).

Separate Signalization

Another way of signal control for pedestrians is separate signalization. Under this kind
of control, the pedestrian signals of two segments of crosswalks separated by the
central island have respectively the same display [11], which can be thought as two
independent once-crossing crosswalks in Fig. 3. In this work, such case is not viewed
as a kind of successive crossing only for the purpose of calculation.

Fla

Fig. 3. Signal phase of separate signalization (Source: [11])
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2.2 A Typical Intersection in Magdeburg

The selected typical intersection locates at (52.14141, 11.65374), the crossing of
Sandtorstrae, Wittenberger Strale, Theodor-Kozlowski-Strae and Joseph-von-
Fraunhofer-Strale, see Fig. 4. The points with circle are destination points for
choosing, such as @), ®), © and so on, which is the middle point of the path along the
same roadside of neighboring signals. The variant [/ represents the length of the path
connecting two induction points. However Dn is the crossing-distance of crosswalk at
phase Fn. Obviously, the strips which separate F1 and F2, in the same way, F3 and F4,
result in successive crossings.

Legend:
¢ - = -3 Paths for Pedestrians

Pedestrian Crossings

Pedestrian Signals

K3(2) —Pp
K3(1) T}

D1= 0.36111@

D2 = 6.23m
D3 =9.52m
D4 =8.79m
D5 = 9.86m
D6 =16.00m

Fig. 4. A skewed intersection with a triangular island and successive crossings (Source: [14])

Though there is only a part of path segment is not controlled by traffic lights, a flag
named as uncontrol is still needed to mark the part. The path elements are presented in
Table 1. For example, segment ® - © and segment © - @ contain a part of
uncontrolled segment, which makes uncontrol equal 1.



142 F. Xie et al.

With the complex circumstance of this intersection, the phase plan can be more
complicated, because more situations will arise. As shown in Fig. 5, SP3 is extracted as
a standard signal timing plan. And it is easily seen that the successive crossings are
both controlled by separate signalization, because pedestrian signals of the entrance
lane at phase F1 is actuated earlier than phase F2. While the group of signals of another
entrance lane at phase F3 ends a few seconds later than phase F4.

Table 1. Path elements of the typical intersection.

Segment ID | From | To | t44,, uncontrol | 1, [m] |l [m]
S1-1 @ ® | Not null | 0 0.00 |30.21
S1-2 @ ® | Not null | 0 0.00 |24.86
S2-1 ® @ | not null |0 0.00 |30.21
S2-2 ® © | not null |1 20.22  |50.53
S2-3 ® @ | not null |1 11.54 |53.73
S3-1 © ® |not null |1 20.22 |50.53
S3-2 © @ |not null |1 25.88 [37.24
S4-1 @ ® | not null |1 11.54 |53.73
S4-2 @ © |not null |1 25.88 [37.24
S4-3 @ ® | null 0 31.56 |[31.56
S5-1 ® @ |not null |0 0.00 |24.86
S5-2 ® @ | null 0 31.56 |31.56
Plan 21:“::11) h(xt‘c(:\"ml 0 10 20 30 40 50 60 70 80
2B RERY NRATY AXRTRRNENA ARRRAANRT] AARRARNATA KRRRUNRERE SNTY AARTARRRNARRARY ARTURTRNL,
o | -
F2 11 -
po | o S
SP3
5|87 T e—
R —
Logcud - Green — Red
Fig. 5. Signal timing plan for the typical intersection (Source: [15])

3 Models and Algorithms Design

3.1 Mobility Models of Pedestrians

Jeong et al. (2014) proposed six relevant mobility models [7] to give suggestions on an
optimal speed for motorists. But for pedestrians, the average acceleration for walking is
0.68 m/s” [16], to accelerate from normal speed of 1.2 m/s to 1.5 m/s needs (1.5 - 1.2)/
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0.68 = 0.44 s. Therefore, the time required to accelerate or decelerate can be ignored to
be zero. Also it seems dangerous to cross with a speed lower than normal current speed.
As a result, it simplifies largely the mobility models for pedestrians to these modes,
which are presented in Fig. 6. D represents the distance needed to be crossed in green
time, #,.. is the time consumed to cross D with the accelerated speed v, f... is the
time needed with the current speed v,,,, and #,,;, is the minimum time resulted by the
maximum speed V..

v v

Umax Umaz

v, 2
Veur Veur

Upnin. Vmin

bmin tace teur

(@ (b) (c)

Fig. 6. Mobility models for pedestrians: (a) MS model, (b) AS model, and (c) CS model
(Source: [7])

There are two applications of such model in this work, one is the GLOSA part for
pedestrians to catch the green time, the other one is the speed recommendation for
crossing.

For the GLOSA part, D represents the reference distance between the location of
the pedestrian to the intersection, which is long enough to forecast the state of signals
and give a speed recommendation to catch the green light.

However, as for crossing speed recommendation, taking clearance time into
account, it is an important stipulation that the duration of a green light should guarantee
pedestrians can cross at least half of the crosswalk [10]. Therefore, an assumption is
made that if pedestrians are able to arrive at least at the medium point of a crosswalk in
green time, this case is thought to be a kind of safe and successful crossing. While for
successive crossings controlled by simultaneous signalization, it should be the medium
point of the second segment of the crosswalk. So it is evident that the area which is
marked by D does not stand for the real length of the crosswalk, while the residual
value after taking out the half length of the second segment. And the interpretation for
each mode is as follows:

1. Maximum Speed (MS) Model

In MS model (see Fig. 6a), the shortest crossing time t,,, is given by:

Imin = D <+ Vypax
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2. Accelerated Speed (AS) Model

In AS model (see Fig. 6b), v, is defined as the average value of v,,,, and v,
Therefore, 7, is calculated by:

Vace = (chr + Vmax) +2

Lace = Vace

3. Current Speed (CS) Model

In CS model (see Fig. 6¢), pedestrians can cross at the current speed without
accelerating, which means the green time is sufficient. As a result, a longer time 7., is
obtained, which is given by:

Teur = D+ Veur

In mobility models, #, is used to represent the present moment, fy,,, and t,,,; are
used to represent respectively the start and end time of the green light. However, the
parameters such as t,,;,, t,. and t.,, are a period of time intervals needed to cross
D. And another variate t,., is used to represent the rest time of the green interval, in
another word, it is the residual time for crossing. These models can be viewed as the
criteria to give pedestrians a recommended speed to finish crossing successfully and
safely, which is described as a function named Crossing Speed Selector (CSS) in
Algorithm 1.

Algorithm 1: Crossing Speed Selector (CSS)

IHPUt: tmin, taCC’ tcura t'r‘es
Output: veross
if (tmzn > tres) then
‘ StOp: Veross <— 03
else

if toce > tres then
‘ accelerate aggressively: Ucross — Umazs
else
if tcyr > tres then
| accelerate mildly: veross < Vaces
else
| normal crossing: veross = Vcurs
end
end

end
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Now it comes to the question how to calculate the rest time z,.; and the waiting time
t,.qir for the next start of a green time to cross. Taking into account the reaction time for
pedestrians to distinguish and choose optimal path and the calculating time of the
system, therefore, a time interval At is adopted to reserve a few seconds to forecast the
state of signals, which is the time consumed by pedestrians to walk from the starting
induction area to the side of crosswalk, acquiescently is set to be 5 s. There are
respectively several specific cases to be discussed as follows:

(1) tstart < lend :

There are three possible occasions of 7, + At (see Fig. 7):

Red Green Red Green

Fig. 7. Current moment in red interval.

o+ Ar< Lstart <lend-

When pedestrians arrive at the crosswalk, it is still in the red interval (marked as ®
in Fig. 7), so people have to stop to wait for the start of a green signal. The waiting
time #,,4;; and residual time #,,,, which is equal to the whole green time z,,,, of the
signal, can be calculated by:

twait = tstart— (lo + At)

tres = Igreen = lend —Istart

The green interval is the maximum time to permit pedestrians to pass the crosswalk.
So after waiting, at the start of a green signal, the pedestrians have to cross, even
though the time may not designed sufficient for pedestrians to finish crossing. In
another word, in such case, even if t,,;, > t,., pedestrians should still continue to
cross with the maximum speed. As a result, v ., equals v,
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tstare <to + Ar< Tend-

When pedestrians arrive at the crosswalk, the signal has already changed to green
(marked as @ in Fig. 7). In such case, there are two possibilities, one is that the
residual time is enough for pedestrians to cross, which is given by:

tyair = 0s
Veross = Vimax OF Vace O Veyr

tres = tend— (tO + At)

Another case is that 7, is too short to finish crossing, so pedestrians have to stop to
wait for the next green signal. T is the cycle time of the traffic light. And the variates
can be calculated by:

tres = lend— (lo + At)
tyait = T+ (tstart_IO) —Ar
Veross = 0 m/ S

tstart <<tend <ty + At.

It has to be taken into account that if in time Az, pedestrians miss a whole period of
green time, which is marked by Q) in Fig. 7. In such case, pedestrians also have to
wait for the next green signal, and relevant parameters are given by:
twair = T + (txtartftﬂ) —At
tres = tgreen = lend —start

(2) tend < Istart :

As shown in Fig. 8, there are also three possibilities of 7, + At:

Red Green Red Green
) ) )

tO tend tstart

to + At tg + At to + At

o @

Fig. 8. Current moment in green interval
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o+ At <teng <tsan-

In such case, the time point of 7, + At is marked by (D in Fig. 8 with two cases. One

is that 7, is till enough for pedestrians to finish crossing, relevant variates are given
by:

twair = 08
Veross = Vmax O Vace OF Veyr
tres = tond— (tO + At)

Another situation is when t, is too short, pedestrians have to stop to wait for the
start of the next coming green signal, which is described by:

tres = tend— (t() + At)
tywait = tstare— ([0 + AZ)
Veross = 0 m/s

Tena <to+ Ar< Tsiart -

This case is marked by @ in Fig. 8, which means that when pedestrians arrive at the
crosswalk, the green signal has turned to red. Therefore pedestrians have to stop to
wait for the start of another green signal, and variates are given by:

Ywait = Tstart— (t() + At)
tres = tgreen =T- (tsmrt*tend)

The case after waiting is similar to what has been explained before, pedestrians have
to cross no matter how long the green time is.

Tend <tstart <lto + At.

When pedestrians reach the crosswalk, it happens to be the next green signal again
(marked by @ in Fig. 8). So things come like the first subcase, it has to be
discussed whether the rest of green time is sufficient or not. One case is that it is not
necessary to wait, with relevant variates given by:

twair = 08
Veross = Vmax OF Vace O Veyr
lres = T+ (tend*t()) — At

Another situation is that pedestrians are not able to finish crossing in the residual
time. Relevant parameters are calculated by:
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tres = T + (tend_IO) — At
bwair = T + (tslart_to) —C
Veross = 0 l’l’l/S

For one-segment crosswalk, D is the half length of the real distance D,,,; of the
crosswalk, which means pedestrians only need to reach the medium point in green
time. But at successive crossings, things become more complicated. For simultaneous
successive crossings, it can be calculated as:

D= Dxegl +Dxeg2 +2

In such case, D,y and Dy, are respectively the length of the first and second
segment, where pedestrians actually need to reach the medium of the second segment.

However, at progressive successive crossings, as long as the pedestrians reach the
medium point of the first segment, it means they can accomplish crossing the whole
crosswalk in one green time. So D is given as:

D :Dsegl =2

For separate successive crossings, they are viewed as two crosswalks which are
controlled separately by two groups of signals. It has to be judged separately whether it
is necessary to wait for green time or not. Such function is called D Determiner (DD) in
this work.

Considering all these subcases, together with the functions CSS and DD, the
crossing time f.,,¢ can be calculated by 7.,p5s = D + Vepogs-

3.2 Algorithm Design of GLOSA for Pedestrians

The main function of GLOSA is to help pedestrians adjust walking speed in advance to
catch the green time, reducing waiting time largely. It will be activated when the
distance between the pedestrian and the starting induction point is less than 50 m. The
reason to set the reference distance as 50 m is that for vehicles in the model of Jeong
et al. [7], the maximum speed chosen in real experiments is 40 km/h and the current
speed is 30 km/h. Therefore, when the reference distance is 200 m, the time difference
between these two speeds is 6 s, which is viewed as effective data. As mentioned
before, the maximum and normal speed of pedestrians are respectively 1.5 m/s and
1.2 m/s, and the time difference is (50/1.2-50/1.5)=8.34 s, which is similar to the
effective data.

In general, the number of groups of signals at an induction area can be 0-2, there is
a special case that when the pedestrian can reach one group of signal in green time with
current speed, but can catch the green of another group with an accelerated speed,
which means the time difference between the end time of the green interval of a signal
and the start time of the other group is less than 8.34 s. In such case, the system should
encourage the pedestrian to accelerate to catch the green signal. Because even if it is
not a part of the optimal path, the pedestrian will just wait at most 8.34 s. Also when
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pedestrians can avoid the waiting time of the first signal, which reduces largely the time
of the whole path, it will be the optimal path in most cases.

Green Red

I \
A A
tstart t t/end tend t/end tend tstart t
(@) tstart < tend (b) tstart > tend

Fig. 9. Types of signal clocks in GLOSA

Similar to the crossing model discussed before, the signal clocks can be classified
into two types: tyur < tena and tgqy > to,q. As shown in Fig. 9, t represents the time
when the pedestrian reaches the signal, with three possible values as follows:

t1 =to+ 50 m /ve, + At
12 =to+ 50 m /vy + At
3 =10+ 50m /vy + At

There is one thing has to be taken into account is that it must spare enough residual
time for pedestrians to accomplish at least half of the first segment of crosswalk, which
is different from vehicles. Therefore, a new end time #',,; is calculated by:

/

tem] = Tend *Dsegl/(z . chss)

In a word, as long as the pedestrian can reach the signal within the valid range
between t,,, and t',, it is judged as a successful catching of GLOSA. And the
recommended walking speed can be given by Algorithm 2.

The path time for one single route can be therefore calculated by the summation of
the consumed time of all segments:

= At + Z ttalk + Z ttalk + Z tcmm

With the result, the GLOSA system can present the optimal path with the least
consumed time.
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Algorithm 2: GLOSA

Input: tstarts tfand

Output: vyqk

if (tstart < tlend) then
if tstart < tl < t/end then

| normal walking: vyak < Veurs
else

if tstart <2< t;nd then
| accelerate mildly: Vyaik = Vace
else
if tsta'r‘t <t3< tlcnd then
| accelerate aggressively: Vyaik < Umazs
else
| normal walking: vyaik < Veurs
end
end
end

else
if t1 <t,,, or t1 > tgqr then
| normal walking: vyaik < Veurs
else
if 12 < t;nd or t2 > tstart then
| accelerate mildly: Vyaik = Vacc:
else
if t3 < tl,, or t3 > tsqr then
| accelerate aggressively: Vyaik < Umazs
else
| normal walking: vyaik < Veur;
end
end
end

end

4 Experiments and Results

In order to evaluate this GLOSA system, an app named “Better Go” is developed with
OpenStreetMap library. As shown in Fig. 10, the testing app is designed based on the
typical intersection in Magdeburg. There are five cyan induction areas, whose centers
locate clockwise respectively at points of @) to (€. Because the normal current speed is
set to be 1.2 m/s, the reserved time for pedestrians to reach the road side of crosswalk is
5 s, the radius of induction areas is 1.2 x 5 = 6 m. Therefore, no matter which path the
pedestrians choose, they have to go through the induction area to activate the function.
Firstly, pedestrians have to select the start and the terminal point as shown in Fig. 10a.
Then if the distance to the start point is less than 50 m, it will recommend a speed for
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the pedestrian to catch the green light, see Fig. 10b. When the pedestrian enters the
induction area, an optimal path will be presented with different colors. Red means
“stop”, yellow means “normal speed”, green means ‘“accelerate mildly”, and blue
means “accelerate aggressively”.

1225 @ %G 0 1548 F 5 V55 W %DM =53

Better Go Better Go Better Go

Maximum speed! i N

(a) point selection (b) speed suggestion (c) optimal path

Fig. 10. Main view of “Better Go”

For safety, the experiment was carried out on a flat ground without vehicles.
Therefore, the pedestrian has to strictly follow the path and signal clocks.

In order to simulate real conditions, four types of pedestrian behaviors are tested.
And 12 tests are conducted either from ® to @ or from @ to @), which can be
combined together as one group of testing data. The timekeeping starts when pedes-
trians enter the starting induction area, and ends at the moment arriving at the desti-
nation induction area. The average time is calculated after removing the maximum and
minimum data. The first testing behavior is crossing with the app without catching-
green function, whose average time is 80.19 s. The second type is walking without any
suggestions, always following one fixed path. The two fixed paths have respectively
110.49 s and 99.56 s as the average result. The third behavior is walking without any
app either, but always choosing the path whose signal turns to green first, with an
average result of 89.41 s. The last testing behavior is walking with the app in a distance
more than 50 m to catch the green light. The five groups of data are shown in Fig. 11.

It is not difficult to find out that all groups of data appear different degrees of
fluctuation. Except for rare special values, the two groups of data for one fixed path
show a relative stability, because the path selection is fixed. As for the pedestrians who
prefer to choose the path in green time first, it seems that the data distributes uniformly
in the fluctuating range, including both low and high values.
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Fig. 11. Integration of all testing data

However, as for the crossing behavior with the app without GLOSA, it divides the
time into two levels, and each level has only a narrow fluctuation range. The level of
high values is limited, which means the behavior of crossing could be controllable.
Obviously, crossing with the app with GLOSA has a better result. Not only the fluc-
tuation range is very narrow but also the high value limitation is low.

5 Conclusion

Apparently, different choices of paths consume varieties of durations. By means of the
suggestion on the optimal path and crossing speed, the used time can be predictable and
controllable. After avoiding the waiting time at the first signal, crossing with the app
with GLOSA saves 19.57% the time of that without GLOSA. Compared with crossing
in the fixed path of ® - @ - ® - @), it saves time by 41.62%. And compared with
another choice of fixed path of ® - @, it saves time by 35.21%. Even compared with
the behavior of choosing the path in green time first, the algorithm can still save time by
27.86%. Taking all into account, this test tallies with the actual situation, the result is
genuine and believable. However, there is one problem has to be pointed that if
pedestrians focus too much on the app, less concentration would be put on the road
circumstance. This could be improved by the audio cue and vibrating of the mobile
phone, which can help walkers cross the intersection without watching the app.
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Abstract. The paper focuses on the influence of the type of traffic organization
on the behaviour of pedestrians at tram tracks crossings on an example of two
Polish cities: Wroclaw and Gdansk. Authors indicates the differences in
pedestrian behaviour depending on the type of traffic organization - especially
taking into account if it contains traffic lights or not. The conclusions, made on a
basis of field tests, are the basis for making a suggestion to change pedestrian
traffic organization at the crossings of tram tracks in most Polish cities. Authors
suggest to minimize to use of traffic lights at pedestrian crossings.

Keywords: Pedestrians - Pedestrians crossing - Tram tracks crossings

1 Introduction

The way the pedestrian traffic in cities is organized depends on many factors. Most
obvious are: traffic intensity and resulting - pedestrian safety. The organization of
pedestrian traffic on road crossings may be divided into two groups: with or without
traffic lights (Fig. 1). Crossings without traffic lights may be lead above - and under-
ground, which is the safest (if pedestrians use it), and on the ground, which is used in
the case of low traffic intensity.

Using traffic lights may include traffic control programme: constant in time,
accommodative, induced and warning. Constant in time traffic control is used usually
in places where the traffic is constant and no more complicated solutions are used to
control the traffic. Where the system lets it (using Intelligent Transport Systems) or
where the changes in the traffic flow are known in advance, the accommodative pro-
gram may be used. In the places where the car traffic is high and the pedestrian traffic is
low, or in places far from the crossroad where pedestrian need to cross the street - the
inducted traffic lights may be placed. In places of not good visibility or with low rate of
traffic of pedestrian or vehicles warning lights may be sufficient (respectively for
pedestrian or for vehicles).

Pedestrian crossings are the most dangerous place for pedestrian in city traffic. The
type of organization of pedestrian traffic at pedestrian crossings may influence the
safety of its users. This is a reason for researchers to investigate infrastructure of this
places and also human behaviours, giving it for example a special pedestrian safety
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ORGANIZATION OF PEDESTRIAN TRAFFIC AT
PEDESTRIAN CROSSINGS

; no traffic lights Lo traffic lights !
; * underground Lo e constant in time :
- » above-ground . e accommodative '
.+ on the ground .+ induced :
: Lot * warning )

Fig. 1. Types of organization of pedestrian traffic at pedestrian crossings

index [1] or examining the knowledge about the safety on the road [2]. Other factor
influencing the safety is a tendency to risk behaviour. This problem, with reference to
crossings at tram stops has been already discussed [3].

Pedestrian crossings in cities may cross: a roadway (single- and multiroad), a tram
track or both at the same time. Researches show, that the longer the way the more
dangerous for pedestrian it gets [4]. Also [5] indicates that the speed of pedestrian on
non-signalled pedestrian crossings is higher than on those which traffic is regulated by
traffic lights. This may be due to the sense of security provided by the traffic lights,
which at the time of displaying the green signal for pedestrians is synonymous with the
information that vehicles on the lanes which traffic path passes through the pedestrian
crossing have a prohibited signal displayed. Taking into account the human factor, it is
important to mention that the age of a pedestrian has a significant effect both on safety
margin and crossing time (more unlawful behaviour is noticed when a vehicle is more
than 50 m away from a pedestrian) [6]. Other thing is the way walking by the streets
and crossings is seen by pedestrian themselves. [7, 8] examined a group of pedestrian
after asking them to take a few walk trips. The surveys indicated that most pedestrians
have positive attitudes, preferences and behaviours.

Many aspects of pedestrian traffic has already been examined and described. This
article focuses on the influence of the type of traffic organization on the behaviour of
pedestrians at tram tracks crossings in Wroclaw and Gdansk (Poland).
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2 Pedestrian Behaviour on Pedestrian Crossings Leading
Through Tram Tracks with Traffic Lights

The studies on pedestrian crossings taken into account in this paper, cover the years
2018-2019. Most of them were carried out in Wroclaw and were described in several
publications, including [9, 10]. In these studies, a particularly high proportion of
unlawful behaviours was observed on the crossing with traffic lights leading through
tram tracks. This part of the article will compare the referenced research with the newly
conducted research in Gdansk.

2.1 Test Method for Pedestrian Crossings with Traffic Lights

Tests carried out on the pedestrian crossings relied on direct observation and the use of
a specially prepared form. The person carrying out the research was in the vicinity of
the crossing, in a place where its presence did not affect the behaviour of pedestrians (it
was not visible). The place of observation chosen by the investigator required clear
visibility of the entire pedestrian crossing along with the currently displayed traffic
signal. In Poland, three types of pedestrian signal can be distinguished:

e green signal displayed permanently - allowing to start crossing the road,

e green blinking signal - allowing to start crossing the road and informing that after a
while a signal will change into prohibiting entering the road. This signal is dis-
playing usually for 3 s,

e red signal displayed constantly - it does not allow crossing the road.

The form for the research carried out distinguished two types of green signal:
constantly displayed and blinking. Due to the fact that both of these signals allow to
start crossing the road, in the presented results they are treated as one, general green
signal.

Before starting tests of pedestrian behaviour at selected crossings by tram tracks,
the researcher became acquainted with the nature of traffic within the entire intersec-
tion. It was necessary to analyse the location of tram and bus stops, the program of the
traffic lights, and in particular the length of display of individual phases and the entire
cycle. The observation was conducted till obtain a representative group of people,
however, never less than 10 full cycles of traffic lights.

2.2 Tests Conducted in Wroclaw

From research carried out in Wroclaw on pedestrian crossings [9, 10] below selected
and presented are the results of those that were carried out on crossings with trams.

In most cases, these were crossings located next to stops of public transport. Only
some of the tracks were allowed to be used by buses. In total, the results from 18
pedestrian crossings leading through the tracks crossings were collected. The study
involved a group of 5,540 people. Figure 2 shows the average share of pedestrians
crossings by tram tracks in Wroclaw, depending on the displayed signal.
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Fig. 2. General share of transitions on selected signals at pedestrian crossings leading through
tram tracks in Wroclaw

On average, nearly every fourth person crossing the tram track in Wroclaw does not
apply to the signalling indications and passes on the red signal. Such a high proportion
indicates abnormality in the functioning of traffic lights.

Detailed locations along with the characteristics of the pedestrian crossings tested in
this paper were collected in Table 1.

The graph below (Fig. 3) shows the share of crossings on various signals at
crossings leading through tram tracks in Wroclaw.

The standard deviation of results obtained at crossings in Wroclaw is 15.26 per-
centage points. This indicates discrepancies between individual pedestrian crossings.

The smallest shares of unlawful behaviours are characterized by the following
transitions:

e pedestrian crossing no. 2-4.69%,
e pedestrian crossing no. 3—4.91%,
e pedestrian crossing no. 13-5.36%.

Crossing 2 and 13 are crossings near to which there is no tram stop and in the case
of crossing 3, traffic lights activate the red signal when the tram approaches the
crossing. Only two tram lines with the frequency of 12 min in rush hours are moving
along the track in this street.

The largest proportions of unlawful behaviours were noticed on the following
crossings:

pedestrian crossing no. 11-50.00%,
pedestrian crossing no. 18-45.03%,
pedestrian crossing no. 4-44.32%,
pedestrian crossing no. 15-42.31%,
pedestrian crossing no. 5-40.00%.

Crossings number 5, 15 and 16 are located in the area of large interchanges
between trams and buses. They are characterized by a very high flow of passengers and
a high traffic, both car and public transport. Studies at the crossings at the Reagan
roundabout (numbers 15-17) have been discussed in detail in [9]. This research
indicate that the most percentage of pedestrians who cross a pedestrian crossing on red
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signal is on the central island of roundabout. Crossings 4 is located near to a large
shopping centre and crossing 11 characterized by the largest share and runs through a
tram track located on one of the most dangerous streets of Wroclaw (according to
police statistics). In the vicinity of the analysed crossings in 2018, an accident occurred
in which a person crossing the road in a prohibited place was mortally struck by a tram.
Research in this place was carried out a few months before this accident.

Table 1. Basic information about the pedestrian crossings tested in Wroclaw.

Number of Localization The name Sample Additional
pedestrian of the stop size information
crossing [Number
of people]
1. Plac Dominikanski | Galeria 708 Interchange node/city center
Dominikanska
2. Plac Dominikanski | — 256 No stop in neighborhood/city center
3. Hallera street Mielecka 326 Neighborhood of the shopping
center
4. Legnicka street Niedzwiedzia | 607 Neighborhood of the shopping
center
5. Squere of John Jana Pawla II | 145 Interchange node
Paul 11
6. Peronowa street Dworzec 684 Neighborhood of the main railway
Gtéwny PKP station
7. Powstancow Zaolzianska | 232 Induced traffic lights
Slaskich street
8. Roundabout Rondo 60 -
Powstancow
Slaskich
9. Roundabout Rondo 95 -
Powstancow
Slaskich
10. Powstancow Orla 79 -
Slaskich street
11. Grabiszynska street | Pereca 120 -
12. Borowska street Dworzec 637 Neighborhood of the main bus
autobusowy station
13. Borowska street - 56 No stop in
neighborhood/neighborhood of the
main bus station
14. Kazimierza Swidnicka 916 Pedestrian crossing along the
Wielkiego street promenade in the city center
15. Reagan’s Plac 234 Large interchange node
roundabout Grunwaldzki
16. Reagan’s Plac 84 Large interchange node
roundabout Grunwaldzki
17. Reagan’s Plac 150 Large interchange node
roundabout Grunwaldzki
18. Reagan’s Plac 151 Large interchange node
roundabout Grunwaldzki
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Fig. 3. Share of transitions on selected signals on the pedestrian crossings led through tram
tracks in Wroclaw

2.3 Tests Conducted in Gdansk

The research conducted in Gdansk was based on the same methodology as previously
described. The tests were carried out on February 2019. The results from 3 pedestrian
crossings leading through the tracks were collected. The research involved a group of
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728 people. Figure 4 shows the average share of pedestrian crossings by tram tracks in

Gdansk, depending on the displayed signal.
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pedestrians
crossingby onred
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91.1% green signal

Fig. 4. General share of transitions on selected signals at pedestrian crossings leading through

tram tracks in Gdansk

! £ ! Vo167
L - N \
Nowy Ratus2 \ * . I
N\ 4
kY |~ -'-"'f

P .

Skwer im, ,,
Pofskich | i
S Harce.rzy. o
.Mllrenmuni
%yiym ; Pezedsiehiorstwa

W(?ﬁ?yml. N r.‘wle ,l'
Miescie! T~

syl 3 Y

Gdansku | (o2

A L -

Fig. 5. Intersection of the Waty Jagiellonskie with Hucisko Street in Gdansk (Source: [11])
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Studies on pedestrian behaviour in Gdansk were carried out at the crossings located
within the intersection of Waly Jagiellonskie and Hucisko Street, the national road
No. 91. Tram stops are located at one of the intersection inlet. The sketch of the
intersection is shown on Fig. 5. The location of the stops and the analysed pedestrian
crossings are indicated.

All pedestrian crossings leading through tram tracks within the analysed intersec-
tion are characterized by the lack of traditional marking of white lines. Within the place
to cross the track there are full triangles painted along the axis of the track (analogy to
the signs ‘give way’). Between the rails of the tracks there is a tram graphic and two
arrows showing the direction of the tram within the passage (as shown in Fig. 6). This
type of solution is commonly used at such crossings in Gdansk.

Fig. 6. Pictograms within pedestrian crossings leading through tram tracks within the analysed
intersection

Detailed information on pedestrian crossings (as numbered on Fig. 5) is collected
below:

e pedestrian crossing no. 1 - crossing in the vicinity of two tram stops where trams of
two lines stop. Within the crossing, pictograms are painted as in Fig. 6. At the
crossing, in addition to the standard traffic lights, audible warning repeating ‘at-
tention, tram’ was used at the time when the tram was approaching. The message is
repeated until the tram travels and moments after that,

e pedestrian crossing no. 2 - a crossing at which there is no tram stop in the immediate
vicinity. Six regular tram lines pass this route. This crossing is one of the three
stages necessary to cross the national road 91 from one side to the other. Between
the roadways there is a pavement led in the axis of the road being an additional
generator of people crossing the discussed crossing,
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e pedestrian crossing no. 3 - a crossing at which there is no tram stop in the immediate
vicinity. 8 regular tram lines pass this route. This crossing is one of the three stages
necessary to cross the national road 91 from one side to the other. The pedestrian
generators within this crossing are only crossings leading across the road from both
sides.

Figure 7 shows the share of pedestrians crossing the street at the aforementioned
crossings on green and red signal.

100%
88,0% 92,5% 92,1%

80% ] ]
60%
40%

20% —— ] —

ﬂ i ioi i aoi
0%
1 2 3

® Percentage of pedestrians crossing by on red signal

Percentage of pedestrians crossing by on green signal

Fig. 7. Share of transitions on selected signals at pedestrian crossings led through tram tracks in
Gdansk

Despite the much smaller share of unlawful behaviour at the crossings in Gdansk,
more than 50% higher share of this type of behaviour in the area of crossings located
near tram stops is still observed. This is a confirmation of the results of research carried
out in Wroclaw.

2.4 Summary of Research on Pedestrian Crossings with Traffic Lights

Analysing the obtained results, both in Wroclaw and in Gdansk, one can observe a
clear increase in unlawful behaviour in the immediate vicinity of tram stops. In [9], 4
factors favouring unlawful behaviours at the crossings leading through tramway tracks
and bus lanes in the immediate vicinity of the stops are indicated:

the arrival of the vehicle on which the pedestrian waits, to be on tram (or bus) stop,
no worries to cross the narrow section of the road,

very good visibility of public transport vehicles due to their dimensions,

the specificity of public transport vehicles movement is small acceleration and low
speed of both starting (when starting from the stop) as well as access to the stop
where all vehicles are pausing to stop.
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A reason about high level of pedestrians who crossing by on red signal, is probably
due to a very small section of road to be overcome and the haste resulting from the
direct neighborhood of public transport stops. Wherefore it is very important to ensure
pedestrian safety. One of the solution to this problem may be a warning traffic lights
instead of traditional ones.

Both in Wroclaw as in Gdansk (Poland) can be observed that at pedestrian
crossings which are located near stops, percentage of people crossing by on red signal
is higher than in other types of crossings.

3 Pedestrian Behaviour on Pedestrian Crossings, Without
Traffic Lights, Leading Through Tram Tracks

Studies on pedestrian crossings without traffic lights, as previously described, cover the
years 2018-19. Research carried out in Wroclaw [9] covered various types of pedes-
trian crossings, including those leading only through a tramway track. The results
observed in these studies prompted the authors to extend their observations to other
cities. Complementary research was carried out in Gdansk due to the solutions widely
used in this city regulating the traffic at the crossings of tram tracks. In this city,
innovative regulation of pedestrian traffic on this type of crossing is used on a large
scale, which gives grounds for the assessment of such solutions.

Research carried out at such crossings allows to assess the behaviour of pedestrian
in situations in which their passage through the road depends on the traffic of vehicles
on the road, and the decision on the possibility of crossing is undertaken individually
by each of the respondents.

3.1 Test Method for Pedestrian Crossings Without Traffic Lights

The research conducted on pedestrian crossings without traffic lights is similar to the
previous one: direct observation combined with the recording of results on the special
form. The tests were carried out from the place where the person carrying out the
research was not visible to the people taking part. The research method distinguished in
total 7 different behaviour types of pedestrian crossing the road. The types of behaviour
were strictly dependent on the presence of the vehicle near the crossing. In the case of
the tests described here, the vehicle was a tram. Figure 8 presents the types of beha-
viours highlighted in the part of the research being carried out.

Due to the Polish law, a pedestrian located on a pedestrian crossing has absolute
priority over all other vehicles. It is necessary to comment on a group of behaviours
described as: forcing the passage. Forcing is considered entering the pedestrian
crossing, which requires a marked (often sudden) speed limitation or complete stopping
of the vehicle approaching the crossing. In the case of being forced by a pedestrian, it is
also important whether the pedestrian stopped before crossing or not. Additionally, by
adapting the descriptions of selected behaviours to the nature of the studied transitions,
the described below means:
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e ‘passage between moving vehicles (without forcing)’ - crossing the track by
pedestrians, at such time and pace, which does not force the tram driver to reduce
speed because of this. Decreasing the speed at crossings is most often caused by the
need of stopping at the tram stop,

e ‘passing a pedestrian by a driver’ - marked speed limitation or stopping of the tram
affecting the start of crossing the road by the pedestrian, which has the priority
given,

e ‘passage between standing vehicles’ - also pedestrian crossing the track at the
moment of stopping the tram at the stop, which is in a process of exchanging
passengers (this applies to passes near tram stops).

The test method as well as the form itself also provide for situations in which the
track is crossed by more than one person. In such circumstances, the study records two
information. The assigned behaviour regarding the way of crossing the track is
recorded on the basis of the behaviour of the person initiating the transition - the first
person starting the transition through the track. The form also records information on
the number of people crossing the track. The number of people ‘additionally crossing
the track’ is not added to all individual behaviours’ and can only provide information
about the amount of pedestrian traffic and not their behaviour when crossing the track.
Information on the number of people crossing the road will not be provided in this

paper.

TYPES OF BEHAVIOR ON UNASSIGNED CROSSINGS

Types of behavior depending
on a presence of a vehicle
approaching the crossing

No vehicle in the
vicinity of the crossing

| forcing the passage without stopping by a pedestrian

|forcing the passage after stopping by a pedestrian

Vehicle present in the
vicinity of the crossing

|passing a pedestrian by a driver

|

:
|passage betweend moving vehicles (without forcing) | .

|

|

|passage between standing vehicles

Fig. 8. Types of behaviour distinguished in studies on unassigned pedestrian crossings (Source:

9D

3.2 Tests Conducted in Wroclaw

As mentioned, the research [9] on crossings without traffic lights in Wroclaw, covered
various types of crossings. The tests were conducted in 2018. The results were col-
lected with a record of behaviour of over 660 people (not including people crossing in
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the group). Research carried out in Wroclaw on pedestrian crossings without traffic
lights referred to three types of transitions:

e crossings leading only through the tram track - crossings A,
e crossings leading through a single carriageway with a separate track - crossings B,
e crossings leading across the road without a tram track - crossings C.

Figure 9 is a graph showing shares of individual pedestrian behaviour when
crossing the roadway. What is important, the study distinguished two groups of
behaviours depending on the presence of the vehicle near the crossing. Each group is a
separate pool of behaviours and the number of behaviours within a single group is
added up to 100%.
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Fig. 9. Percentage share of pedestrian behaviour on various types of pedestrian crossings
without traffic lights in Wroclaw (Source: own study based on [9])
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Analysis of the results collected on different types of crossings led to the following
conclusions:

e there were no forcing of priority for crossings leading only through tram tracks and
the share of forcing for crossings, on which in addition to cars, there were also
trams, was also lower than in the case of crossing the road for individual vehicles.
Observations carried out during the investigations at B crossings have allowed to
observe that forcing the priority of pedestrian crossing was mainly related to
individual vehicles. The presence of the tram approaching the passage resulted in
further waiting of the pedestrian before the crossing,

e in the case of pedestrians crossing a track, pedestrians always make sure that they
can pass safely. This share is equally high for the other two types of crossings,

e passing the pedestrians by drivers consisting in a significant reduction of speed or
total stoppage of the vehicle by the driver often combined with a gesture of invi-
tation to cross the road is very common among drivers. Passing the pedestrians by
tram-drivers is very rare.

3.3 Tests Conducted in Gdansk

Tests in Gdansk were carried out on three pedestrian crossings leading only through the
tram track. These crossings are characterized by a different type of traffic organization.
The tests were based on the registration of the behaviour of 300 people crossing the
street. This number does not include people crossing the road additionally (in a group).
The study selected the transitions at the stops located within Aleja Grunwaldzka and its
extension on Aleja Zwycigstwa. A characteristic feature of the examined crossings is
the immediate vicinity of two tram stops (both directions) within a given passage.
These stops are as follows: Jaskowa Dolina (1), Miszewskiego (2) and Politechnika (3).

Fig. 10. Example of a traffic light used in Gdansk for warning traffic lights located at pedestrian
crossings leading through tram tracks
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Each of tested pedestrian crossings is a part of a group of three crossings leading
from one side of the road to the other. The road system at the test site is characterized
by a dual carriageway, which is crossed by technological belts with a separate track.
Within intersections, the road lane is widened, thanks to which it is possible to create
asylums between individual crossings providing access to stops and waiting for the
possibility of further passage.
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Fig. 11. Percentage share of pedestrian behaviour on pedestrian crossings without traffic lights
in Gdansk (Source: own study based on [9])

The regulation of crossing the road is carried out by means of traffic lights and
passages through the track are examples of crossings without traffic lights, marked as in
Fig. 6, with the exception of passage 3. On this transition, the traffic regulation is made
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by means of warning signal which switches on when the tram approaches crossing. At
the moment of sending a warning, a flashing light signal with tram graphics appears on
the siren (Fig. 10) and a repeating recording ‘attention, tram’ is emitted in the crossing
area. Both signals are transmitted until the tram travels through the track. In spite of the
use of warning traffic lights on this particular passage, the study of pedestrian beha-
viour was carried out using the test method of crossings without traffic lights. This is
dictated by the lack of legal conditions in Polish law regulating the traffic warning
lights for pedestrians.

The results of the tests carried out are presented on Fig. 11.

In the case of analysing the behaviour of pedestrians crossing the tram track in
Gdansk at the time when no tram was approaching, one can observe a decrease (in
relation to research in Wroclaw) the percentage of people pronounced making sure of
the possibility of crossing the track safely. Forced priorities are in all cases very low
and are isolated cases. The resignation of priority by the tram drivers is higher than in
Wroclaw, however they still constitute a low share, on average 5% of these behaviours.
In each case, the majority of behaviours constitute a crossing between moving vehicles
(without forces) or standing at the stop (passenger service). The location of a pair of
stops on one side of the intersection makes it very easy to assess the safety of crossing
the track because during passenger service, it is important to consider only one not two
vehicles by pedestrian traffic.

3.4 Summary of Tests on Crossings Without Traffic Lights

Based on the conducted research, it can be observed that the behaviour of pedestrians on
crossings without traffic lights is characterized by a high percentage of lawful beha-
viours. Very low share of forcing and very high level of explicit making sure by
pedestrians about the possibility of crossing the road safely was observed. In the case of
forcing of priority by pedestrians crossing tram tracks their low share is motivated by [9]:

e a greater sense of danger when crossing the road when forcing a priority over the
tram with respect to analogous behaviour in front of an individual vehicle,

e awareness of the need to privilege public transport vehicles, passengers of which are
very often pedestrians - no need to stop in front of the crossing results with no (or
smaller) delay,

¢ in the case of a stop in the immediate vicinity of the crossing, pedestrians are sure
about the possibility of entering the public transport vehicle because the tram will
stop at the stop, therefore pedestrian access to the vehicle may take place at the time
of passenger exchange and there is no need to force a priority to get to the stop
before the tram.

4 Summary

A high share of unlawful behaviours at crossings regulated by traffic lights and test
results on crossings by tracks without traffic lights indicate the lawfulness of pedestrian
behaviour at the moment of crossing the road. This allows to state that it is reasonable
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to depart from the traffic control by traditional traffic lights at crossings through tracks.
What is important, this approach also significantly affects the flow of trams and their
communication speed, which is not decreased as a result of the need to reduce the
speed or total stopping of vehicles in front of the crossing.

Research carried out in two Polish cities both on crossings through the tracks with
and without traffic lights, indicate mutual correlations of the obtained results. This may
testify to the global significance of the presented research. Gdansk as an example of a
city which over recent years has left from signalling at crossings through a track, is an
example in which the behaviour of pedestrians at crossings through the track are
consolidated by experience. This ensures that the tests carried out at crossings with the
form of pedestrian warning are not new to the group of respondents and they have
adapted to the existing solutions.

Comprehensive analysis of data allows to conclude that undertaking alert actions
better fulfil its function than only restrictive actions. Comparing the shares of crossings
on the red signal in Wroclaw and Gdansk, it can be noted that in the case of Wroclaw,
where most of the crossings are regulated by traffic lights, the share of crossings on the
red signal is higher than in Gdansk. The difference in average results is almost 14
percentage points. This indicates that compliance with signalling indications in Gdansk
is much higher than in Wroclaw. It may also affects the perception of the essence of
signalling and the rightness of adherence to its indications on all types of crossings.
Limiting confidence in the legitimacy of traffic lights, especially among pedestrians,
can lead to very dangerous situations. Therefore, the advantage over traditional sig-
nalling has warning signalling.

Elements that complement warning lights are also pictograms placed within the
crossings by tracks, which clearly distinguish the traditional zebra. The signs used
clearly indicate possible danger and therefore a need for extreme caution. Some
additional voice or light warnings appearing at some of Gdansk’s passages, or both at
once, complete the horizontal signage to create a warning signal that is activated only at
the moment of danger. Awareness that transmitted signals inform about the actually
approaching tram and not only limit the traffic, ensure greater security and greater
freedom of movement for both groups of traffic users. In the case of standard signalling,
there is no clear information whether the tram will appear at all on the crossing, which
is likely with the specificity of trams. Situations in which, despite the red signal being
displayed by the crossing, no tram passes, adversely affect the behavior of pedestrians.
This is evidenced by, inter alia, high shares of crossing the track on the prohibitory
signal.

The research carried out and presented in this article is the basis for making
decisions to change the way pedestrian traffic is organized at the crossings of tram
tracks. Recommended solutions are characterized by much higher lawfulness of
pedestrian behaviour and at the same time provide them with a higher level of security
than in the case of solutions used traditionally.
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Abstract. Signalized traffic control may significantly improve traffic safety by
eliminating potential collision points within a specified time frame (signalling
phase). Traffic organization on multiple-lane inlets requires an appropriate
division of traffic over lanes. It is also very important to make it legible and
eliminate ambiguity of signals and road signs. The article presents selected
aspects of the problem. It discusses real-life examples and simulations aimed at
analysing different solutions for multiple lane inlets to signalized intersections.
Comparative analysis covers, inter alia, the length of vehicle queues and delays
at accesses.

Keywords: Traffic organization - Road safety - Traffic control - Traffic
signalization -+ Traffic simulation

1 Introduction

Every transport network should convey the traffic [1] in a safe and uninterrupted
manner [2—4]. This applies to all modes of transport moving both people [5] and cargo
[6-10]. At the same time, the reduction of the negative impact of transport on the
environment remains equally important [11-14]. Planning and analysis of the transport
network can be carried out at the macro, or comprehensive, level [15-18], or it can be a
subject of a micro analysis that focuses on segments and nodal points (e.g. [19, 20]).

Intersections are bottlenecks on the transport network in cities. These locations
cause significant restrictions to the volume of traffic going in different directions with
many collision points along the way [21]. Therefore, efficient traffic handling and
safety are particularly important. The organization of traffic at such points should be
orderly and legible to drivers.

Traffic lights are a fixed element of the transport infrastructure that causes inter-
mittent breaks in the flow of traffic. This enhances safety and controls the traffic at
intersections while reducing the number of collision points at the same time. The
efficiency of signalling depends primarily on the length of individual signals.

The article focuses on selected issues related to the distribution of traffic over lanes.
Simulation-based research has delivered findings for different solutions applied at inlets
to intersections.
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2 Problem Identification

An intersection with multiple-lane inlet roads can be frequently found along the main
routes in cities. This necessitates a division of the traffic (straight ahead, left turn and
right turn) over two or more lanes. The most transparent solution is to designate a
separate lane for each traffic direction. Then the traffic is distributed already before
entering the intersection and vehicles enter it in an uninterrupted manner. However,
such a solution is not always possible. Its drawbacks include the need to reserve more
space and it leads to a loss of time due to separate phases in the signalling scheme for
particular inlets to eliminate collision points. Therefore, intermediate solutions, which
involve reduced number of lanes and several directions mixed within one lane (e.g.
common lane for left turn and straight ahead or straight ahead and right turn traffic) are
more frequently used. A specific direction can be supported over more than one lane. In
this case, while selecting a direction that is assigned to more than one lane in a
calculation group, the driver needs to take into account the following [22]:

o traffic volume on the lane, and select the lane with a shorter queue, and
e designation of lanes with preference of a lane with a single direction traffic.

This leads to a more even traffic spread over the lanes in the same calculation
group.

However, some cities apply solutions that are less clear for drivers, e.g. a common
lane with a possibility of enter the intersection and travel in two directions, with each
direction controlled by an independent traffic light (i.e. green light) in a specific phase
(or sub-phase). This solution is used in several locations in Katowice, Poland. One of
them is the intersection of Chorzowska, Bracka and Zlota streets. At the inlet of
Chorzowska Street, we have two left turn lanes, one as a separate lane, and the second
lane where the left turn traffic is combined with the straight ahead traffic (Fig. 1). In this
particular traffic organization, the green light for turning left ends earlier than for going
straight ahead. Thus, vehicles moving straight along the mixed-direction lane need to
wait for the green light longer due to vehicles turning left which failed to enter the
intersection during the previous phase. In this example, one lane uses two traffic light
signalization for each direction separately.

A D A A
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Fig. 1. Simplified diagram of the arrangement at the inlet to the Chorzowska-Bracka-Ztota
intersection with breakdown by directions and traffic light signalling
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According to research [23], the interrupted vehicle flow causes hazardous situa-
tions, particularly due to a significant volume of traffic going straight ahead. Table 1
shows the most frequently observed inappropriate behaviour that has led to collisions.
When drivers going straight ahead notice cars stop at the mixed-direction lane, they
start braking which causes additional risk.

Table 1. Summary of road incident causes at the intersection of Chorzowska-Bracka-Ztota in
Katowice (Source: Own research based on [23])

Cause of road incident 2016|2017 | Total
Failure to keep safe distance 17 |8 25

Incorrect change of lanes 1 4
Failure to give way 2 3
Failure to follow traffic lights 2 - 2
Failure to adjust speed to traffic conditions | 1 1

1

|
—_

Incorrect overtaking
Total 23 |13 36

A similar solution has been applied at the intersection of 1 Maja and Bohaterow
Monte Cassino streets. In this case, there are two mixed-designation lanes. One for left
turn traffic and straight ahead traffic and the other for straight ahead and right turn
traffic. The first lane is controlled by two signalling devices with the same sequence of
signals displayed (Fig. 2).

AN A

Fig. 2. Inlet to intersection of 1 Maja and Bohaterow Monte Cassino streets with traffic light
signalling devices for the left-turn lane

It is possible to eliminate traffic control ambiguity in two ways:

e traffic organization with mixed-designation lanes but with one common signal
assigned in the traffic light signalling scheme,
e change of traffic organization by separating left turn from straight ahead traffic.
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Although the second solution increases legibility of signals, it causes considerable
delays for the straight ahead traffic. Considering the above, the article presents a digital
analysis based on simulation models for the first solution only.

3 Research Method and Simulations

In Poland, the capacity of intersections with traffic lights is assessed using the 2004
method which takes into account national empirical data, results of simulations, and
adjustments in line with changes to international methodologies. It also includes
updates imposed by the Regulation of the Minister of Infrastructure on detailed tech-
nical conditions for road signs and signals, and road safety equipment and conditions
for placing such equipment on roads. This method is applied for intersections con-
trolled by fixed-time accommodative traffic lights with non-cyclical switching patterns.
The accommodative and non-cyclical algorithm is used and the traffic volume is
examined for the maximum programme during peak time and temporary accumulation
of traffic at intersections [24].

The methodology, however, does not take into account the impact of the queue of
vehicles at the outlet and accumulation areas of intersections with a central isle or a
wide buffer strip on their operation. Moreover, it also does not take into account
unusual arrangements (e.g. railway passes near road intersections). All the above cases
have required to apply simulation models to assess traffic conditions at intersections.

3.1 Preliminary Assumptions

Commonly used traffic simulation environments can be classified into three categories:
micro, mezzo and macro. Simulations available are based on the correlation of two of
the three models to eliminate drawbacks attributable to individual models. In general,
the microscopic, continuous or discrete models provide information about the status of
individual vehicles while describing traffic parameters for those vehicles and their
locations. The macroscopic model covers traffic intensity (flow speed) and density [25],
the latter is the measure of efficiency.

The VISSIM is a microscopic model of traffic flow that includes the car following
logic and lane changes logic. A key element of the traffic description is the quality of
data pertaining to the current behaviour of vehicles or the pattern of vehicle movement
in the network. Comparing with simple models based on a constant speed and a
deterministic logic of a vehicle following the leader, the VISSIM uses a psychophysical
model for driver’s behaviour developed by Wiedemann (1974) [26].

The Wiedemann’s model assumes that the driver of a vehicle moving faster starts
braking when he notices a vehicle ahead moving at a slower rate. Assuming that the
driver cannot accurately determine the speed of the vehicle ahead, he starts braking and
continues the process until the speed falls below the speed of the preceding vehicle. In
the next phase, acceleration begins until the next speed perception threshold is reached.
In consequence, acceleration and deceleration occur in iterations. The stochastic dis-
tribution of speed and spatial thresholds, which are editable by the software user, reflect
characteristics of individual driver’s behaviours. The baseline traffic model has been
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calibrated against multiple field measurements at the Karlsruhe Technical University
[26]. Periodical measurements and the update of model parameters ensure that changes
of field conditions, preferences of drivers and the vehicle construction are taken into
account.

3.2 Joint Lane for Two Directions and Separate Phases

In this case, it has been assumed that the inlet consists of two lanes. Each of the two
lanes conveys combined left and straight ahead and right and straight ahead traffic. Two
independent traffic lights are assigned to the inner lane for each direction. The green
light signal starts to be transmitted at the same time by all traffic lights at the inlet. The
length of the green signal for the left turn traffic is 26 s and 40 s for other directions.
Simulation parameters are shown in Table 2. Simulations have been repeated for
various straight ahead and left turn traffic volumes.

Table 2. Summary of simulation results for the mixed direction lane and separate green light
signals depending on the volume of traffic [Veh/h].

Parameter L=100 [ L=200 |L =300 |L =400

W =200 W =400 |W =600 W =800
P=200 |[P=200 |P=200 |P=200

Average time to turn left 52.1 57.9 70.7 127.3
Average time to pass straight | 43.7 45.8 51.5 100.1
Average time to turn right 442 46.1 50.9 89.0
Average queue length 7.4 13.1 239 200.4
Number of stops 330.1 581.6 931.2 3818.9

Where: L - left turn traffic; W - straight ahead traffic; P - right turn traffic.

Results show an increased interruption to the traffic flow with the growing traffic
volume.

3.3 Joint Lane for Two Directions and a Common Phase

In this case, the same traffic organization has been adopted as in solution 3.2, i.e. two
mixed-direction lanes at the inlet. The same green light signal of 40 s has been adopted
for all directions (both lanes). Parameters from the simulation are shown in Table 3.
Simulations have been repeated for various values straight and left turn traffic volumes.
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In this case, we can observe a growing interruption to traffic with the increase in the
traffic volume. Comparison with Table 1 shows a smaller rate of changes. According to
the solution simulated, the straight ahead traffic lane is blocked by vehicles turning left
to a lesser degree than in the case described in 3.2.

Table 3. Summary of simulation results for the mixed direction lane and common green light
signals depending on the volume of traffic [Veh/h].

Parameter L =100  L=200 |L =300 |[L =400

W =200 | W =400|W =600 W =800
P =200 |[P=200 |P=200 |P =200

Average time to turn left 41.6 47.7 50.0 69.5
Average time to pass straight | 43.4 45.1 47.8 66.4
Average time to turn right 43.9 45.8 48.3 65.7
Average queue length 7.1 11.8 18.7 51.9
Number of stops 317.1 552.6 820.6 1593.8

Where: L - left turn traffic; W - straight ahead traffic; P - right turn traffic.

4 Analysis of Results

Time delay is a basic measure that determines the level of service at an intersection.
Essentially, it is an additional time needed to cross the signalized intersection com-
paring with the time required to cross the intersection without any interruption (without
a stop at the inlet) [22]. The measure determines the efficiency of a solution.

The summary of time delays for the simulation described in 3.2 and 3.3 is presented
in Fig. 3.

Figure 3a shows the drop in the time delay when we extend the duration of a green
light (from 26 to 40 s per phase). At the same time, the comparison of results for both
solutions enables to estimate the traffic volume above which the obstruction of the
straight ahead traffic significantly increases due to the left turn traffic on the same lane
(Fig. 3b). Moreover, the right turn traffic on the adjacent lane is also interrupted, since
more drivers choose the external lane in the case of the first solution (Sect. 3.2).
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5 Conclusion and Further Research

Breakdown of the directional traffic into lanes is one of issues faced by a person
responsible for the traffic organization and traffic control algorithm. It should be noted
that methods that may support the process include computing procedures. Simulation
models that also take into account speed profiles, operating characteristics and driver
behaviour can be used while testing different scenarios. The article has focused on
selected aspects of the problem. In instances examined, two different traffic light signals
for one lane might be problematic in terms of their clarity and ambiguity. This may lead
to hazardous situations, such as emergency braking or an abrupt change of lane. We
also observe increased delays in such a constrained directional traffic. Further research
is going to extend the simulation model to cover other solutions, as well as specify
additional dependencies in the traffic structure.
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Abstract. The paper presents conclusions drawn from an analysis of available
methods of evaluation of road traffic conditions at approaches of signalized
intersections and at interchanges. The analysis was performed due to the need to
evaluate changes in the length and reach of vehicle queues, in order to gain
insight into the process of development (accumulation, dispersion, concentration
and relief) of the queues. The analysed methods included: conventional
recording of the number of vehicles in a queue using a form, methods that
involve the use of a voice recorder, photo camera, UAV (drone) and individual
miniature video cameras (with built-in power supply) installed on streetlight
poles along the relevant road section. Ultimately, the latter was chosen to
evaluate the process of queue formation, having confronted the advantages and
disadvantages of all the methods considered. The paper also describes the course
of analysis and processing of measurement data using specially-developed
computer software for the selected method.

Keywords: Road traffic evaluation - Traffic-light intersection - Road
interchanges - Vehicle queues

1 Introduction

Correct identification of traffic conditions in an urban road network is important for the
assessment of the overall network traffic efficiency and the efficiency of its crucial
elements - intersections - in particular. A similar problem is in the case of the evalu-
ation of traffic conditions on road interchanges in urban areas. The most common
measure of traffic conditions consists in the determination of the mean loss of travel
time per vehicle. Other measures include the mean number of traffic stoppages and the
mean length of vehicle queues formed on individual lanes at an intersection approach.

Determination of the above-mentioned measures of traffic conditions enables
planners, designers and road administration authorities to evaluate the quality solutions
applied to a relevant element of the road network in terms of the layout of the inter-
section approach, the organization and channelization of traffic, the kind of traffic
control software etc. Moreover, such measures are used to design new solutions for
traffic flows within a relevant road network area, either to upgrade the existing ones or
to provide alternative routes and their connection to the existing road structure [1-4].
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In the past, a mean rate of traffic flow whose value was assigned to established
classes was considered a reliable measure enabling classification of traffic conditions.
Nowadays the main measure of actual traffic conditions in a road network is a mean
loss of travel time per vehicle, either moving along a road section or crossing an
intersection. A mean loss of time crossing an intersection obviously reflects theoreti-
cally valid effects of traffic disturbances but it does not show their causes. It should be
noted that the length or reach of vehicle queues are verifiable measures enabling
identification of the causes of traffic disturbances and their effects. This has a major
influence on the undertaking of measures aiming at improvement of traffic within an
analysed approach of a signalized intersection, or an exit road of an interchange [5, 6].

The observable increase in traffic congestion in cities, both in Poland and abroad
[7-10], leads to a speculation that in the near future we are likely to accept further
losses of time when travelling (in particular as far as generated trips and absorbed trips
in cities and intra-city trips when crossing the intersections of major arterial roads).
Consequently, in order to establish the methodology and tools to evaluate and optimize
traffic flows in the condition of considerable congestion, solutions have been sought to
measure road traffic density at intersection approaches and along the road section
leading to the intersection. The objective was to find a research method that would
enable an analysis of traffic conditions along the entire section under consideration,
starting from the intersection approach. Based on experience gathered from research
work, this paper presents the conclusions from a selection of methods to evaluate traffic
conditions in permanent vehicular traffic congestion of urban road networks, mainly
including the length and reach of vehicle queues at the approaches to intersections with
traffic lights.

2 Evaluation of Road Conditions - A Common Practice

As indicate in the introduction, the most common method of evaluation of road con-
ditions consists now in the determination of mean losses of travel time per vehicle. The
planners and designers of road infrastructure, including traffic signalling software, use a
variety of instructions and manuals to determine the measures for this purpose [1-4].
Thanks to such tools they are able to specify the so-called “Level of Service” (LOS) for
a given element of road infrastructure, on the basis of which a developed solution is
admitted (or not) as regards its structural design, geometry, organization etc. The other
measures of traffic condition in the planning and design processes are used only to
check possible blocking of accumulation zones or adjacent intersections (using the
value of maximum reach of a queue of vehicles in metric units) [1-4].

In present circumstances road authorities of large cities increasingly aggregate the
data on mean travel time it takes vehicles to cross a road section to establish a deviation
from a reference value. There are a few methods of acquisition of data to determine
road conditions, however detecting vehicles passing specific road sections remains one
of the most common of these. The data comprises vehicle registration numbers read
using automatic vehicle identification (ARCP) cameras, most often installed at the
intersection departures/exit legs [11]. The data is then statistically processed. In this
way, recording the time taken to transit a road section provides information on the



182 D. Iwanowicz and J. Chmielewski

mean time of travel along the corresponding section of a route (or the mean speed of
travel). Thanks to that road and traffic authorities can determine various scenarios of
service for vehicles crossing the intersections covered by signalized control as part of
an Intelligent Transportation System (ITS), depending on current traffic requirements.
Presentation of such data in a graphic form to drivers enables them to select alternative
routes where messages about unfavourable traffic conditions in a specific section or an
exit from an interchange are displayed. Such as system of acquisition and presentation
of date is being implemented in a growing number of cities, including Bydgoszcz
(Fig. 1) [11].

Fig. 1. ITS subsystem components in Bydgoszcz used to navigate drivers to alternative routes
(A, B - ARCP cameras; C, D - city traffic status displays controlled by ITS)

The problem of traffic congestion at rush hours in cities almost always takes place
at intersections with traffic lights. This is why it is so important to determine reliable
traffic conditions that occur or may occur at approaches to such intersections. In [12] it
was observed that where substantial traffic congestion persists for a long time or where
vehicle queues increase dynamically yet for a short time, the existing and commonly
used mathematical calculation models overlook essential traffic conditions at inter-
section approaches, both where a mean length of a queue is being determined and the
ensuing mean loss of travel time (which refers to a more precise method of determi-
nation of traffic conditions in multi-interval analysis). In addition, the traffic loading
defined in a standard way is very often underestimated due to incorrect determination
(only the values of incoming traffic and flow capacity are used whereas vehicle queues
at the approach are disregarded). Therefore it is claimed that in the circumstances of
increased transport demand the LOS is often substantially underestimated and does not
reflect the actual traffic conditions in the given road network [12].
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3 Analysis of the Methods of Measurement of Traffic Density

One of the most popular measurement methods used to determine traffic density,
including vehicle queue lengths and reaches, consists in taking two local measurements
at the initial and final point of an road section [13]. The idea is to register the time
vehicles appear at the two points and to record their distinctive features for subsequent
identification. The goal of the measurement is to establish the total time the vehicle
remained between the two measuring points at the time of observation [13]. The
method, however efficient it is, does not provide detailed information about the traffic
conditions in the database. The only information given is the number of vehicles
recorded and the time they remained within the measured section. Therefore, in order to
find out more details about the behaviour of drivers in the conditions of increased traffic
congestion (in a queue of vehicles) other methods had to be developed.

All of the methods described below are based on the same general idea as above.
However, as a characteristic feature of measuring the length of vehicle queues at the
approaches to traffic-light intersections, data is aggregated to an analytic interval equal
to the duration of a single signalling cycle, including two sampling sub-intervals (the
effective duration of the red and the green signal). In order to carry out detailed analysis
of traffic conditions, including the parameters of vehicle queues, for the same time
intervals measurements of the traffic volumes at the intersection, both incoming and
outgoing during the green signal, have to be made, including the type structure and
direction of the vehicle streams. It is possible to aggregate the data further according to
longer sampling intervals (e.g. 15 min’ long).

Considering the above, some measurement methods were applied in practice and
their strengths and weaknesses are listed in Table 1.

Table 1. Advantages and disadvantages of various methods of measurement of the length and
reach of vehicle queues.

Pos. | Method Strengths Weaknesses
1. Measurement  Easy and quick to apply  Applicable only to traffic lights
form * Low cost with constant signal duration
* Clear tasks and results (cycle duration and individual
¢ Relatively quick analysis of signal durations have to be
data based on simple known)
balancing * Only one traffic lane can be
analysed

* Does not consider vehicles
merging and separating

 Lack of details about the time
of individual manoeuvres done
by recorded vehicles

* Recording types at increased
traffic volumes may cause
notational issues

e Minimum 3 persons required

(continued)
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Table 1. (continued)

Pos. | Method Strengths Weaknesses
2. Voice * Quick and cheap to use  See above
recorder * Recorded events are time * Lengthy data processing
stamped * Personnel needs to be specially
* Multiple reading of the data trained to use specific voice
possible commands
3. Photographs * See above (Item 2) * See above (Item 2)
(camera) * No need to count vehicles ¢ In the case of long queues
forming the longest queue possible counting inaccuracies
* Possible to apply to and the issue of larger vehicles
approaches with multiple obstructing smaller ones
lanes
4. Digital * Single video of the entire * Two persons required: a drone
camera queue (if no obstacles pilot and a navigator
(drone) present) * Drone pilot licence required
* Multiple reading and * Pilot needs to be trained in the
processing of the data acquisition of required data
* Possible fast-forwarding and (expected video images)
slowing of the playback * Highly sensitive to bad and
* Possible zooming in and out changeable weather conditions
* Covers multiple traffic lanes * Short operation time of a single
* (Option) possibility to drone
implement software counting | * High cost
vehicles in queues (vehicle * Separate simultaneous
tracking) recording of traffic light
sequences necessary
* Labour intensive data analysis
5. Digital * No personnel required to * Video recordings need to
cameras carry out measurements be synchronized and (if
(streetlight e Measuring equipment can be necessary) merged into one or
poles) used repeatedly two files

* Data can be read repeatedly

* Possible fast-forwarding and
slowing of the playback

* Possible zooming in and out
(in individual cameras)

* Enables simultaneous analysis
of traffic conditions on a given
road section

Very long and labour intensive
analysis of data from a few
dozen camera views at the
same time

Rather expensive installation of
cameras

Ample disk space required to
store video data (a single 24 h
recording from one camera, in
Full HD and 24 fps takes about
116 GB)

Permit required to install the
equipment within the RoW
area
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3.1 Basic Methods of Measuring Traffic Density

The first method consisted in taking down the numbers of vehicles incoming, outgoing
and forming a queue (stopping) at an approach to an intersection by three people
carrying out the measurements. All three measurements had to be time synchronised
and one signalling cycle was used as a complete reference interval. The measurement
of the incoming traffic volume took place at the departure from an intersection situated
next to the one analysed, whereas the outgoing traffic volume was measured at the stop
line of the approach to the analysed intersection. The queue length was determined by
taking down the number of vehicles forming a queue and coming to a full stop during
one signalling cycle. The person counting stationary vehicles was required to move
along the queue (on a scooter, electric skateboard or bike) as it was growing or
declining. During subsequent analysing the maximum length of the queue formed at
the red traffic light was determined from balancing. Similarly, the balancing of the
values of outgoing traffic volume and the maximum queue length at individual sig-
nalling cycles made it possible to establish the length of queues remaining at the end of
the green traffic light.

The second method was very much like the first one with the only difference being
the tool used to register data. Instead of a traffic count form a digital voice recorder was
applied. Such a solution enabled providing accurate time reference of registered events
(vehicle travel along the analysed section, stopping time). Furthermore, digital records
could be processed and read repeatedly. However, this kind of measurement involved
quite a long time to read the recorded data, as the files from three recorders had to be
listened to and the events fed into a computer programme. Another disadvantage was
that the voice commands used by the recording personnel had to be unified (vehicle
features and their subsequent identification when entering data and analysing). On the
other hand, considering that mobile phones are usually equipped with a digital voice
recording function, the method did not require purchasing any special equipment other
than an external microphone with a windshield, recommended to reduce any sur-
rounding noise, background sounds and distortion caused by the wind. However, even
without a windshield the quality of recorded sound should be good enough to clearly
understand the voice commands. With the mobile phone screen backlight off, the
recorder can be operated for up to 8 h.

The third method is a modified version of the two described above. This time the
person measuring vehicle queue lengths does not count the number of vehicles at
specific signalling cycles but takes photographs of the road section covered by the
queue. Depending on requirements, the signalling cycles can also be evidenced with a
camera (the corresponding times individual traffic light cycles started). The queue
length is determined as an estimate (the reach of the queue from the stop line) or based
on the characteristic features of the vehicles identified at the end of the queue in the
photograph (comparing data from the camera and voice recorders). The other observers
carry out measurements using the first or the second method described.

Methods number four and five involve the use of video recording equipment. In
both methods no personnel is required to collect the samples. A complete video
recording that can be played back repeatedly from any time mark is an undisputed
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advantage of video technology. On the other hand, the cost of such observations
(including the cost of a video recorder) is much higher as compared with the methods
described above.

3.2 The Use of Unmanned Aerial Vehicles

Today the use of unmanned aerial vehicles (drones) with a video camera to record
vehicle flows within an analysed road section and intersection seems to be a simple
procedure. However, the possibilities of using such equipment are quite restricted as far
as scientific research applications are concerned because, according to current regu-
lations (in Poland) any flights in cities require a special pilot licence (BVLOS - beyond
visual line of sight flights). Moreover, operating a drone in built-up areas is classified as
‘uses other than recreational or sport’ [14]. The biggest drawback of the application of
drones in traffic observations concerns their endurance. An experiment carried out in
2016 showed that the total flight time (hovering in position) of a high-class UAV at a
height of about 100 m in almost windless conditions was merely up to 20 min,
including take-off and landing. That is why at least two UAVs would have to be used to
provide constant hovering at a specific location for about 15 min each. The remaining
time would be used to launch and navigate the drone to the defined location. The flights
would be done interchangeably; once one of the drones has returned its battery pack
would be replaced. The cost of such an operation as estimated by a Bydgoszcz based
company providing drone services is PLN 500 per hour [15]. The price included:

two operators and a navigator,

setting up of the drones,

checking of the availability of airspace and procuring necessary permits,
possible digital processing and editing of collected video data.

It should be note that the price above included depreciation of the equipment (so
there is no extra cost of battery packs required for the operation). The price of a single
drone operated by the company is about PLN 20,000. This includes a compact, light-
weight video camera capable of recording in 4K resolution (4096 x 3112) at 30 fps
with ‘fish-eye’ reduction (image rectification). Figure 2 below shows a few images from
experimental flights using UAVs of various classes.

When doing a technical market research another company was found offering
similar services of aerial data acquisition. The company publishes its promotional
videos on one of the most popular internet sites [16]. The cost of intended observation
of road traffic characteristics for a specific intersection would amount to PLN 550 per
drone launch. Some results of the company’s work taken from published videos are
shown in Fig. 3. No technical specifications of the flight and equipment involved was
available, and nor any operational time limits were provided.

The authors also considered another option: the application of a drone with constant
power supply by means of a 70-m cable (tethered drone). An initial cost estimate of the
use of such equipment, including a weatherproof drone with at least 6 rotors, was given
by a Bydgoszcz based company at approx. PLN 70,000-100,000. In the long run
attempts will be made to use equipment like this in a variety of traffic observations. At
present, it is possible to use drones with combustion engines which can remain in flight
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for about 1 h and drones with hydrogen fuel cells with flight times reaching 4 h,
however the costs of application of such equipment exceeds PLN 150,000.

3.3 The Use of Cameras Mounted on Streetlamps

Vehicle queues were also measured using digital cameras installed on streetlamps
located at an intersection approach and along the entry leg to the intersection. Tests
[12] demonstrated that 6.5-7.5 m is the optimum height to fit cameras to the streetlight
poles. Such a height ensures good visibility of any vehicle and the distances between
vehicles (no obstruction from larger vehicles). It was determined that at the specified
height the spacing of cameras should not exceed 40-60 m in order to ensure complete
video coverage and overlapping of the views from consecutive cameras. The spacing
normally corresponds to a distance between three streetlamps. The first camera has to
be installed as close to the stop line as possible to ensure correct reading of changing
traffic lights.

The recording equipment had to be compact and light for easy and quick instal-
lation. When choosing the right camera type particular attention was paid to a mini
action camera. Community interviews and technical considerations proved that the
technical specifications of mini action cameras would be adequate to register the
required traffic information for the expected time of observation.

Finally YI Action mini cameras were selected. The videos taken using those
cameras can be recorded as Full HD files (1920 x 1080 PX) at 24 fps or more. The
resolution is good enough for subsequent scaling and editing of the video material or
adding or arranging additional graphic elements in it. The cameras are equipped with a
microUSB connection which enables direct power supply and charging of the camera
battery while recording. The cameras also provide Wi-Fi communication which makes
it possible to view images being recorded in real time, using a tablet or smartphone.

In order to ensure continuous (24 h) recording, the cameras had to be connected to
an external Li-Ion battery with a capacity of 20,000 mAh (power bank). It was also
essential to ensure a high quality power supply cable connecting the camera to its
power bank (resistant to bending and twisting and providing good energy
performance).

The equipment includes a microSD memory card with a high writing speed (UHS-I
Class 10 as a minimum), to store recorded videos. It was established from initial tests
that a 128 GB card is required to store material recorded for 24 h in 1920 x 1080 PX
and 24 fps.

The recording equipment was placed in a transparent and weatherproof container
and fixed to a two-arm support section making the mounting bracket. Such a set-up
makes it possible to install the measuring kit to a streetlamp with two metal clamps
tightened by means of a worm gear. The clamps used in the measurements were metal
worm gear clamps (W1 type) for diameters of about 60—650 mm, so they were suitable
to fit the kits to small-diameter metal street lighting poles as well as to old type
polygonal concrete poles.
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Finally a measuring kit comprised the following: a miniature digital camera, an
external charger (power bank), a charger cable, a camera holder with a suction cup to
attach it in an enclosure, a weatherproof enclosure, a mounting bracket and two worm
gear clamps. Figure 4 shows an example installation.

It should be noted that if measurements are to be taken along a road segment where
there are only metal lamp poles, the brackets can be attached to them using neodymium
magnets. Based on preliminary tests it was established that about 7 magnets are
required per bracket (3 magnets along the length of the bracket and about 5 on the sides
at different levels). The number of magnets to be used is determined by the round shape
of the pole and the need to ensure appropriate holding strength in adverse weather (high
winds) or random incidents (perching birds). In the case of polygonal poles, 3 neo-
dymium magnets placed along the pole would be optimum and would be enough to
attach a simple bracket providing stable and secure installation. Such a solution was
applied for example in Warsaw for a camera whose only purpose was to record changes
in traffic light sequences. Figure 5 shows this kind of setup.

The installation of the cameras along the measurement sections was assisted by
lifting service providers (Fig. 6) or rope and ladder access contractors (Fig. 7). Both
types of installation take a similar amount of time to mount and dismount the equip-
ment. In the case of the first method the positioning of a bucket truck at the street light
pole was the most time consuming, and in the second case fitting took the longest. On
the basis of obtained quotations and trials the lowest cost of installation of 10 cameras
along a selected road section using a bucket truck was PLN 750 and it took about 2.5 h
to install and about 2.0 h to remove the equipment. In the case of rope and ladder
access, the cheapest quote was for PLN 400 and the total mounting/dismounting time
for 10 cameras was about 1.7 h. Therefore, rope access services proved more cost-
efficient in this comparison.

It is also possible to install cameras in windows or on roofs of nearby buildings
(office blocks or hotels) located at the analysed intersection. If the buildings are more
than 10 storeys high, a single camera could cover the area of all approaches and entry
legs. In such a case the other cameras should be installed near the stop lines at
individual intersection approaches to record the sequences of traffic lights. The price of
using a hotel room for this purpose usually equals the price of a night (an installation
permit is also required).

The evaluation of the described measurement methods considered mainly technical
capabilities to record the required characteristics of road traffic, the queue-forming
process and the costs of purchase and operation of measurement equipment. Based on
these it was decided that placing a few dozen cameras along the analysed section would
be the preferred method.
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Fig. 2. View from an UAV-fitted camera (Legend: A, B, C, D - a medium-class drone and
images taken at ~50 m (‘fish eye’ effect visible) 1 E, F - a high-class drone and an image taken
at ~200 m) (Source: [15])

Fig. 3. Promotional images for traffic measurements using an UAV (Source: [16])
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Fig. 4. Arrangement of measurement kits along Kamienna Street in Bydgoszcz (Legend: 1 -
camera, 2 - power bank, 3 - memory card, 4 - power supply cable, 5 - camera holder, 6 -
weatherproof enclosure, 7 - support sections, 8 - clamps) (Source: [17])

Fig. 5. Fixing a measurement Kit to a road sign pole with neodymium magnets within a traffic
measurement section in Warsaw (Source: [17])



Analysis of the Methods of Traffic Evaluation 191

Fig. 6. Mounting measurement equipment along Sporna Street in Bydgoszcz using a bucket
truck (Source: [17])

Fig. 7. Mounting measurement equipment along Kamienna Street in Bydgoszcz using rope and
ladder access (Source: [17])
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4 Processing Measurement Data

4.1 Data Reading and Synchronizing

When measurements were completed using the fifth method (Table 1), the obtained
video material had to be read from individual camera cards and synchronized. The
synchronization of videos from all the cameras had to be carried out at the same time.
For this reason the whole video material was compiled into a single screen. It enabled
observation of the vehicle stream along the entire analysed section using one monitor.

The time synchronization of individual video recordings was possible thanks to the
application of YI Action software installed in a smartphone to manage the control
parameters of the cameras. When the camera was turned on, its internal clock auto-
matically read the time (hour, minute and second) from the smartphone used to connect
to the camera. As the cameras overwrite video recording start times, at the stage of
processing and compiling it was possible to check the exact time each recording began
(with an accuracy of 1 s). Having all the video files with embedded start times it was
easy to synchronise them by means of a freeware application for video tracks which
featured the function of moving them using a built-in timeline. Additionally, when a
common time stamp was established the synchronization was verified regarding the
timing of video images. To this end, overlapping views from different cameras were
compared and the changes of traffic lights were verified.

Once the synchronization was found correct, the digital processing was completed
and all the video files were exported into a single video with a resolution of
1920 x 1280 PX and a playback rate of 24 fps. This frame rate enabled slowing down
of the video to half the speed if required to determine the exact moments of starting and
stopping of vehicles within the measured road section. The final video included a
global digital time stamp to enable precise identification of the observed characteristics
of road traffic and changes of the signals emitted by the traffic lights. The time stamp
provided information about the hour, minute and second, as well as milliseconds of the
played video (with reference to the time of measurement). A final compilation could
combine 9 full views (proportionally reduced) at the same time.

Such video material was suitable for further processing using a monitor with at least
40" screen size. The workstation used to observe vehicle queue forming is shown in
Fig. 8.

The process of changes in the length and reach of vehicle queues was recorded
using a specifically-designed computer programme, fully developed by the authors.
A screen from the programme is shown in Fig. 9. The programme featured the fol-
lowing functions:

selection of any video playback speed,
recording the duration of traffic light signals within a cycle,

e recording the structure of vehicle streams according to the type of vehicle at an
analysed intersection approach, by means of a combination of keys on the computer
keyboard (using the letters O, F, C, P, A, W, and M), where each type of vehicle
was assigned a specific letter; the time was also saved,
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|

Fig. 8. View of the workstation used to analyse videos from a number of cameras installed
along a measured section in W. Pileckiego Street in Bydgoszcz (Source: [17])
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Fig. 9. View of a screen of the computer program developed for the analysis of vehicle queue
forming process along a measured section of W. Pileckiego Street up to the approach to Rondo
Maczka intersection in Bydgoszcz (Source: [17])
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e recording the times of vehicles leaving the intersection during a specific cycle, by
pressing the “1” key,

e recording the times of vehicles starting to move in a stationary queue during a
specific cycle, by pressing the ‘“2” key,

e recording the times of vehicles stopping in a remaining queue during a specific
cycle, by pressing the “3” key.

All the data recorded for a single cycle was stored in the programme. When the
analysis of a cycle was completed the data was copied into an MS Excel spreadsheet
file. The copied data included times saved directly from the video file. Therefore, the
displayed time stamp had to be entered in the spreadsheet to correct the data using the
time of measurement shown in the video. In this manner, all the information regarding
individual manoeuvres of the vehicles was collected and organised according to the
time of measurement. After copying all the data the application memory buffer was
cleared and the analysis of a subsequent signalling cycle could begin.

4.2 Processing of the Material

Further processing of the material obtained from the measurements consisted in the
identification of the properties of traffic queue forming for a single signalling cycle. The
above-described computer programme was used for this purpose, being capable of
reading the requested variables. The processing was divided into a number of stages.

The first stage involved reading changes in the duration of traffic light signals
during one cycle and the next one. Noting down the times of the changes was nec-
essary. In particular, it was essential to identify the times when the green and the red
light came on during a signalling cycle, so that the general properties of the applied
traffic light programme could be determined.

Having determined the duration of individual traffic light signals during a cycle and
a cycle that followed it, the next stage was to focus on vehicles coming to the inter-
section approach. This consisted in rewinding the video to the moment when the red
light came on during the analysed signalling cycle. Times were noted for individual
incoming vehicles which stopped to form a queue or were affected by the queue (i.e.
were clearly slowing down behind the last stationary vehicle in the queue). In the case
of vehicles which did not form a part of the queue during the analysed signalling cycle
and managed to leave the intersection during the green light, only the fact that they
crossed the section was noted. However all vehicles were identified in terms of type.
This made it possible to determine the exact type structure of the incoming stream of
vehicles during a given cycle, but also during a selected time interval (e.g. a quarter of
an hour). The number of recorded times corresponded to the number of vehicles
passing through the section concerned. Knowing the duration of the cycle and the
number of vehicles on the approach to the intersection enabled the determination of the
volume of incoming traffic.

At the third stage, phases of the outgoing stream of vehicles leaving the intersection
were established. That stage involved rewinding the video to the moment when the
green light came on during the analysed cycle. From that moment times were noted for
individual vehicles which crossed the stop line. The number of times corresponded to
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the number of vehicles leaving the intersection. Knowing the duration of the green light
the volume of outgoing traffic and the saturation volume could be determined. Since the
duration of the signalling cycle was also known, the volume of outgoing traffic and the
flow capacity of the given lane were established (naturally, being aware that saturation
volume and flow capacity can be determined only in the condition of saturated or
oversaturated flows). Additionally, the type structure of outgoing vehicle flows was
determined.

The fourth stage of data processing consisted in noting down all times of vehicles
starting to move from a queue formed at the intersection approach. This required
rewinding the video back to the moment when the green light came on during the
analysed cycle. From that moment times were noted for the starts of each subsequent
vehicle until the last stationary vehicle in the queue started moving during the cycle.
Some of the starting manoeuvres could take place during the next signalling cycle, so
when copying the data on the starts each situation was verified to distinguish those
happening during the analysed cycle (when the green light was on) from those
occurring after the red light of the subsequent cycle came on. Having collected the data
the values of starting volumes were determined both for the green light and when the
red light came on (knowing the relevant time of the last vehicle starting at the end of
the green light and the time of the last vehicle starting from the maximum queue).
Similarly to the third stage, the type structure of the starting vehicles was also
determined.

The fifth stage of data processing consisted in fast-forwarding the video to the
moment when the red light of the subsequent signalling cycle came on. Then stopping
times of individual vehicles from the remaining queue were read. Knowing the time the
last vehicle in the queue stopped the value of the stopping volume was calculated. The
type structure of the vehicles was determined at that stage, as well.

At the sixth stage the maximum reach of the queue was established (as the number
of vehicles starting) and the initial queue (as the number of vehicles stopping) relative
to a single signalling cycle. The data was considered to be the most important for the
process of queue forming analysed in this study.

The individual phases of vehicle queue forming were analysed from the point of
view of absolute times of doing the specific manoeuvres and intervals between
manoeuvres of individual vehicles. The reference value for each analysed phase was
always the assigned value of time during which a given traffic light was signalled
during a specific signalling cycle.

Data read from video recordings was entered into Excel spreadsheets which formed
a database for detailed analyses. Each analysed lane of the intersection approach
considered was assigned its own spreadsheet. Further analysis of the data on individual
phases of vehicle queue formation process was performed using Statistica software.

Figure 10 presents a diagram representing data read about the vehicle queue
forming process at the approach of a traffic-light intersection during one signalling
cycle.
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Fig. 10. Graphic representation of empirical data concerning the times when individual
manoeuvres were initiated by vehicles forming a maximum queue (red light duration: 93 s, green
light duration: 26 s, cycle duration: 123 s; other symbols used: i - cycle sequence, T -
measurement interval (cycle duration), ko ; - length of initial queue during cycle 7, kp - length of
remaining queue at the end of cycle i [as: length of initial queue during cycle i + 1], Ky, -

maximum reach of the vehicle queue (back-of-queue) during cycle i)

5 Conclusion

In current traffic conditions in urban and peri-urban road networks it is very difficult to
carry out a precise evaluation of the characteristics of traffic whether in a single stream
or an entire flow of vehicles. The difficulty consists in very high traffic volumes at the
peaks of transport demand and in the density of development in large and medium-
sized cities (an abundance and variety of travel origins and destinations).

The authors, in an attempt to tackle this problem, analysed a number of feasible
methods of measurement of traffic density and - in particular - of the process of vehicle
queue forming in arterial roads, approaches to signalised intersections and inter-
changes. Having assessed the methods, and assuming that the cost of implementation
and purchase of measurement equipment were prioritised, the best method was found
the one involving installation of a few to a dozen or so miniature digital cameras on
street lighting poles along the road section to be covered by the measurements.

The authors then developed a procedure to process the data acquired by a set of
cameras in the selected method. A computer programme was also developed to
accelerate reading of the required data. One apparent drawback of the method was that
individual types of data had to be specifically determined.

Nevertheless, in the authors’ opinion, it is possible to develop a computer pro-
gramme for automatic specification of the required properties of road traffic in order to
identify the process of queue forming, using vehicle-tracking algorithms. The authors
cannot see any major obstacles that would prevent application of the selected method to
evaluate traffic density (length and range of vehicle queues) at exit roads of suburban
interchanges. In such an application, however, each exit road should be clearly pre-
defined as a separate area.
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