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Preface

Contemporary technical and technological development as well as the ever-growing
mobility provide favourable conditions for designing innovative transport-related
solutions. Consequently, transport systems and networks require new decisions to
be continuously made with regard to planning, organization and control of traffic.
These decisions entail the necessity of seeking increasingly efficient solutions.

This publication, entitled Recent Advances in Traffic Engineering for Transport
Networks and Systems, provides an excellent opportunity to become familiar with
the latest trends and achievements in the field of contemporary transport systems as
well as traffic engineering challenges and solutions. It has been divided into four
parts:

• Part 1. Recent Advances in Traffic Engineering and Travel Models,
• Part 2. Safety Analysis in Advanced Transport Networks and Transport

Systems,
• Part 3. Determinants of the Development of Transport Systems in European

Union,
• Part 4. The Problems of Optimisation of Transport Networks.

The publication contains selected papers submitted to and presented at the 14th
“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 topics addressed in the book include the current problems of transport systems,
among other subjects discussed. With reference to numerous practical examples,
various novel solutions applied in traffic engineering have been proposed in the
publication. They are considered to exert significant influence on increasing the
functional efficiency of transport systems and networks, and their priorities include
well-being and health of people, traffic safety, sustainable development of transport
systems and protection of natural environment.

We would like to use this occasion to express our gratitude to the authors for the
papers they have submitted and their substantial contribution to the discourse on
the multiple challenges facing transport systems and traffic engineering in the
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contemporary world as well as for rendering the results of their research and sci-
entific work available. We would also like to thank the reviewers for their insightful
remarks and suggestions which have ensured the high quality of the publication.

Readers interested in the latest achievements of traffic engineering and the
overall body of problems addressed in this field of expertise may use this publi-
cation as an extensive collection of scientific research results, diverse insights and
comments as well as new approaches and problem solutions. With the foregoing in
mind, we are hoping that all readers will find this book valuable.

September 2017 Elżbieta Macioszek
Grzegorz Sierpiński
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Vehicle Speed Impact on the Design of Efficient
Urban Single-Lane Roundabouts

Hrvoje Pilko(&) and Šime Šarić

Faculty of Transport and Traffic Sciences, University of Zagreb, Zagreb, Croatia
hpilko@fpz.hr, sime.saric@yahoo.com

Abstract. Implementing effective roundabouts in urban areas is a highly
demanding task and requires optimizing traffic (operational) efficiency (TE) and
traffic safety (TS) while considering geometric factors, traffic characteristics and
local constraints. To capture a relationship between roundabout design elements,
traffic demand flow and vehicle path speed through the roundabout, we studied
American and Australian method on four urban single-lane roundabouts located
in the Croatian capital of Zagreb. Comparison between design speed and
measured vehicle speed show bigger deviations than previous studies. Prelim-
inary validation of the used methods enables better understanding of its appli-
cation for Croatian conditions. These preliminary results suggest that the used
methods can capture the correlation between geometry, traffic flow demand and
vehicle speed of urban single-lane roundabouts but with needed calibration for
local conditions.

Keywords: Urban single-lane roundabout � Geometry design � Traffic
(operational) efficiency � Traffic safety � Vehicle movement trajectory �
Vehicle speed

1 Introduction

Implementing effective roundabouts in urban areas is a highly demanding task and
requires optimizing traffic (operational) efficiency (TE) and traffic safety (TS) while
considering geometric factors, traffic characteristics and local constraints. Studies of
roundabouts in various countries, particularly of single-lane roundabouts in urban
areas, have shown that proper design can significantly improve TE [1, 2], as well as TS
parameters [3–5].

Vehicle movement trajectory speed is another parameter that has influence on TE
and TS [3, 6–8]. To capture a relationship between roundabout design elements, traffic
demand flow and vehicle path speed through the roundabout, we study existing
methodology. Eastern and South-eastern European countries have outdated roundabout
design guidelines [9–13]. Although these guidelines do provide partial recommenda-
tions, it fails to define rules when setting design speeds for roundabouts. In such cases
designers rely on their own experience, examples from good practice, and foreign
guidelines [3, 14].

Croatia has approximately more than 200 roundabouts (>60% lie in urban areas),
and many of them deviate substantially from international standards for roundabout

© Springer International Publishing AG 2018
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planning, design and modeling, which compromises their TE and TS [15]. The country
has no tradition of systematically monitoring TE, TS, vehicle path speed and other key
performance indicators of roundabouts, though the government has called for the
building and reconstruction of roundabouts as part of its National Traffic Safety Plan
2011–2020 [15]. The most recent national guidelines stipulate where urban single-lane
roundabouts should be built, what geometry they should have, and how capacity should
be calculated [9]. However, the guidelines do not indicate what models should be used
for analyzing vehicle path speeds nor common TE parameters. These characteristics
and previous studies [14] make the country attractive for studying impact of vehicle
design speed on urban single-lane roundabouts.

The focus of the research is to study the impact of calculated versus measured
vehicle design speed when designing urban single-lane roundabouts. This is done by
using the same methodology like in [14]. The American and Australian methods [16,
17] are validated using field data from four urban unsignalized single-lane roundabouts
located in the Croatian capital of Zagreb. Nevertheless, the influence of design ele-
ments on the vehicle path speed, i.e. on the TE and TS level, will not be studied here.

The remainder of the paper is organized as follows. Section 2 describes the used
methodology and study area data. Section 3 presents validated model results, and
Sect. 4 discusses the results and implications for future work.

2 Methodology

2.1 Design Speed and Vehicle Path Radii

The study concept and methodology of calculating vehicle design speed for vehicle
path radii trajectories is the same as presented in [14]. The roundabout design speed is
the maximum allowable speed for which the total driving safety is guaranteed in free
traffic flow at the roundabout, under optimum conditions and with proper maintenance
of the roundabout driving area [16]. Design speed is dependent upon the roundabout
geometry and calculated according to driving path radii:

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

127Rðeþ fsÞ
p

ð1Þ

where:
V - design speed [km/h],
R - vehicle path radius [m],
e - pavement slope [m/m],
fs - coefficient of friction between a vehicle’s tires and the pavement [16].
The stability and safety of vehicle passing through the roundabout is defined by the

adhesion between the tire and the pavement. The coefficient of friction (fs) is calculated
by means of the coefficient of friction for light vehicles (fsLV) and heavy vehicles (fsHV):

fsLV ¼ 0; 30� 0; 00084 � ffiffiffiffiffiffiffiffiffiffiffiffiffi

MVLV
p ð2Þ
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fsHV ¼ 0; 30� 0; 00084 � ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

MVHV
p ð3Þ

fs ¼ ð1� PHV Þ � fsLV þ PHV � fsHVð Þ ð4Þ

where:
fsLV - coefficient of friction for light vehicles [-],
MvLV - average weight of light vehicles [kg],
fsHV - coefficient of friction for heavy vehicles [-],
MvHV - average weight of heavy vehicles [kg],
fs - coefficient of friction for vehicles [-],
PHV - percentage of heavy vehicles [17].
Recommended maximum design speed values for vehicles entering the mini

roundabout is 25–30 km/h, and for small single-lane roundabouts is 30–35 km/h [16]. In
the design process where there is no traffic flow demand and are no marked traffic lanes,
the vehicle path is characterized by three movement radii: entry, circulatory roadway,
and exit radius. It is assumed that the vehicle width is 2.0 meters, and that a minimum
distance of 0.5 m should be maintained from the center of the roadway or concrete curb
and painted edge of the splitter island. The imaginary vehicle path line is 1.5 meters
away from the concrete curb and 1.0 m away from the painted line of the splitter island
[16]. The fastest vehicle path for negotiating the roundabout is a series of reverse paths
(the right-side path is followed by the left-side path, and the right-side path). In cases
when there is no central island, the operating path will be a straight line. The method-
ology for defining the fastest vehicle path speed does not provide really expected vehicle
operating speeds, but rather a theoretically possible speed of vehicle entry into the
roundabout that is needed during the roundabout design [16]. Real vehicle operating
speeds may greatly differ for various reasons, including different axle loads and vehicle
characteristics, individual driver capabilities, and tolerance to gravity forces [16].

The speed consistency contributes to greater level of TS by reducing the speed
difference between the conflicting streams of vehicles and optimizing entry capacity.
That is why five critical radii must be checked for each approach: R1 - the entry path
radius; R2 - the circulating path radius; R3 - the exit path radius; R4 - the left-turn path
radius; R5 - the right-turn path radius (Fig. 1). These vehicle path radii are not the same
as the curb radii [16]. During design, R1 should be smaller than R2, and R2 should be
smaller than R3, for the fastest vehicle path. This ensures that speeds will be reduced to
their lowest level at the roundabout entry and will thereby reduce the likelihood of
loss-of-control crashes. It is acceptable for R1 to be greater than R2 (maximum
difference < 20 km/h). The R4 radius must be evaluated to ensure that the maximum
speed difference between the entering and circulating traffic is no more than 20 km/h.
The design speed for radius R5 should therefore be the maximum design speed for the
entire roundabout and should not exceed the design speed of R4 by 20 (km/h, as R4 has
a conflicting point with R2 [16].

Vehicle Speed Impact on the Design of Efficient Urban Single-Lane 5



2.2 Study Area and Data

Based on previous studies [14, 18] we apply the same methodology and repeat it on the
same four urban single-lane roundabouts situated in the City of Zagreb. Their main
design elements are given in Table 1. The roundabout Sveti Duh – Kuniščak has three
approaches and all other roundabouts four approaches. Roundabout classification, their
function of TE and TS in the city traffic network and layout (i.e. main geometry ele-
ments, speed limits of 40 km/h, number of traffic lanes, locations of speed bumps) of the
studied roundabouts has not been changed since the last study. On some locations, new
residential and office buildings have been build. Under normal traffic flow movements,
the roundabout entry speeds (V1), circulating speeds (V2) and exit speeds (V3) were
calculated for the radii (R1, R2 and R3). Path speeds for radii (R4 and R5), i.e. for the
right-turn movements (V4) and left-turn movements (V5) through the roundabout, were
not measured to assure the same study approach as in [14]. Traffic flow demand was
measured by “pen and pencil” on 29th September 2016 (Thursday) in the morning peak
hour traffic. At same day and hour, the entry, circulating and exit speeds were collected
in 15-min intervals using the GPS (Global Positioning System) device installed in a
passenger car (same vehicle and driver as in [14]). Favorable weather conditions enabled
good visibility and dry pavement at all roundabouts and their approaches.

Fig. 1. Vehicle path radii [16]

Table 1. Design elements at studied roundabouts [14].

Roundabout name ICD [m] CID [m] w [m] e [m]

Sveti Duh - Kuniščak 20.0 6.0 7.0 3.5/3.6
Petrova - Jordanovac 25.0 12.0 6.5 3.5/4.5
Voćarska - Bijenička 22.0 13.0 4.5 4.0
Radnička road – Petruševec 1 40.0 28.0 6.0 3.0/3.5

Legend: ICD - inscribed circle diameter; CID - central island
diameter; circulatory roadway width (w), approach entry width (e).

6 H. Pilko and Š. Šarić



3 Results

3.1 Results for 2016 Measurement

The sample size consists of again 50 measurements; average vehicle path radii and
average path speeds at roundabouts. Design geometry data (i.e. pavement slope) were
measured in situ by laser range finder (BOSCH PLR 50C) and designed with the help
of Autodesk AutoCAD software. Data on pavement slope, percentage of heavy vehi-
cles, and the corresponding coefficients of friction are calculated according to the latest
traffic demand flow (Sect. 2.2) and presented in Table 2. Equations (1–4) were used to
calculate design speed for negotiating a roundabout, while differences between the
measured and calculated design speeds are presented and analyzed in Figs. 2, 3, 4 and
5. In Table 2, light vehicles are all vehicles belonging to categories L, M, M1, M2, and
N, N1 and O1, O2, while heavy vehicles are vehicles belonging to categories M3, N2
and N3, and O3 and O4 according to [19].

Generally, the lowest vehicle path speeds were measured at the roundabout entry,
equal or slightly higher speed values were measured around the central island, while
the highest speed values were measured at the exit from the roundabout. Calculated
average design speed values are generally lower than roundabouts speed limit of
40 km/h, and lower or slightly higher than the maximum recommended speed of
35 km/h, as shown in Table 2. All measured average speeds are lower than the rec-
ommended maximum speed of 35 km/h, and are also lower than the speed limit.
Deviations between calculated average design speeds and measured average speeds and
are presented in Table 2, and discussed as follows.

Fig. 2. Relationship between the design and measured speed values at the Sv. Duh – Kuniščak
roundabout

Vehicle Speed Impact on the Design of Efficient Urban Single-Lane 7



Fig. 3. Relationship between the design and measured speed values at the Petrova – Jordanovac
roundabout

Fig. 4. Relationship between the design and measured speed values at the Voćarska - Bijenička
roundabout

8 H. Pilko and Š. Šarić



An average vehicle speed measured at the Sv. Duh – Kuniščak roundabout on the
path from approach 1 (Sv. Duh – South) to approach 3 (Sv. Duh – North) was lower by
42.15% that the calculated average design speed. An average vehicle speed measured at
the Petrova - Jordanovac roundabout on the path from approach 1 (Petrova Street -
West) to approach 3 (Petrova Street - East) was lower by 32.76% that the calculated
average design speed. An average vehicle speed measured at the Vočarska - Bijenička
roundabout on the path from approach 1 (N. Grškovića Street) to approach 3 (Vočarska
Street) was lower by 31.05% that the calculated average design speed, while for the
path from approach 2 (Mesićeva Street) to approach 4 (Bijenička Street) was greater by
16.30% that the calculated average design speed. An average vehicle speed measured at
the Radnička – Petruševec 1 roundabout on the path from approach 3 (Radnička cesta –
South) to approach 1 (Radnička cesta – North) was lower by 38.91% that the calculated
average design speed.

Deviation of average measured speeds from average calculated speeds could be
explained as follows. The Sv. Duh – Kuniščak roundabout is located at the transition
from the mountainous terrain to a flat zone, and the entire intersection is inclined by 5–
7%. Due to space restrictions and the need to accommodate heavy vehicle traffic from
approach 1 (Sv. Duh – South) to approach 2 (Kuniščak Street), which is generated by
the Zagreb brewery complex located 500 m to the east of the roundabout, the round-
about was realized with a traversable central island. Primary school is located to the
east of the roundabout between the approaches 1 and 3 (Sv. Duh – South and North).
Taking all this into consideration, as well as the information about the percentage of

Fig. 5. Relationship between the design and measured speed values at the Radnička –

Petruševec 1 roundabout
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heavy vehicles in the total traffic (11%), we can explain the –42.15% deviation of the
calculated speed from the average measured speed.

The Petrova – Jordanovac roundabout is located at the foot of a hillside (approach 4
(Jordanovac – North) inclined by 4%) while other approaches and the circulatory
roadway are not characterized by greater terrain limitations. Due to restricted space,
design elements are smaller and this greatly affects roundabout TE. Primary school is
located to the east of the intersection between approaches 2 and 3 (Jordanovac – South
and Petrova – East). Having this in mind, and the data about the percentage of heavy
vehicles in the total traffic (13.5%, including public transport vehicles), provide proper
explanation for the −32.76% deviation of the calculated speed from the measured speed.

The Voćarska - Bijenička roundabout is located at the transition from the hillside to
the flat terrain, and the entire roundabout is realized at the grade of 3%, while the grade
at the approach 1 (N. Grškovića) amounts to 5%. Due to restricted space, design
elements are smaller and this greatly affects roundabout TE. Primary school is located
to the south of the roundabout, while the Faculty of Science, Institute for Physics, and
the Ruđer Bošković Institute, are located some 300 m to the north. The positioning of
these institutions calls for a greater intensity of public transport traffic, as can be seen
from the data on the proportion of heavy vehicles in the total traffic (6.75%). The above
information suitably explains the −31.05% deviation of the calculated speed from the
measured speed.

The Radnička – Petruševec 1 roundabout is situated in a flat area, but is located at the
heavily trafficked Radnička street in the south-eastern part of Zagreb. The roundabout
was built to properly link the south-eastern part of Zagreb, i.e. the nearby industrial zone
situated 500 m to the north of the roundabout, with the Zagreb Bypass (Kosnica
Interchange), and the Pleso Airport, via the Homeland Bridge. Primary school is located
to the west of the intersection between approaches 2 and 3 (Petruševec 1 and Radnička –
South). The above information, and the data about the percentage of heavy vehicles in
the total traffic (59.75%, including public transport vehicles), provide proper explana-
tion for the −38.91% deviation of the calculated speed from the measured speed.

3.2 Results Comparison

Here the studied results from previous work [14], and the 2016 measurements will be
briefly presented (Table 3). Only total average data deviations for all four roundabouts
will be shown. The latest in situ measurements of average vehicle speed are greater
from 4 to 8% in total comparing the measurements from 2011. Regarding the average
increase of percentage of heavy vehicle of 28.4%, the calculated average design speeds
remain the same (from 29 to 35 km/h). Deviations of measured and calculated design
speeds are for 2016 smaller than for 2011, by; V1 (−28%), V2 (−126%), and V3
(−65%). The biggest deviations of measured versus calculated design is registered on
Petrova – Jordanovac roundabout; approach 3 to 1 has decrease of 1256.8%, and
approach 2 to 4 increase of 24.74%.
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4 Discussion and Conclusion

Implementing safe and effective roundabouts in urban areas is a highly demanding task
and requires optimizing TE and TS while considering geometric factors, traffic char-
acteristics and local constraints. In designing urban single-lane roundabouts a special
attention must be paid to the design of individual roundabout elements (i.e. ICD, CID,
width of circulatory roadway and approach lanes) to comply with the vehicle path
speed needed for proper negotiation of the roundabout. Determination of a method for
defining design speed for safe negotiation of the roundabout geometry is needed. This
is also for better understanding TE and TS parameters, both at the new roundabout
modelling phase, and during analysis of existing roundabouts.

In this paper we repeated the study of single-lane roundabout vehicle design speed
using the same methodology as we used in [14]. In general, it can be concluded that the
basic roundabout design requirement of R1, R2 < R3, according to [16], has been met.
Deviations between the average design speeds and measured speeds vary from
−42.15% to +16.30% for all studied roundabouts. The latest in situ measurements of
average vehicle speed are greater from 4 to 8% comparing the measurements from
2011. Regarding the average increase of percentage of heavy vehicle of 28.4%, the
calculated average design speeds remain the same (from 29 to 35 km/h). Deviations of
measured and calculated design speeds are for 2016 smaller than for 2011, by;

Table 3. Deviation between 2011 and 2016 data measurements.

Direction of travel Deviation in 2011
[14] [%]

Deviation in 2016
[%]

Deviation [%]

Roundabout
Approach

V1 V2 V3 V1 V2 V3 V1 V2 V3

Sveti Duh - Kuniščak
1–3 −44.4 −25.0 −26.0 −42.1 −22.2 −21.6 −5.2 −10.8 −17.2
3–1 −42.8 −25.5 −24.0 −35.3 −23.0 −23.3 −17.4 −9.7 −2.7
Petrova - Jordanovac
1–3 −34.1 −16.3 −9.1 −32.7 −13.6 −3.4 −4.1 −16.4 −61.8
3–1 −38.1 −17.1 −34.5 −31.2 −10.4 −27.0 −18.1 −39.0 −21.8
2–4 −25.3 −13.4 −11.5 −22.6 −12.9 −8.2 −10.5 −3.8 −28.3
4–2 −22.9 −27.1 −19.4 −14.1 −25.6 −16.2 −38.2 −5.5 −16.5
Voćarska - Bijenička
1–3 −38.8 −24.5 −20.6 −31.0 −22.1 −17.1 −20.1 −9.8 −16.6
3–1 −7.6 −0.4 −14.9 0.08 4.6 −4.6 −101.0 −1256.8 −69.0
2–4 −7.3 −2.6 13.0 −4.3 2.9 16.3 −41.1 −211.3 24.7
4–2 −18.4 −3.2 −3.0 −9.9 −1.8 9.4 −46.0 −42.9 −410.3
Radnička road – Petruševec 1
1–3 −38.9 −24.0 −12.9 −33.3 −19.4 −3.9 −14.2 −19.1 −69.5
3–1 −45.6 −30.4 −17.8 −38.9 −21.5 1.3 −14.8 −29.2 −107.5
2–4 −28.9 −13.9 −10.4 −22.8 −5.5 −6.5 −20.9 −60.2 −37.4
4–2 −26.9 −13.8 −7.7 −16.0 −6.1 −1.6 −40.4 −55.7 −78.9
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V1 (−28%), V2 (−126%), and V3 (−65%). These deviations result from: used design
speed methods, location features of intersections and their disposition within the city
traffic network, roundabout area design elements and traffic equipment, various axle
loads and properties of vehicles, traffic flow characteristics, and driver behavior and
experience.

Limitations of the study reflects the same limitations that are emphasized in our
previous study [14]; we did not study path radii (R4 and R5, i.e. (V4) and (V5)); sample
size - 50 measurements for vehicle path radii and design speed on four single-lane
roundabouts; and we did not study the influence of design elements on the vehicle path
speed (i.e. on the TE and TS).

Future study should involve a greater number of similar roundabouts with greater
size samples of vehicle path radii and design speed, and vehicle path speed for left/right
turns at roundabouts. It could also be necessary to study and correlate the driver
behavior and type of vehicles with vehicle speed during measurement. In addition, it
would be useful to calibrate the used methods to local conditions. If the used methods
can be validated, it may be possible to expand it to include several parameters,
pedestrian and bicyclist demand flow. In addition, future studies should examine this
approach on other urban/suburban single and multi-lane roundabout types - turbo
roundabouts [20–22]. Development and validation of such methods would be useful to
better understand the TE and TS parameters for Croatian conditions or other. There-
fore, further work is needed to confirm the validity of our approach.
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research project “Correlation between Design and Safety at Roundabouts” (135-0000000-3313),
funded by the Ministry of Science, Education and Sports of the Republic of Croatia. The in situ
studies and data analysis was conducted by the student Šime Šarić within the scope of his master
thesis “A Study of the Impact of Roundabouts on Functional Efficiency of Intersections and
Business” at University of Zagreb, Faculty of Transport and Traffic Safety, Croatia.
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The Comparison of Models for Follow-up
Headway at Roundabouts

Elżbieta Macioszek(&)

Faculty of Transport, Silesian University of Technology, Katowice, Poland
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Abstract. One of the basic parameter used for roundabout entry capacity cal-
culation is follow-up headway. This parameter beyond critical headway and
traffic volume on roundabout roadway major for vehicle drivers from entry
determines roundabout entry capacity. The comparative analysis of models and
studies on follow-up headway estimation have been presented in this article. The
analysis were made for single lane, two lane and turbo roundabouts. The largest
number of models and studies of follow-up headway parameter refers to single
lane roundabouts. The least studies were devoted to values of follow-up head-
way parameter at turbo roundabouts due to the fact that this is still relatively a
new type of roundabout in compare with single lane or two lane roundabouts.

Keywords: Roundabouts � Follow-up headway � Gap acceptance theory �
Road traffic engineering

1 Introduction

In recent years roundabouts are very popular kind of intersection. They are subject of
multifaceted scientific research concerning both considerations on microscopic level
f.ex. like their performance, capacity, safety (f.ex.: [1–10]) and also considerations on
macroscopic level as element of the transport systems [11–19]. Due to the high level of
traffic safety roundabouts are willingly used as a part of transport networks in urban
area and outside urban area. The roundabouts popularity resulted in the development of
models and methods for mapping behavior of traffic streams (vehicle driver, pedes-
trians, cyclists) on roundabouts (f.ex: [20–29]).

In models intended to roundabout entry capacity calculations based on gap
acceptance theory the critical headway and follow-up headway are the basic parameters
in vehicle drivers decision-making process at roundabout entry. These parameters
usually represent the average behaviors in vehicle drivers population and together with
the headway distribution between vehicles on main roadway of roundabout decides
about the degree of accuracy of roundabout entry capacity determination.

According to literature [30] the follow-up headway (tf) is defined as the time
between the departure of first (previous) vehicle from the roundabout entry and the
departure of the next vehicle using the same major-street headway under a condition of
queuing on the roundabout entry. If the distance between vehicles in traffic stream on
main roadway of roundabout allows for entry of further vehicles from the queue, they
are passing through the edge of the roundabout roadway at follow-up headway one

© Springer International Publishing AG 2018
E. Macioszek and G. Sierpiński (eds.), Recent Advances in Traffic Engineering
for Transport Networks and Systems, Lecture Notes in Networks and Systems 21,
DOI 10.1007/978-3-319-64084-6_2



after another. At very low traffic volume on main roadway of roundabout the value of
follow-up headway mainly decides about the entry capacity. According to Polish
recommendations [30] setting for the roundabout capacity calculation the follow-up
headway values the type of roundabout, roundabout external diameter and number of
entry lanes are taking account.

In case of assumption that on roundabout entry is queue of vehicles and vehicle
drivers from this queue use the same gap between vehicles moving on main roadway of
roundabout the follow-up headway value can be calculated from equation:

tf ¼ tnextf � tpreviousf ½s� ð1Þ

where:
tf - follow-up headway [s],
tnextf - crossing time the edge of the roundabout roadway by next vehicle driver

[s],
tpreviousf

- crossing time the edge of the roundabout roadway by previous vehicle
driver [s].

Many scientific studies provide results from measurements of follow-up headway
from real data at roundabouts. In practice, the value of parameter tf is frequently
represented as the average value (specifying also with value of the standard deviation)
or as a median. In different scientific papers the minimum and maximum values are
also presented. In case of two lane roundabouts the follow-up headway values are
stated separately for the right and left entry lane as well as for the inner and outer lane
on roundabout roadway. Whereas in case of turbo roundabouts further decomposition
of tf values occurs because of different types of traffic control on entry and on
roundabout main roadway area, i.e. one or two entry lanes and one or two circulating
lanes.

The analysis in the regards of scientific papers related to determination of follow-up
headway values for vehicle drivers on single lane, two lane and turbo roundabouts have
been presented in this article. In view of a very large collection of published studies
connected with this issue, the analysis in this article is focused on the most important,
most popular models and the latest studies in this area.

2 The Comparison of Models for Follow-up Headway
at Roundabouts

In scientific literature can be found a lot of synthetic reviews on gap acceptance
parameters for roundabouts, f.ex. [31–35]. According to research the values of
follow-up headways may depends on roundabout geometry, number of traffic lanes on
entry and on main road of roundabout, vehicle type, the presence of bunched vehicles
on main roadway and many other factors. The follow-up headway value also depend on
combination of vehicle types in the queue at the entry (i.e. passenger cars and heavy
vehicles). In many scientific papers the follow-up headway value is defined for
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passenger cars, less frequently for another type of vehicle like heavy vehicles, bikes,
buses etc. The selected studies characterizing the follow-up headway for drivers at
single lane roundabouts entries are presented in Table 1.

Table 1. Comparison of follow-up headway models for single lane roundabouts.

Country Author The model/value of follow-up headway parameter [s]

Germany W. Brilon [36] For small roundabouts (13 � Dz � 26 m) and single
roundabouts (26 � Dz � 40): tf ¼ 2:84þ 2:07

Dz
,

tf ∊ 〈2.89; 3.00〉, (Average value = 2.94)
N. Wu [37] Average value = 2.88

USA HCM 2010 [38] Average value = 3.20
NCHRP Report
572 [39]

tf ∊ 〈2.6; 4.3〉, (Average value = 3.20)

HCM 2016 [40] Average value = 2.60
Y. Mereszczak
et al. [41]

tf ∊ 〈2.6; 3.0〉, (Average value = 2.80)

F. Xu, Z. Tian [42] tf = 2.38 − 0.000071 � Qnwl, (Average value = 2.50)
Canada J. Dahl, Ch. Lee

[43]
tf ∊ 〈2.10; 4.20〉, (Average value = 3.15)

The
Netherlands

L. Fortuijn [44] Average value = 2.10

Australia L. Ren, Q. Xiaobo
[45]

tf ∊ 〈2.35; 2.75〉, (Average value = 2.55)

X. Qu [46] Average value = 2.76
Portugal L. Vasconcelos, A.

Seco, A. Silva [47]
tf ∊ 〈2.10; 2.30〉, (Average value = 2.20)

Spain M. Romana [48] tf ∊ 〈1.65; 1.75〉, (Average value = 1.70)
Denmark P. Greibe [49] Average value = 3.00
Italy A. Gazzarri et al.

[50, 51]
tf ∊ 〈2.52; 2.76〉, (Average value = 2.63)

Slovenia T. Tollazi [52] Average value = 2.90
Poland J. Chodur [53] tf = 0.31 � Dz − 0.0044 � D2

z + 0.00052 � wm − 2.59
(Average value = 2.85)

E. Macioszek [54] For 22 m � Dz � 45 m, 4 m � ljr � 8 m:
tf = 3.64 − 0.02 � Dz − 0.03 � ljr (Average
value = 2.79)

where:
Dz - roundabout external diameter [m],
Qnwl - circulating flow [pcu/h],
wm - city size determined by the number of inhabitants (19.60-740.00 thousands of inhabitants),
V - the average vehicle speed [km/h],
ljr - the width of the roundabout roadway [m],
tg - critical headway [s].
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On the basis of data included in Table 1 can be concluded the differences between
the proposed follow-up headways values. These differences are the results of various
vehicle driver behavior in different countries in the world as well as result from the
different techniques and methods of follow-up time headway parameter measurements.
The comparison of average values of follow-up headways for single lane roundabouts
proposed by different authors in different countries of the world have been presented on
the Fig. 1.

On the basis of Fig. 1 can be concluded that the average value of follow-up
headway for all models is equal 2.71 s. Values below the average can be observed f.ex.
in such countries as Italy, Spain, Portugal, USA (according HCM 2016), Netherlands,
Australia. Whereas values higher than the average value can be observed f.ex. in
Germany, Canada, Denmark, Slovenia and Poland. It should be noted that according
most recent research published in HCM 2016 average value of follow-up headway is
equal 2,60 s, while previous USA studies (f.ex. HCM 2010, NCHRP Report 572, F.
Xu, Z. Tian) indicate for a slightly higher average values of follow-up headway for
single lane roundabouts. The decrease in average value of follow-up headway confirms
that vehicle drivers in USA have become accustomed with roundabouts and they drive
firmly on this type of intersections.

Besides, the potential impact of follow-up headway value on single lane roundabout
entry capacity was examined by varying the parameter tf from minimum to maximum
values under different circulating traffic flows (Qnwl). The follow-up headway value
change between 1.70–3.20 s. This tf values were adopted on the basis of various
authors research presented in Table 1 (see Fig. 2). Critical headway was assumed to be
constant. As can be seen from Fig. 2 single lane roundabout entry capacity is higher
when vehicle drivers from queue at roundabout entry moving on main roadway of
roundabout with smaller follow-up headway values. Consequently, accurate determi-
nation of follow-up headway value is very important because can improves the accu-
racy of roundabout entry capacity calculation.

Fig. 1. The average values of follow-up headways for single lane roundabouts
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In scientific studies can be found slightly less number of follow-up headways
models and results for two lane roundabouts then in case of single lane roundabouts.
The comparison of selected follow-up headway results for two lane roundabout have
been presented in Table 2. Base on the Table 2 can be concluded that part of these
results were defined with accuracy of roundabout entry lane and other part applies only
to value of follow-up headway for entire roundabout entry.

The comparison of average values of follow-up headways for two lane roundabouts
proposed by different authors in different countries of the world have been presented on
the Fig. 3. Based on the Fig. 3 can be concluded that average values of follow-up
headway for vehicle drivers from right and left entry lane are respectively 2.68 s and
2.72 s. It means that vehicle drivers from the right entry lane moving on main roadway
of roundabout faster, with shorter follow-up headways then vehicle drivers from the left
entry lane.

One of new types of roundabouts like turbo roundabouts were already development
and implemented in many countries in the world. In case of turbo roundabouts the
follow-up headway value depend on traffic control in entry and roundabout main
roadway area. In practice at turbo roundabouts can be distinguish few different type of
traffic control in entry and roundabout main roadway area i.e. one or two entry lane and
one or two circulating lane. The comparison of follow-up headway values for turbo
roundabouts have been presented in Table 3. Due to the fact that turbo roundabouts are
relatively new type of intersection, there are little research results and models for
follow-up headways. There is a definite need for further research on follow-up head-
ways values at turbo roundabouts at different variants of traffic control.
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Table 2. Comparison of follow-up headway results for two lane roundabouts.

Country Author The value of follow-up headway parameter
[s]

Germany W. Brilon [36] tf ∊ 〈2.20; 2.90〉, (Average value = 2.55),
N. Wu [37] Average value = 2.88

USA HCM 2010 [38] Left lane average = 3.20, Right lane
average = 3.20

HCM 2016 [40] Left lane average = 2.66, Right lane
average = 2.53

F. Xu, Z. Tian [42] Left lane average = 2.30, Right lane
average = 2.20

NCHRP Report 572 [39] Left lane = 3.1-4.7, (Average value = 3.4),
Right lane = 2.7-4.4, (Average value = 3.1)

Canada J. Dahl, Ch. Lee [43] tf ∊ 〈1.60; 5.00〉, (Average value = 3.30)
Portugal L. Vasconcelos, A. Seco, A.

Silva [47]
tf ∊ 〈1.94; 2.78〉, (Average value = 2.36)

Switzerland N. Leemann, G. Santel [55] tf ∊ 〈2.27; 2.63〉, (Average value = 2.45)
Denmark P. Greibe [49] Average value = 2.60

O. Hagring, N. Rouphail, H.
Sorensen [56]

Average value = 2.79

Italy A. Gazzarri, M. Martello, A.
Pratelli, R. Souleyrette [50]

Left lane average = 2.65, Right lane
average = 2.64, Minimum value = 2.16,
Maximum value = 3.10

The
Netherlands

L. Fortuijn [44] tf ∊ 〈2.24; 2.26〉, (Average value = 2.25)

Poland Polish Quidelines
[30]

tf ∊ 〈2.90; 3.30〉, (Average value = 3.10)

E. Macioszek [54] Left lane average = 3.20, Right lane
average = 3.20

Fig. 3. The average values of follow-up headways for two lane roundabouts
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3 Summary

The synthesis from scientific studies about follow-up headway values for single lane,
two-lane and turbo roundabouts have been presented in this article. The largest number
of models and studies of tf parameter refers to single lane roundabouts. This is con-
nected with a large number of such type of roundabouts developed in different coun-
tries of the world. Because of their great advantages in the context of road traffic safety
in many countries single lane roundabouts are the most numerous group among
roundabouts. By far the least studies were devoted to values of tf parameter at turbo
roundabouts due to the fact that this is still relatively a new type of roundabout in
compare with single lane or two lane roundabouts. There is a definite need for further
research on follow-up headways values at turbo roundabouts at different variants of
traffic control.

The values of follow-up headway for particular types of roundabouts are different
depending on country and individual studies. These differences have an influence on
calculated roundabout entry capacity. In addition, in many studies in calculations the
constants values of follow-up headway are recommended (which represent an average
value from all observed vehicle drivers) instead functions which enable adjustment the
value of follow-up headway to traffic and geometric features f.ex. like roundabout
external diameter, number of traffic lanes, lanes width, entry radius etc. In turn,
assuming in roundabout entry capacity calculations average value of follow-up head-
way (and average value of critical headway) causes inaccuracy in calculations and
averaging the results.
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Abstract. The article indicates that in transport analysis it is important to take
account of the diversity of transport behaviour of population in the function of
place of residence and area development. The results of transport behaviour of
analysis have been presented according to the database of surveys from the
selected Province (Kujawsko-Pomorskie, Poland). Major differences have been
shown in the results of basic characteristics that describe the method of taking
trips by residents of cities, towns, suburban municipalities, and rural areas.
Moreover, it has been pointed out that surveys conducted in a reliable manner as
well as the proper analysis of their results have the crucial importance for the
correct operation of transport models, being the basic tool in verifying transport
plans, thus affecting the final results of prepared documents related to transport
policy in analysed areas.

Keywords: Transport plan � Transport behaviour � Surveys

1 Role of Population Surveys

One of the empirical methods of analysing transport behaviour of population are
surveys, where a questionnaire is used to collect information. Surveys are diagnostic
tests and involve gathering information about individual characteristics of respondents
and their trips taken within a determined period.

The analysis of transport behaviour of population is a kind of quality test [1].
Surveys are usually conducted with the participation of an interviewer (a direct
interview) using a questionnaire in a hard copy or on mobile devices with dedicated
database software. As surveys are limited by nature, an important issue is to select a test
sample correctly (a group that will be surveyed), so as to be able to generalise the
results about the overall population. The most popular method of selecting the size of a
test sample is a draw, taking account of the representation of specific transport areas so
as to reflect optimally the demographic structure and transport behaviour of population.
The size of the population needs to be taken into account. The smaller it is, the higher
percentage of population should be surveyed.

Surveys into transport behaviour are usually carried out in households. Their
objective is to identify the method of fulfilling transport demands. In particular,
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a so-called trip journal is analysed, which indicates the frequency of transport demands
(mobility of residents) and how they are fulfilled. The main research issues concern trip
motivations, used means of transport, as well as the time of trip and its destinations. Out
of detailed research problems, the following data need to be distinguished: trip start and
end times, regular trip patterns, opinions about specific transport policy solutions [2],
etc. While determining transport behaviour of residents, their personal characteristics
also matter, e.g. age, education, own means of transport, sex, and place of residence.

The problem of collecting data about transport behaviour, and in particular the
inconvenience and costs of gathering such information, stimulate the search for newer
techniques of conducting such studies. For years, research have been conducted all
over the world to reduce the costs of collecting such data by aggregating study areas
(so-called transport zones) [3–5] or reducing the quantity of test samples [6, 7]
(a traditional approach that involves surveys at households). The application of GPS
devices or tracing connections made within the mobile telephone networks are still
costly and unverified techniques, with an additional problem posed by personal data
protection and processing big data. However, in recent years such solutions have been
applied more eagerly in studies of transport behaviour, although their functionality is
limited in particular to controls of interviews conducted. [8, 9] By analogy, the use of
mobile phone trace records in mobile telephony stations in order to register the tra-
jectories of movements [10] constitutes a rather preliminary research test than the
practical application of this method at present. Focus studies are a more promising
method [11], where detailed interviews about transport behaviour are carried out on a
small group of respondents. Such interviews are carried out by experts (usually psy-
chologists) and recorded in order to support the process of identifying and describing
transport behaviour. The technique of expert studies is also worth mentioning, where
opinions of persons who are professionally involved in modelling trips are the basis for
creating procedures and mathematical algorithms that describe trip processes. [12]
More over data on road freight transport should be stored. Examples of how data on
this traffic can be collected is shown in [13].

The outcome of surveys conducted among population within transport behaviour
are databases that are the basis for developing transport models, including regional and
local ones. One of the practical applications of transport models includes their use at
the stage of developing transport studies or transport plans. It has to be kept in mind
that a very important stage of creating models is the verification of the reliability and
cohesion of data that describes both transport demands of residents and the possibilities
of their fulfilment (transport infrastructure description). The verification of their cor-
rectness is a very time-consuming process, although necessary for the reliability of
further analyses in the context of preparing planning documents.

The purpose of analyses carried out for this article was to verify the hypotheses that
indicate the fundamental differences in transport behaviour among the population of
varied urbanization levels, expressed with the density of population and the charac-
teristics of area development. Moreover, the existence of such a dependence highlights
the need to separate groups of people with homogeneous transport behaviour in the
function of place of residence, in order to construct transport models.
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2 Provincial Transport Plans as the Source of Data
on Transport Behavior

Transport plans are strategic documents that constitute local regulations applied not
only in Poland but also in other European countries as a result of implementing
Regulation of the European Parliament No. 1370/2007 on public passenger transport
services by rail and by road. In Germany, such plans usually comprise mid-term
strategies, including: an analysis of local trip models, forecast supply and demand,
basic network schemas, timetables, and funding. Some transport plans may involve a
concept of developing an integrated system and different options for specific subsys-
tems. Moreover, economic and environmental effects are estimated for individual
variants. In addition, network and organizational solutions are proposed in the form of
line routes, timetables and fares. Finally, transport plans describe procedures of their
implementation, contracting services and monitoring as well as reporting of plan
performance.

In France, on the other hand, all urban areas with population above 100 thousand
are obliged to draw up city transport plans that include objectives and planned activ-
ities. For example, Chambéry in the French Alps (Savoie Department) has 59 thousand
residents, while the urban area served by a local bus network has the population of 126
thousand. This is important from the point of view of the area covered by a transport
plan. In France, in addition to areas attributed to specific administration units, there is
also a concept of perimeter (perimeter) in transport planning that covers the area
delineated due to its functions that justify the organization of integrated passenger
public transport for such an area [14].

One of the main objectives of creating transport plans is to improve the conditions
for the effective and safe movement of people. The obligation to prepare such plans
stems explicitly from the rules of law [15]. A transport plan determines in particular: a
communication network where public transport is to be provided, the assessment and
forecast transport demand, anticipated funding of transport services, preferences as to
the selection of the means of transport, the rules of organising the transport market, the
demanded standard of public transport services, and the anticipated method of
organising the IT system for passengers. Such plans should be developed at each level
of rendering public transport services, from national, through provincial, to local, and
municipal. In general, the implementation of such plans requires the ongoing moni-
toring of progress as well as their updates, in order to adapt them to current needs.
Therefore, big data has to be collected continuously for such plans. Hence, data nec-
essary for conducting analyses and monitoring the progress of implementing transport
plans is the source of information, including data about transport behaviour of popu-
lation as well as trends and changes in such behaviour. Consequently, it can be
assumed that an additional objective of creating and monitoring the progress in the
execution of transport plans is to update the databases of analysed areas in terms of
demand and supply in transport, including:

• information concerning area development (enterprises, centres of education, points
of commerce and services, residents, etc.),

• results of traffic volume and its characteristics,
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• occupation of the means of public transport,
• results of surveys concerning transport behaviour,
• outcome of studies concerning expectations of residents in the development of

transport systems,
• results of surveys into the satisfaction with public transport services, etc.

Data collected in this way makes it possible not only to adapt the transport systems
to the demands and expectations of residents on the on-going basis but also enables the
analysis of changes in the above-mentioned characteristics, and hence to indicate the
trends of such changes. As a result, it is possible to plan and forecast better the changes
of transport behaviour of population, resulting in the better parametrization of the
prognostic transport models that play a key role in developing transport plans. As a
result, it should contribute to the enhanced quality of transport services and the
improved quality of life for residents of the area.

3 Testing Grounds

In order to verify the research hypothesis, a decision was taken to analyse results of
research into transport behaviour of residents in one of 16 provinces of Poland
(Kujawsko-Pomorskie) situated in the central part of the country, with population of
more than 2.1 million. The surveys aimed at determining the key parameters of
transport behaviour necessary to construct a transport model for the existing status were
undertaken in spring 2012. 21,216 questionnaires were completed in total at 13,655
households, including 8,000 at two capitals of the Province (Bydgoszcz and Toruń),
which corresponded to almost 1.5% population, while other respondents came from
towns, villages, suburbia, and local municipalities (amounting to about 0.63% of the
population). The distribution of the respondents was preceded with the demographic
analysis of the whole Province. The number of interviews in every area was selected
proportionally to the number of residents, in such as manner as to obtain a represen-
tative sample in each case (see Fig. 1). The obtained numbers fulfilled the condition of
the minimum number of samples for specific characteristics in terms of mathematic
statistics and the assumed level of trust in the analysis results.

The method of direct interview was used to carry out the research at households. The
questionnaire was prepared in such a way as to enable the determination of selected
characteristics of transport behaviour of people, necessary in the process of constructing
a transport model. A questionnaire included the description of typical trips during a
working day (Tuesday, Wednesday, or Thursday), which preceded directly a ques-
tionnaire day. Pollsters visited randomly selected households, where they carried out
interviews with each member of the family above 9 years old, regardless of whether they
took a trip or not. The reliability of collected data was verified with the internal quality
control system and by persons who introduced the data on the on-going basis from
questionnaire forms into the database. In addition, results of surveys carried out by
KIDiT (Katedra Inżynierii Drogowej i Transportu - Uniwersytet Technologiczno-
Przyrodniczy w Bydgoszczy - Department of Road and Transport Engineering,
University of Science and Technology in Bydgoszcz) in 2010 were used as well.
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At the stage of developing the characteristics of transport behaviour of the popu-
lation in the Province, the following data was analysed in detail:

• trip destinations (a bus/tram stop, a station, a car park, and a garage are treated as
access to means of transport in the analysis);
– work - to a place of work and on business,
– education - to school or university,
– shopping - retail,
– a shopping mall,
– home,
– other - private matters, recreation.

• the selection of means of transport used to take a trip:
– on foot,
– by car as a passenger,
– public transport - by bus or tram, by train, etc.
– by car as a driver,
– by bike,
– by tractor,
– by motor or motorbike.

• an average distance and times of trips,
• the characteristics of the probability of selecting the means of transport to take a trip

for a given distance and the trip motivation,
• the characteristics of the probability of selecting the means of transport to take a trip

in the given time and the trip motivation.

Fig. 1. Sites of questionnaires conducted among the population
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Considering the variegated density of the Province, four groups were formed
characterised by homogenous transport behaviour in the function of population density
in the area and the characteristics of area development:

• cities - of the total population above 50 thousand (where public transport has to be
organised under the rules of law),

• towns - of the total population below 50 thousand,
• municipalities (gminas) adjacent to cities,
• villages.

In addition, all the above-mentioned groups of people were aggregated into one
group within the analyses.

4 Examples of Resident Transport Characteristics

In the course of analytic work, a number of characteristics were determined in order to
justify the creation of the above-mentioned categories of people with homogenous
transport behaviour. The analysis covered, among other, data on the selection of means
of transport used to take a trip. In cities, the percentage of trips on foot and by car as a
driver is highest and very similar, in both cases above 30%. In towns, the difference can
be seen between the share of trips on foot at almost 50% and trips by car as a driver
below 20% and 10% as a car passenger. On the other hand, in rural areas more than
40% trips are taken by car, as a driver, and more than 10% as a passenger. Residents of
suburban municipalities usually travel by car as a driver as well, at almost 50%.
Figure 2 shows the division of transport tasks in total trips due to the place of
residence.

An important finding that results from the analysis of the transport task division is
that the share of travels by individual means of transport in the largest cities is higher
than by public transport. However, the difference is low. The study has also shown that

Fig. 2. Distribution of transport tasks in total trips in terms of place of residence
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residents of towns make most of their trips on foot, which is a major difference
compared to trips taken by residents of cities.

Figure 3 presents the diagram describing the dependence between the distance of a
trip and its destination. As shown in the diagram, the longest trips are usually done to
work. An exception are trips by residents of villages and towns to shopping malls,
where the distance of a trip is similar to the work destination and amounts to about
10 km. The study shows also that the shortest trips are made for retail shopping (the
average distance is more than 2 km).

The analysis of the average time of trip by means of transport shows that walking is
most time-consuming, while the longest trips are taken by rail by residents of cities
(more than 110 min). Next longest trips are made by public transport, with an average
trip time from 30 to 52 min. The differences shown in Fig. 4 between the time of trips
are most evident in case of trips by public transport, for example trips by buses by city
residents are shortest in the indicated group.

Fig. 3. Dependence between travel distance and destination due to the area of residence

Fig. 4. The dependence between the average trip time by means of transport due to the place of
residence

Analysis of Selected Types of Transport Behaviour 33



While analysing the lengths of trips taken by the means of transport in Fig. 5, it is
noteworthy that the longest trips are made by rail, with the average length of such trips
for all citizens from 30 to 90 km. The shortest trips among all groups of population are
on foot, which results from the general availability of this method. In public transport,
the shortest trips are made by residents of cities, while the longest by people living in
towns. The characteristics are similar to those in Fig. 4.

While developing the analysis results, the average speed of trips by the means of
transport have been also indicated, as shown in Fig. 6. The speed by means of transport
differed, with the most similar speed by bike, where an average speed was at about
12 km/h.

Fig. 5. The dependence between the average distance of a trip by means of transport due to the
place of residence

Fig. 6. The dependence between the average speed of a trip by means of transport due to the
place of residence
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5 Summary and Conclusions

Surveys into the transport behaviour of residents in the analysed area (province
Kujawsko-Pomorskie, Poland) are of crucial importance for constructing transport
models that are an essential tool in analysing transport system development, and hence
in drawing up so-called transport plans. Transport plans enforce the creation and
continuous updates of databases on the transport operation in an area for which they are
prepared. Hence, such requirements give a chance to build bigger databases, including
of transport behaviour of residents. This article shows examples of results of transport
behaviour of population in the selected province and differences in the key charac-
teristics of such trips in the function of population density and area development for the
residence of respondents divided into four categories: cities, towns, villages, and
suburban municipalities. Moreover, a hypothesis was confirmed that there are major
differences in transport behaviour of residents in areas of different urbanization levels
expressed with the density of population and the characteristics of area development.
Hence, the differentiation of such characteristics shows the need to take them into
account at the stage of developing transport models.

The analysed division is one of attempts at showing the variation of transport
behaviour of residents in the function of place of domicile and area development.
According to the authors, it is expedient to carry out further work aimed at the detailed
description of the necessary division of residents into groups of homogenous transport
behaviour, which are of essential importance for the detailed recreation of demand for
daily trips.
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Abstract. The article presents the scope and the algorithm of traffic flows
surveys and measurements (TFSM) necessary for the construction of an urban
agglomeration transportation model (UATM) for ITS projects. The basic
guidelines for determining the locations of the measurement points have also
been discussed. To show the structure of TFSM the algorithm of action during
Comprehensive Traffic and Transportation Studies for Transportation Modeling
with Evaluation of ITS Project, has been presented. The examples relate in
particular to urban agglomeration with the nature of a conurbation - Upper
Silesian Agglomeration in Poland.

Keywords: Comprehensive traffic and transportation study � Measurement
points � Traffic flows surveys and measurements � Agglomeration transportation
model

1 Introduction

Traffic flows surveys and measurements (TFSMs) [1, 2] constitute one of the essential
stages of construction of the urban agglomeration transportation model (UATM) [3–5].
Therefore, an important issue is to design activities in this phase, including:

• establishing the basic scope of TFSMs necessary for the construction of the
transportation model,

• determination of the additional scope of TFSMs that results from the characteristic
of the transportation project, e.g. from the scope of ITS project [6, 7],

• identification of existing data and assessment of their usability in the construction of
UATM - data that may be used to reduce the scope of TFSNs or to supplement
them.

A review of the state-of-the-art revealed that issues that need to be treated com-
prehensively in methodology of traffic flows surveys and measurements on an urban
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agglomeration scale with regard to ITS projects [8] are described in foreign literature
well, but too general [1–5]. In turn, there are many publications in the national liter-
ature that deal with these issues in a fragmentary or superficially manner. However,
there is no comprehensive work describing in a methodical.

Many authors of various publications describe insufficiently the elements of the
developed methodology, which involve such questions as:

• which components of ITS are most important in comprehensive traffic and trans-
portation studies for transportation modeling for evaluation of ITS project,

• how to include structure of ITS project above all: stakeholder aspirations, functional
and physical architecture, ITS subsystems, and ITS user services in survey of
transportation behavior and preferences,

Developed methodology with algorithm of traffic flows surveys and measurements
on an urban agglomeration in transportation models for the evaluation of ITS projects -
which uses a systematic approach and a formalization of the key research questions - is
an important scientific contribution.

2 Scope of TFSMs Necessary to Construct the Urban
Agglomeration Transportation Model

Developing the transportation model [9–12] requires gathering data on trips and on
traffic flows [13, 14], taking into account the following characteristics [1, 2]:

• categories of trips and traffic flows:

– internal trips and traffic flows - generated by the residents and vehicles stationed in
the study area,

– external trips and traffic flows - generated by persons and vehicles from outside the
study area entering the area for less than one day.

• trips and traffic flows divided by their origin and destination (see Fig. 1, item 0):

– internal trips and traffic flows - generated by the residents and vehicles stationed in
the study area,

– internal-external trips and traffic flows - started in the study area and ended outside
the area,

– external-internal trips and traffic flows - started outside the boundary of the study
area and ended in the area,

– crossing trips and traffic flows - started and ended outside the study area but passing
through the area,

– external trips and traffic flows - started and ended outside the study area and not
passing through the area, but passing through its neighborhood; knowledge of
external-only traffic flows (trips) may be important for transportation analysis of
investment projects that significantly affect the neighborhood of the study area - by
increasing transportation accessibility between the area and its surroundings or by
investing in commercial and service activities, which would change the part of the
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current external-only traffic flows (trips) into destination traffic flows (trips) or into
passing through traffic flows (trips).

Traffic in relation to the study area has been presented on the example of the area of
Upper Silesian Agglomeration (in Poland), in which the assumptions of discussed
methodology has been verified (see Fig. 1).

The presented trips and traffic flows characteristics require comprehensive approach
to carry out TFSMs. This means performing them relatively simultaneously at specific
measurement points and for a relatively short period of time. The term “relative” refers
- in this case - to the real (practical) conditions for the implementation of compre-
hensive traffic and transportation studies (CTTSs), which relate to the technical and
organizational possibilities of the CTTSs contractor as well as to the financial possi-
bilities of the CTTSs contracting entity. To show the structure of TFSM in CTTM the
algorithm of action during Comprehensive Traffic and Transportation Studies for
Transportation Modeling with Evaluation of ITS Project, has been presented in Fig. 2.
As part of the CTTSs it covers the following types of studies:

• questionnaire surveys (see Fig. 2 block 4 and next) carried out on random samples
of persons and vehicles collected during:

– household interviews,
– interviews in transportation bases - among cargo carriers,

Fig. 1. Traffic in relation to the study area (Source own study based on [8])
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– interviews with users of specific vehicles - e.g. taxis, car sharing, autonomous
vehicles [15],

– interviews with car drivers - at cordon points, car parks,
– interviews with passengers of public transport - at cordon points, stations, stops and

multimodal integrated nodes,
– interviews with pedestrians and cyclists - at the points of traffic concentration of

these users.

The results of the study should make it possible to identify trip origins and desti-
nations as well as to identify transportation characteristics of:

• persons - among others, travel behavior and transportation preferences [16],
including the assessment of satisfaction with specific technical solutions of the ITS
project [6, 7, 17], the usability of these solutions, and the impact of this usability on
the travel behavior of transportation users,

• vehicles - including mobility index, origin and destination of the ride,
• spatial area - among others, type of activity and trip purpose for the objects gen-

erating destination traffic flows (trips),
• inventory studies in the following scopes (see Fig. 2 block 3):

Fig. 2. The algorithm of action during Comprehensive Traffic and Transportation Studies
(CTTS) for Transportation Modeling with Evaluation of ITS Project (in form of block-scheme)
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– functional and organizational network identification of transportation infrastructure
facilities: (a) network function of the following facilities: road and street sections,
intersections, road junctions, car parks and parking lots, stops, stations and
multimodal/integrated nodes, cycling routes, station of bicycle rental systems,
elements of pedestrian infrastructure; (b) system organization - such as the type of
organization and traffic control on the sections, intersections and road junctions,
capacity of car parks and parking spaces including the toll collection system and
authorization to entry to the stopping place, the routes of public transport lines with
timetables, city bike rentals along with the toll collection and bike lending system,
car sharing with toll collection and car lending system,

– identification of the object of land-use development generating destination traffic
flows (trips) - functional characteristics of the objects in terms of: (a) type of
activity, hours of operation, user groups, trip purpose and potential mobility;
(b) passive transportation availability (possibility of a journey to a particular des-
tination from other source sites) and active transportation availability (possibility of
a journey from specific source sites to other destinations), usability of transportation
systems serving the object - including space and time availability of parking spaces,
stations and stops, and public transport lines serving the stations and stops in the
vicinity of the object,

– identification and assessment of usefulness of available data on traffic flows and
transportation models of the internal zones of the study area (municipalities and
associations of municipalities as the components of the study area) and the zones
surrounding the study area (subregion, region/voivodeship, country), concerning
among others: (a) traffic flow data - identification and assessment of the results of
traffic flow measurements, the results of passenger flow measurements in public
transport (including rail transport), the results of questionnaire surveys on travel
behavior and transportation preferences; the source of these data may be data
collected during construction of transportation models, results of General Traffic
Measurements (GPR 2015, 2010, 2005), data collected while carrying out the
projects of technical and organizational modernization of intersections, road junc-
tions and other objects of transportation infrastructure; (b) data on transportation
models - identification and assessment of models in the following areas: number
and the characteristics of traffic analysis zones (e.g. number of inhabitants and their
age structure, number of students, numbers of jobs, etc.), representation of the
transportation network (determination of parameters of the nodes as well as of the
road and street network segments, detailed mapping of public transport networks,
mapping of pedestrian and bicycle infrastructure elements), types of trip purpose,
groups of users with homogeneous travel behaviors, methods of mapping of
external, origin, destination and passing through traffic flows, methods of mapping
of travel behavior and transportation preferences, and division of transportation
tasks (e.g. utility functions and the choice models),
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• traffic flow measurements (see Fig. 2 block 5 and next):

– flows of persons/passengers in vehicles, at stops and stations of public transport, at
car parks (including carshare system), at the stations of bike rental systems, at
selected pedestrian routes,

– flows of people entering and leaving the certain objects - the mobility generated by
specific objects,

– flows of vehicles at specific points of the transportation network (approaches of the
intersections and road junctions, selected points on road and streets sections,
parking entrances with parking measurements, i.e. parking lot rotation indicator,
parking time, etc., divided into groups of vehicles and directional structure,

• studies and measurements of traffic conditions (see Fig. 2 emphasized block below
block 5):

– measurements of travel times and delays at the approaches of the intersections
(number of stops and queue lengths) on main street lines - for individual vehicles as
well as for public transport vehicles (additionally punctuality measurements),

– measurements of the speed of passing through the sections of main transportation
corridors, depending on their traffic load; the goal is to determine the so-called link
impedance function needed to calibrate the transportation network,

• studies and measurements aimed at ex-ante and ex-post evaluation of the results of a
specific investment project using the transportation model such as the ITS project
[6, 7, 11] (see Fig. 2 block 9 and next):

– surveys of the assessment of user satisfaction with specific technical solutions of the
ITS project, the usability of these solutions, and the impact of this usability on the
travel behavior and transportation preferences of the users,

– measurements of traffic conditions adapted to the purpose of the ITS project and its
impact - spatial and temporal extent and impact on the usability of transportation
systems as well as on the travel behavior of the users and their transportation
preferences.

3 Guidelines for Determining the Points of TFSMs

3.1 Measurement Points on the Screens and Cordons of the Study Area

Measurements of traffic flows at the screen and cordon points (see Fig. 2 emphasized
blocks below blocks 4 and 5) are carried out at locations where links of the trans-
portation network cross the established boundaries of the study area. These are screen
points - determined by the crossing at open lines and cordon points - determined by the
crossing at closed lines. The basic measuring range is [16]:

• measurement of traffic flows of vehicles and/or persons (occupancy of the vehicles)
along with the structure of vehicles,
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• questionnaire surveys of people at selected points,
• measurement of local/instantaneous velocity - as additional measurements related to

the investment project, e.g. to calibrate the impedance function of the section.

Criteria for determining measurement points on the screens and cordons [16]:

• type of area delimitation:

– linear (open) delimitation - lines of the screen, such as lines along rivers, railways,
motorways and other established open lines separating parts of the area,

– circular delimited (closed) - cordon lines e.g. the boundary of the agglomeration, the
boundary of the city center, downtown, etc.,

• location of the screen and cordon points:

– determined by the crossing the screen and cordon lines by all the major roads and
lines of public transport,

– recommended a limited number of the screen and cordon points - to those where
there is a significant volume of traffic flow between areas divided by screen or
cordon lines,

– clearness of the area division - the screen or cordon lines should follow the
administrative boundary of the agglomeration and along the administrative
boundaries of the towns and cities of the agglomeration.

3.2 Measurement Points in the Transportation Network Within
the Study Area

The type, location and number of measurement points in the transportation network
(see Fig. 2 emphasized blocks below blocks 4 and 5) within the study area are pri-
marily related to the following objects of the transportation infrastructure [16]:

• intersections, road junctions and sections between these objects,
• stops and stations of public transport,
• multimodal transportation nodes with integrated parking systems (Park & Ride,

Bike & Ride, etc.),
• car parks with a large surface area in the surroundings of shopping and service

centers, other car parks and parking spaces constituting a concentration of origin
and destination traffic, parking areas in paid/authorized parking areas - especially
for the ITS projects related to the strategies of transport management utilizing the
management of access to parking spaces and guidance to free parking spaces using,
for example, VMS tables,

• bicycle routes, stations of the city bike rentals and elements of pedestrian
infrastructure.

The choice of the individual points of the mentioned objects of the transportation
infrastructure requires an appropriate analysis, in which the decisive criteria for the
selection include [16]:

Selected Aspects of the Methodology 43



• significance of the results of TFSMs in transportation model:

– in base variant of the model, describing the current situation,
– in the technical and forecasting variants of the model, describing the ITS project in

certain variants (configurations) and assessing the results of these variants within
predetermined horizons,

• scope of the surveys and scope of measurements:

– some surveys, such as questionnaire surveys of the users on their travel behavior
and transportation preferences, may be realized among the passengers stationary,
i.e. at the stops, while waiting for the vehicle; other surveys may or must be carried
out in motion, i.e. in vehicles - e.g. they must be performed in vehicles exceeding
the screen or cordon points, because it is not possible then to perform these surveys
stationary,

– some measurements are stationary (e.g. passenger counting, vehicle counting,
queue measurements at intersections, local/instantaneous velocity measurements)
and can be made at stops, intersections, parking lots; other measurements, such as
measuring the average speed of vehicles in free flow and in various states of traffic
saturation of road and street sections - measurements for the calibration of the
impedance function of the sections - may be conducted using test vehicles in
combination with the stationary measurements of traffic volumes or density on the
analyzed sections,

• methods and techniques (see Fig. 2 emphasized blocks below blocks 4 and 5) for
carrying out TFSMs - both in the surveys of travel behavior and transportation
preferences and in the measurement of traffic flow characteristics, various tech-
niques and research methods are used, as follows:

– stationary - at measurement points with the help of interviewers, observers and
devices temporarily installed for testing purposes,

– on the move - in moving public transport vehicles or using test vehicles,
– remote or off-line - internet surveys, mobile data applications for travel data, data

from data repositories in traffic control and traffic management centers (ITS), data
from the continuous traffic data systems, data from automated passenger and vehicle
counting systems (counting gateways, systems of the electronic ticket for the ride,
parking fee systems, toll collection systems on toll roads),

• the expected volume of traffic flows: vehicles, passengers:

– the estimated/expected volume of the flows of passengers and vehicles is necessary
to determine the size of the test sample, the time interval at which the sample will be
tested, and the schedule of the individual TFSMs for a particular study period,

– the accepted value of the test sample, for particular types of TFSMs, determines in
large part the selection of measurement points in terms of the expected intensity of
recorded data and of the intensity of interviews,
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Fig. 3. Results of using the methodology for Upper-Silesian Agglomeration - the potential
measurement points: 1, 2 - external and internal cordon points, 3 - the screen points, 4 -
intersections, 5, 6, 7 - bus, tram and train stops, 8 - car parks
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• expected type of origin and destination traffic - measurement points must enable
TFSMs (passengers, vehicles), taking into account the type of origin-destination
relationships, relative to the study area (see Fig. 1, item 0).

The developed methodology and algorithm presented in Fig. 2 allow to prepare the
transportation models and the evaluation of ITS projects on different scales, i.e. on the
scale of one of the interior cities of the agglomeration (e.g. for the city of Katowice
according to the ITS concept [7]), on the scale of the whole agglomeration (e.g. for the
Upper Silesian Agglomeration as elaborated by the ITS concept [6]) as well as for the

Table 1. Results of the use of methodology for Upper Silesian Agglomeration (in Poland) –
number of measurement point of selected types estimated based on methodology.

Administrative criterion of
delimitation – cities of urban
agglomeration

Type measurement points
Number of
intersections
with bus lines

Number of
intersections with
bus and tram lines

Number of
intersections
with tram lines

Będzin 5 2 0
Bobrowniki 3 0 0
Bytom 9 13 2
Chełm Śląski 0 0 0
Chorzów 3 7 1
Czeladź 3 0 0
Dąbrowa Górnicza 9 5 0
Gierałtowice 1 0 0
Gliwice 8 0 0
Imielin 0 0 0
Katowice 20 4 0
Knurów 4 0 0
Mysłowice 4 0 0
Piekary Śląskie 2 0 0
Pilchowice 3 0 0
Psary 2 0 0
Pyskowice 1 0 0
Ruda Śląska 2 4 0
Rudziniec 1 0 0
Siemianowice Śląskie 4 1 0
Siewierz 1 0 0
Sławków 1 0 0
Sosnowiec 5 14 0
Sośnicowice 1 0 0
Świętochłowice 0 1 0
Zabrze 3 14 0
Sum 95 65 3
Total 163
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metropolitan area of this conurbation - the area of the Central Subregion of the Silesian
Voivodeship. Verification of the assumptions of this methodology was made during the
preparation of two tender documentations (among others Specification of the essential
terms of the contract and Description of the subject of the order): for the Upper Silesian
Agglomeration and for the metropolitan area of this conurbation - the Central Subre-
gion of the Silesian Voivodeship. One of the many results of using the methodology for
Upper-Silesian Agglomeration are approximate locations of measurement points for
this urban area - see Fig. 3. However, it should be kept in mind that these are only
potential measurement points, because the developed methodology provides guidelines
that the contractor of TFSMs should use when determining the exact number and
locations of these points. Results of the use of methodology for Upper Silesian
Agglomeration (in Poland) - number of measurement point of selected types estimated
based on methodology have been shown in Table 1.

4 Formal Description of the Issue

The development of the methodology with the algorithm (Fig. 2) requires a formal
description of the problem for the algorithmic process. This process will allow the
transformation of the issues formulated in the form of a verbal description into the
algorithm and then into the specialized software - decision support tool when planning
activities shown in Fig. 2.

The mathematical modeling methods have been used to describe the formal way of
measuring traffic flows. Consequently, the set of types of TFSMs has been defined as:

I ¼ 1; . . .; i; . . .;�If g ð1Þ

where:
i - number corresponding to the type of TFSMs,
I - number of TFSMs types (size of the set I).
For each type of study, the measurement points have been determined. Therefore,

the set containing the numbers of the measurement points for the i-th type of TFSMs
has been written as:

MPi ¼ mpi : mpi ¼ 1; . . .;MPi
� �

; i 2 I ð2Þ

where:
mpi - number of measurement point for i-th type of TFSMs,
MPi - number of all measurement points for i-th type of TFSMs (size of the set

MPi).
For each i-th type of study, the characteristics describing the manner and conditions

of carrying out this study have been determined. These characteristics may be for-
mulated in functions of varying complexity, depending on the needs and purpose of the
research. Thus, they may be expressed in the form of specific values (e.g. location of
the measurement site, number of people assigned to conduct research in a particular
place, minimum sample size, etc.), in the form of a set (e.g. a list of measured values in
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the measurement site, number of questions in a survey, etc.) or as a complex procedure
(e.g. description of measurement technique, measurement schedule, etc.).

The number of characteristics for each type of the study may also vary. Therefore, a
set Ji containing numbers of characteristic for i-th type of TFSMs has been defined as:

Ji ¼ ji : ji ¼ 1; . . .; Ji
� �

; i 2 I ð3Þ

where:
ji - number of function characterizing the i-th type of TFSMs,
Ji - number of all functions characterizing the i-th type of TFSMs (size of the set Ji).
Therefore, the functions (characteristics) used to describe the i-th type of study have

been described in form of the vector:

FMPi ¼ fmpji;i : ji 2 Ji
� �

; i 2 I ð4Þ

where:
fmpji;i - vector containing the values of ji-th characteristic for each measurement

point when performing the i-th type of study.

5 Conclusions

• The issues presented in the article, concerning the scope of TFSMs with their formal
description, in the case of preparation of the description of the contract subject for
the contractor, should be supplemented with the following tasks:

• developing a detailed schedule for conducting TFSMs,
• obtaining the necessary permits and agreements for the implementation of TFSMs,
• developing the information and promotion actions directed to the users of trans-

portation system and residents of the study area,
• preparing the description of the contract subject for the contractor of TFSMs.

Further research will be focused on the development of the specialized decision
support software when planning activities shown in algorithm described in this article.
It is particularly advantageous in this undertaking to use the experience of verification
of the assumptions of described methodology during preparation of two tender docu-
mentations for the Upper Silesian Conurbation and for the metropolitan area of this
conurbation - the Central Subregion of the Silesian Voivodeship - and experience based
on projects of ITS [6, 7, 16].
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Abstract. This paper presents warehouse location-routing problem in the
logistics network. In order to solve this problem the location model was
developed. The limitations and the optimization criterion of the model were
determined. The optimization criterion refers to the distance between the
facilities of the network. The final location of warehouse facilities was obtained
using an ant algorithm. This paper describes the stages of the ant algorithm i.e.
the stage of designating the probability of transition of ants to the other points of
the route, update pheromone. In this paper the process of calibration of this
algorithm was presented. The results of the ant algorithm were compared with
the random results.

Keywords: Ant algorithm � Optimization � Warehouse location-routing
problem

1 Introduction

The classical issue of warehouse location is defined in literature as the capacitated
warehouse location problem CWLP [1]. In this class of problems the structure of the
transport and logistics network consists of warehouse facilities and customers. The
main objective in the general warehouses location problem is to find such a location of
warehouse facilities for which the costs arising from forwarding a specific volume of
goods to the customers via warehouses are as low as possible. If no capacity limitation
is imposed, an incapacitated warehouse location problem is considered [2].

The problem of warehouse situation may be generally reviewed from two basic
viewpoints. The first one concerns selecting the place where a new warehouse is to be
erected [1, 3]. Basically in such a case potential locations for the construction of a new
warehouse are determined. The second aspect includes a review of the selection of
warehouse locations from the already existing facilities, which points to a reconfigu-
ration of the logistic network for various types of enterprises [4].

The warehouse location problem in the logistics network is multi-criteria opti-
mization problem [5–9] which depends on quantitative and qualitative criteria [10, 11].
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The problem of locating warehouse facilities is also studied in the context of
planning the routes that vehicles have to cover. In this case it is defined in literature as
warehouse location-routing problem [12, 13]. The objective is to determine the location
of warehouse facilities and goods delivery routes from warehouses to each customer, so
that the cost arising from transport of a defined volume of goods to the customers is the
lowest possible. This takes into consideration a situation in which the route of each
vehicle contains a few unloading points (customers). The warehouse location-routing
problem presented in this paper refers to the location in the context of a reconfiguration
of the logistic network.

The main aim of this article is to develop the algorithm which may be used in the
warehouse location-routing problem in the logistic network. In order to solve this
problem the ant algorithm was developed. The application of the ant algorithm in the
warehouse location-routing problem was dictated by the fact that the authors do not
find the application of this algorithm in the examined problem.

Ant algorithms belong to a group of heuristic algorithms, which do not guarantee
the optimal solution, but only close to the optimal solution so-called sub-optimal.
Despite this inconvenience ant algorithms are a practical tool for optimization and are
used in a variety of complex decision problems e.g. vehicles routing problems [14–16].
The ant algorithm solves the warehouse location-routing problem in the logistics
network of the production companies. The complexity of the problem of locating
warehouse facilities limits the use of accurate methods to find optimal solutions and
allows to accept sub-optimal solutions. Fast time of generating the result by this
algorithm is its main feature, what is desired by the companies to designate the
transport routes. These routes depend on the quantity of cargo which is ordered by the
companies. This quantity depends on many factors e.g. processing capacity of com-
panies, the production capacities of suppliers. The algorithm for designating warehouse
location-routing problem must be adapted to frequent changes of these factors and
generate the solutions in a quickly way. In the production companies the time of
generating the solution by the algorithm plays the most important role.

2 The Mathematical Model of the Problem

2.1 Assumptions

The adopted assumptions of the mathematical model refer to the product companies.
These assumptions result from the general rules which functions in product com-
panies [4]:

• transport between suppliers and the warehouse is on the side of the production
company. The company collects the raw material from the suppliers and transports
it to the warehouse. From the warehouse the vehicle returns to the production
companies and ends the route or starts the new route from that warehouse. The
return to the production company depends on the range of time in which the collect
must be realized,

• the volume of the raw material offered by the suppliers meets the demand of
production companies,
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• the collect of raw materials from suppliers and transport to the warehouses takes
place in set period of time e.g. two days,

• in the case when the volume of the raw material from the deliver is bigger than
current capacity of the vehicle, the vehicle is loaded to the full and goes to the
warehouse,

• the raw material for each company may be stored in various warehouses,
• transport of the raw material from the warehouses to the companies takes place after

transporting the whole raw material from suppliers to the warehouses,
• the vehicle leaves the company once and returns to the company once,
• the starting point of each route is the production company or the warehouse, the

ending point is always the warehouse.

2.2 The Input Data

The following variables have been formulated for the needs of establishing a ware-
house location problem:

• V = {v: v = 1,2, …, v′, …, V} - set of numbers of spot elements of the logistical
network: suppliers, warehouses, production companies,

• DS = {v: a(v) = 0 for v 2 V} - set of numbers of suppliers, a(v) = {0,1,2} - the
mapping which assigns the number of elements of the logistic network to object
type,

• MS = {v: a(v) = 1 for v 2 V} - set of numbers of warehouses,
• P = {v: a(v) = 2 for v 2 V} - set of numbers of production companies (recipients),
• VEH = {1, …, veh, …, VEH} - set of numbers of vehicles,
• K = {1, …, k, …, K} - set of numbers of all routs,
• D1 = [d1(v, v′): d1(v,v′) 2 R+, v 2 P, v′2 DS] - distance matrix in relations:

production companies - suppliers,
• D2 = [d2(v,v′): d2(v,v′) 2 R+, v 2 DS, v′ 2 DS] - distance: suppliers - suppliers,
• D3 = [d3(v,v′): d3(v,v′) 2 R+, v 2 DS, v′ 2 MS] - distance: suppliers - warehouses,
• D4 = [d4(v,v′): d4(v,v′) 2 R+, v 2 MS, v′ 2 P] - distance: warehouses - production

companies,
• D5 = [d5(v,v′): d5(v,v′) 2 R+, v 2 P, v′ 2 MS] - distance: production companies -

warehouses,
• D6 = [d6(v,v′): d6(v,v′) 2 R+, v 2 MS, v′ 2 DS] - distance: warehouses - suppliers,
• N = [n(veh): n(veh) 2 R+, veh 2 VEH] - the average pallet load units carried with

one vehicle,
• Q1 = [q1(v): q1(v) 2 R+, v 2 DS] - volume of deliveries,
• Q2 = [q2(v): q2(v) 2 R+, v 2 P] - demand volume of enterprises,
• Q3 = [q3(v,v′,veh, k): q3(v,v′,veh, k)2R+, v 2 DS, v′ 2 DS, veh 2 VEH, k 2 K] -

volume of the raw material which is transported by the vehicle between the sup-
pliers on a given route,

• Q4 = [q4(v,v′,veh, k): q4(v,v′,veh, k)2R+, v 2 DS, v′ 2 MS, veh 2 VEH, k 2 K] -
volume of the raw material which is transported by the vehicle between the supplier
and the warehouse on a given route,
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• Q5 = [q5(v,v′): q5(v,v′)2R+, v 2 P, v′ 2 MS] - volume of the raw material which
belongs to the company which is stored in the given warehouse,

• POJZ = [pojz(v): pojz(v) 2 R+, v 2 MS] - warehouses capacity,
• DT - the range of time in which the collect must be realized,
• Vśrd - the average speed,
• tzał - the loading time of one pallet.

2.3 Decision Variables

The decision variables takes the forms:

• X1 = [x1(v,v′,veh): x1 (v,v′,veh) 2 {0,1}, v 2 P, v′ 2 DS, veh2VEH] − x1(v,v′,veh)
is equal 1 when there is a connection between the production company and the
supplier which is realized by the vehicle on a given route, otherwise this variable
takes the value of 0,

• X2 = [x2(v,v′,veh, k): x2 (v,v′,veh, k)2 {0,1}, v 2 DS, v′ 2 DS, veh2VEH, k 2 K] −
x2 (v,v′,veh, k) is equal 1 when there is a connection between the suppliers which is
realized by the vehicle on a given route, otherwise this variable takes the value of 0,

• X3 = [x3(v,v′,veh, k): x3 (v,v′,veh, k)2 {0,1}, v 2 DS, v′ 2MS, veh2VEH, k 2 K] −
x3(v,v′,veh, k) is equal 1 when there is a connection between the supplier and the
warehouse which is realized by the vehicle on a given route, otherwise this variable
takes the value of 0,

• X4 = [x4(v,v′,veh, k): x4 (v,v′,veh, k) 2 {0,1}, v 2 MS, v′ 2 P, veh2VEH, k 2 K] −
x4(v,v′,veh, k) is equal 1 when there is a connection between the warehouse and the
production company which is realized by the vehicle on a given route, otherwise
this variable takes the value of 0,

• X5 = [x5(v,v′,veh): x5 (v,v′,veh) 2 {0,1}, v 2 P, v′ 2MS, veh2VEH] − x5 (v,v′,veh)
is equal 1 when there is a connection between the production company and the
warehouse which is realized by the vehicle on a given route, otherwise this variable
takes the value of 0,

• X6 = [x6(v,v′,veh, k): x6 (v,v′,veh, k) 2 {0,1}, v 2MS v′ 2 DS, veh2VEH, k 2 K] −
x6 (v,v′,veh, k) is equal 1 when there is a connection between the warehouse and the
supplier which is realized by the vehicle on a given route, otherwise this variable
takes the value of 0.

2.4 Constraints

The constraints take the following forms:

• the capacity of the vehicle cannot be exceeded:

8veh 2 VEH 8k 2 K
X

v2DS

X

v02DS:v 6¼v0
x2ðv,v',veh,kÞ � q3ðv,v',veh,kÞþ

þ
X

v2DS

X

v02MS

x3ðv,v',veh,kÞ � q4ðv,v',veh,kÞ� nðvehÞ
ð1Þ
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• the capacity of the warehouses cannot be exceeded:
• for one vehicle:

8v 2 MS; 8veh 2 VEH
X

v02DS

X

k2K
x3ðv; v0; veh; kÞ � q4ðv; v0; veh; kÞ� pojzðvÞ ð2Þ

– for vehicles:

8v 2 MS
X

v02DS

X

veh2VEH

X

k2K
x3ðv; v0; veh; kÞ � q4ðv; v0; veh; kÞ ¼ pojzðvÞ ð3Þ

• the demand of companies must be met:

8v 2 P
X

v02MS

X

veh2VEH

X

k2K
x5ðv; v0; veh; kÞ � q5ðv; v0Þ ¼ q2ðvÞ ð4Þ

• the production capacity of suppliers cannot be exceeded, the vehicle can go to the
other supplier or to the warehouses many times:

8v 2 DS
X

v02DS:v 6¼v0

X

veh2VEH

X

k2K
x2ðv; v0; veh; kÞ � q3ðv; v0; veh; kÞþ

X

v02MS

X

veh2VEH

X

k2K
x3ðv; v0; veh; kÞ � q4ðv; v0; veh; kÞ� q1ðvÞ

ð5Þ

• the delivery time to warehouses must be met:

When the beginning of the route is in the companies, the route consists of the
segment between the production company and the supplier (only one because the
vehicle passes through this segment only once when it starts the route), the segments
between the suppliers (the vehicle can pass through those segments several times) and
the segments between suppliers and the warehouse (the vehicle can pass through those
segments several times):

8v 2 MS; 8veh 2 VEH; 8v0 2 P;8v00 2 DS
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x1ðv0; v00; veh; kÞ � d1ðv0; v00Þ
v�srd

þ
X

v0002DS

X

v00002DS

X

k2K
x2ðv000; v0000; veh; kÞ � q3ðv000; v0000; veh; kÞ � tzał þ d1ðv000; v0000Þ

v�srd

� �

þ
X

v0002DS

X

k2K
x3ðv000; v; veh; kÞ � q4ðv000; v; veh; kÞ � tzał þ d3ðv000; vÞ

v�srd

� �

�DT

ð6Þ

When the beginning of the route is in the warehouses, the route consists of the
segments between warehouses and suppliers (the vehicle can pass through those seg-
ments several times), the segments between the suppliers (the vehicle can several times
pass through those segments) and the segments between suppliers and the warehouse
(the vehicle can pass through those segments several times):

8v 2 MS; 8veh 2 VEH

X

v02DS

X

k2K

x6ðv; v0; veh; kÞ � d6ðv; v0Þ
v�srd

þ
X

v02DS

X

v002DS

X

k2K
x2ðv0; v00; veh; kÞ � q3ðv0; v00; veh; kÞ � tzał þ d1ðv0; v00Þ

v�srd

� �

þ
X

v02DS

X

k2K
x3ðv0; v; veh; kÞ � q4ðv0; v; veh; kÞ � tzał þ d3ðv0; vÞ

v�srd

� �

�DT

ð7Þ

2.5 The Criterion Function

The criterion function looks for the minimal routes in which the raw material is carried
out to the production companies. The minimal routes depends on the location of
warehouses in the logistic network. The criterion function takes the following forms:

FðX1;X2;X3;X4;X5;X6Þ ¼
X

v2P

X

v02DS

X

veh2VEH

X

k2K
x1ðv,v',veh,kÞ � d1ðv,v'Þþ

X

v2DS

X

v02DS

X

veh2VEH

X

k2K
x2ðv,v',veh,kÞ � d2ðv,v'Þ

þ
X

v2DS

X

v02MS

X

veh2VEH

X

k2K
x3ðv,v',veh,kÞ � d3ðv,v'Þþ

X

v2MS

X

v02P

X

veh2VEH
x4ðv,v',vehÞ � d4ðv,v'Þ

þ
X

v2MS

X

v02DS

X

veh2VEH

X

k2K
x6ðv,v',veh,kÞ � d6ðv,v'Þþ 2 �

X

veh2VEH

X

v2P

X

v02MS

q5ðv,v'Þ
nðvehÞ

� �

� x5ðv,v',vehÞ � d5ðv,v'Þ

�!min

ð8Þ

3 The Ant Algorithm in the Warehouse Location - Routing
Problem

In order to solve the warehouses location problem taking into account the vehicle
routing problem, the ant algorithm was developed. Theory of this algorithms introduces
the concept of artificial ants [17]. The main task of ants is to determine the minimum
delivery routes of raw materials to the companies. The value of the ant must be
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interpreted as the length of the route. Each ant builds its own route till the moment
when the demand of companies will be met or the time constraints (6–7) will not be
met. Then the ant returns to the company. Each ant has its own capacity which is equal
to the capacity of the vehicle. At first the data input needs to be determined: the set of
ants was defined as MR, the number of iteration of the algorithm I. The starting and
ending point of each route is in the production company. Step 1 of the ant algorithm is
to select the production company in a random way, the first ant and the first iteration of
the algorithm is set. Step 2 is to determine the initial value of the capacity of ware-
houses, the demand of companies. The ant goes to the subsequent points (e.g. suppliers,
warehouses) with a certain probability, step 3:

PRmr
yz ðtÞ ¼

syzðtÞ½ �a� gyzðtÞ½ �b
P

l2Xmr sylðtÞ½ �a� gylðtÞ½ �b ; z 2 Xmr

0; z 62 Xmr

8

<

:

ð9Þ

where:

• syz(t) - the intensity of pheromone trail between the y -the a z -the point in t -the
iteration,

• ηyz(t) - the heuristic information e.g. ηyz(t) = 1/w(y, z), where w(y,z) - the distance
between y -the point of route and z -the point of the route,

• a, b - parameters determining the effect of pheromones and the heuristic infor-
mation on the behavior of ants.

• Ωmr - the set of l - points to the route which has not been yet visited by mr- this ant.

Random choice of the route between the point y and points l begins from calcu-
lating the probability of the transition to the points which have not yet been visited by
the ant according to the pattern (9). The next step is to calculate the distribution for
each transition path and draw the number r from the range [0,1]. The route tr about the
value of the distribution qtr which fulfills the condition qtr−1 < r � qtr is selected,
where tr is the number of the route between y - the point and l - the points. At the
beginning the ant considers only the points which are defined as suppliers. The moment
when the ant is fully loaded the only points which are defined as warehouses are
considered in the further route.

In step 4 the ant collects the raw material from suppliers taking into account the
constraint: the capacity of the vehicle cannot be exceeded (1) and the production
capacity of suppliers cannot be exceeded (5), the time constraint (6). The value of the
collected raw material is adequate to the demand of the production company. At this
point the ant has two options: when the ant is fully loaded it goes to the warehouse or it
goes to the suppliers when its capacity is not fully used. The same situation takes place
in the case of the time constraint. When the time constraint is fulfilled the ant goes to
the suppliers, otherwise the ant goes to the warehouse.

In step 5 the probability of the transition to the warehouse is calculated. In step 6
the ant unloads the raw material in the warehouse. In case when the capacity of the
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warehouse is not fulfilled another warehouse is selected, step 7. Otherwise, the con-
straint of the demand of the company is checked.

In case when the demand of the company is met the ant returns to company. The
route of the ant is finished, step 8. In step 9 the new routes are determined for the same
company. In case when the demand of the company is not met, the time constraints are
checked. If the time constraints are fulfilled the ant goes to step 2, if this constraint is
not fulfilled the additional vehicle on the route is introduced and the ant goes to step 2,
step 10. At the beginning it is assumed that each route of the ant is realized by one
vehicle. The route is again designated. In step 11 all routes are constructed. Those
routes are correct for all the constraints. In step 12 the pheromone update is actualized.
Three types of the pheromone update can be distinguished: ant - density, ant - quantity,
ant - cycle. In order to update the pheromone the ant - cycle was used as the most
efficient version of the ant algorithm [17].

At the beginning it is assumed that the trail on the links between the points is
equally strong. In subsequent iterations, the pheromone trail is calculated according to
the formula:

syzðtþ 1Þ ¼ ð1� qÞsyzðtÞþ
X

MR

mr¼1

Dsmryz ðtÞ ð10Þ

where:

mr - another ant mr 2 MR mr 2 MR,
q - a factor pheromone (0 < q � 1),
syz(t + 1) - the strengthening of the pheromone, for the first iteration this
strengthening takes the value s0 for each connections.

Dsmryz ðtÞ ¼
1

LmrðtÞ when the route ðy; zÞ was used by mr � this ant
0 otherwise

�

ð11Þ

where:

Lmr(t) - the length of the route in t iteration realized by mr,
mr - this ant, if the segment of routes (y,z) was realized by mr - this ant then Dsmryz tð Þ
equals 1/Lmr(t), otherwise 0.

The ant algorithm was presented in Fig. 1.
The ant algorithm is repeated a given number of the iteration I. The final effect of

work of ants are the routes used in order to transport the raw material to the production
company. Among those routes one can select the route of the minimum value which is
the solution, step 13. For other companies this procedure goes the same way.
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4 Implementation of Ant Algorithm

The algorithm was implemented in C language programming by the use of the real
input data e.g. Table 1 - the production capacity of suppliers, the capacity of ware-
houses - Table 2, the demand of the production company - 150 pallet units, the average
pallet load units carried with one vehicle - 30 units.

Fig. 1. The ant algorithm for the warehouse location - routing problem
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The first step of implementation of the ant algorithm was to find the set of the best
parameters which characterizes this algorithm. The following combinations of
parameters and results of tests were presented in Table 3.

Based on the results from Table 3, the optimal parameters were designated (test 3:
a = 1, b = 5, q = 0,2). The graphical representation of the results of tests of parameters
was shown on Fig. 2.

In order to verify the correctness of the ant algorithm (AA), its results were
compared with random values (AL). The ant algorithm in each case generated a better
solution than the random algorithm. The results are shown in Tables 3 and 4.

Table 1. The production capacity of suppliers.

Suppliers Location Unit

1 Warszawa 10
2 Siedlce 10
3 Wrocław 20
4 Poznań 30
5 Piła 20
6 Gdynia 30
7 Kielce 40
8 Opole 30
9 Lublin 40
10 Gdańsk 20
11 Ryki 40
12 Łuków 15
13 Parczew 15
14 Płońsk 20
15 Katowice 10
16 Ełk 10

Table 2. The capacity of warehouses.

Warehouses Location Capacity/unit

1 Kraków 100
2 Mińsk Mazowiecki 200
3 Międzyrzec Podlaski 300
4 Radzyń Podlaski 50
5 Ciechanów 230
6 Ostrołęka 140
7 Lubartów 200
8 Mińsk Mazowiecki 150
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Table 3. Combination of parameters for the ant algorithm.

Test/routes [km] a b q

1/2530 1 0.2 0.2
2/1470 1 0.5 0.8
3/850 1 5 0.2
4/2690 1 1 0.8
5/1280 3 0.5 0.2
6/1700 3 0.5 0.8
7/3000 3 5 0.2
8/2896 3 5 0.8
9/2908 5 5 0.2
10/3410 5 5 0.8
11/2700 10 5 0.2
12/1641 10 5 0.8
13/1670 20 0.5 0.2
14/1700 20 5 0.8

Fig. 2. The example tests of the ant algorithm

Table 4. Combinations of parameters for the ant algorithm.

Ant algorithm
[km]

Random algorithm
[km]

Ant algorithm
[km]

Random algorithm
[km]

780 1700 920 1100
820 1820 1100 1700
730 2100 820 2100
1200 2500 1430 2300
1020 2300 970 1670
980 2500 1300 1903
1100 2347 1270 1700
1304 1908 1002 1980

60 I. Jacyna-Gołda and M. Izdebski



5 Conclusion

The optimal results generated by the algorithm depend on many factors e.g.: parameters
of the algorithm, the number of iterations or ants in population. The selection of these
parameters takes place in a random way. In the implementation of the ant algorithm the
different combinations of these parameters were examined i.e.: 100 iterations. It should
be emphasized that the solution generated by the algorithm is sub - optimal. In spite of
this, the speed of the algorithm is its advantage. Further research in the context of the
use of the ant algorithm in the location of warehouses in the logistic network will be
conducted using anti-colonial systems described in the literature.

It should be underlined that results of the ant algorithm depend on the type of the
data input which are took into account in the mathematical model. The ant algorithm
was implemented by the use of the fixed data input e.g. the average speed or the
loading time of one pallet. The presented model does not take into account the random
values of the input data. Further research in the context of warehouse location-routing
problem will be conducted taking into account random character of transport process
e.g. random input data can be generated by the use of the artificial neural network.

The developed algorithm can be used in production companies to develop the
driver’s working schedules, the minimal number of vehicles which realize given
transportation tasks. This algorithm cannot be used in the production companies in
which time windows of delivery are determined. The main advantage of the ant
algorithm is that the results are generated in a quickly way, what is very important for
the production companies. The processes occurring in the production companies are the
dynamic processes. For this reason the ant algorithm must be started a few times
depending on recipients demands, warehouses capacities. In this case the calculation
speed plays the huge role what underlines utility of this algorithm in the production
companies.
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Centre for Research and Development.
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Abstract. The paper provides a discussion on the overall body of problems
related to developing a mobile tool referred to as Road Condition Tool, used for
the road infrastructure condition assessment based on the recorded signals of
linear accelerations set out in a three-dimensional system. Such a data set is
created while typical transport services are performed by a group of carriers
which have deployed the solution in question. The road condition tool discussed
in this article constitutes a part of the S-mileSys platform developed under the
“Sustainable Logistics and Supply Chains” competition within the framework of
the ERANET Transport III programme. The solution proposed in the paper is a
mobile device with a module for positioning and one for recording linear
accelerations, featuring software developed under the S-mile project for pur-
poses of the road network assessment and description.

Keywords: Road pavement assessment � Road profile � Roughness �
Vibrations � Road traffic safety

1 Introduction

Road infrastructure comprises stationary road structures used for transportation of
passengers and cargo by different means of transport as well as by commuting on foot.
It forms a network which consists of junctions and junction links, where a junction is
not only understood as a multi-level road junction, but also as an at-grade road
intersection assuming all the possible forms, i.e. intersections with and without traffic
lights or roundabouts. Junction links are roads and streets connecting individual road
junctions [1–3].

In other words, road infrastructure is a key element of the vehicle-man-road system
whose role in the safe, economic and social life is of major importance. It provides
grounds for rendering transport services, but at the same time a modern system of
transport must be sustainable and satisfy all preferences and requirements of its par-
ticipants [4–6]. It is additionally required to meet the criteria of minimisation of neg-
ative impact on natural environment and human health, which is particularly
emphasised in numerous reference publications, including strategic documents of the
European Union [7–9].
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2 Solutions for Road Infrastructure Condition Assessment

Since road infrastructure is in fact a technical structure, it requires periodical technical
condition inspections and detection of defects aimed at elimination of potential threats
to road traffic safety through identification and execution of suitable repair procedures
or works [10]. At the same time, in accordance with Directive 2008/96/EC of the
European Parliament and of the Council of 19 November 2008 on road infrastructure
safety management, one is required to apply procedures of road traffic safety
(RTS) control including the impact of technical condition on the level of RTS.
According to guidelines of the Pavement Management System (PMS), technical and
operating parameters subject to assessment under the road infrastructure diagnostic
procedure include the following:

• load bearing capacity of structures,
• longitudinal evenness,
• transverse evenness,
• pavement condition (identification of surface defects),
• anti-skid properties.

One can use a number of methods to determine the load bearing capacity of a road
structure, including the pressure plate method and the deflection method. The basic
assumption is that road samples collected from a test section are subject to strength
tests, based on which one determines the modulus of elasticity and the stresses
emerging in road pavement. For purposes of non-invasive measurements of deflections,
one can use a falling weight deflectometer (FWD) [10] or the latest laser-based solu-
tion, namely a traffic speed deflectometer (TSD). With regard to TSD, tests are con-
ducted in a contactless manner, where the measurement of the road pavement
displacements (under the impact of the test trailer wheel) is conducted using a laser
range finder. The device is installed in a tractor unit’s semi-trailer [11].

Transverse and longitudinal evenness are further technical and operating parame-
ters which describe the condition of road infrastructure. One of the instruments used in
contemporary diagnostics are laser profilographs characterised by high precision and
simplicity of measurements. They enable continuous measurement of the road profile
conducted under conditions of real traffic in the road network, causing no additional
hindrance and, even more importantly, posing no threat to road traffic safety.

Identification and recording of surface defects constitute the next step in the
infrastructure condition assessment, which also includes surveying of bumps, defor-
mations, chipping defects and patches as well as various fractures, including longitu-
dinal, transverse, alligator-type and technological cracks. For the sake of identification
of the foregoing types of defects, one can apply visual solutions based on image
processing and recognition technologies. Such measures as morphological operations,
segmentation, object detection or binarisation provide major support in the assessment
process, however, in order to be used, they require monitoring and verification by a
video research material inspector on account of the considerable imperfections of the
visual method which result, for instance, from non-homogeneous and dynamic
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illumination, discontinuity of road pavement mapping, particularly when stereo vision
methods are used, or when objects obscure the view of one another.

In order to estimate the anti-skid properties of a road, one must determine the friction
coefficient which corresponds to road adhesion [12]. One of the methods that can serve
that purpose is using a measuring set equipped with a dynamometric wheel, where the
analysis of the test results obtained by having initiated a braking action determines the
grade of road pavement slipperiness. An alternative solution is testing the road pavement
texture by means of pre-calibrated sand spread over the surface tested, where the
assumed sand quantity and its spread determine the roughness of the pavement exam-
ined. As provided in the literature of the subject [13, 14], there are also optional visual
methods and laser technologies that can be used to identify pavement roughness.

Test vehicles, also referred to a mobile laboratories, are solutions which enable
assessment of multiple technical and operating parameters of a road in a single mea-
suring run. A set of parameters thus obtained, describing the technical condition of road
infrastructure, comprises assessments and records of longitudinal and transverse
evenness, but also makes it possible to identify surface defects, such as:

• bumps,
• deformations,
• chipping defects,
• patches,
• cracks.

Moreover, in the course of the measuring run, the vehicle’s surroundings are
recorded in a sequence of photographs showing individual elements of the roadway
infrastructure. Sample mobile laboratories are vehicles like ARGUS, IBDiM or
GREENWOOD [15, 16].

Another solution applied to assess the road infrastructure condition is to measure
the linear accelerations recorded while a vehicle is running on a road. The basic method
consists in using an accelerometer to record vibrations of a wheel loaded with a mass of
pre-set weight as it is moving on the road being examined, however, an analysis of the
results thus obtained requires that the noise caused by damping of the mass system be
filtered out of the recorded signal. Individual solutions based on the foregoing approach
have been described in papers [17–26]. The solutions addressed in these publications
have set the orientation for further development of a concept of a tool for the road
infrastructure condition assessment based on an analysis of linear acceleration signals
in a three-dimensional description.

3 Describing Quality of Transport Roads in the S-mileSys
System

As an outcome of international collaboration between institutions representing three
countries: Spain, Turkey and Poland, a research project was initiated with the aim of
developing a “Smart platform to integrate different freight transport means, manage and
foster first and last mile in supply chains (S-mile)”, co-financed under the “Sustainable
Logistics and Supply Chains” competition within the framework of the ERANET
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Transport III programme. The S-mileSys platform, currently being developed, is an
integrated IT system intended to be used by such parties as clients searching for local
freight operators, freight companies and local authorities as well as road infrastructure
administration bodies. The S-mileSys platform architecture is based on six fundamental
tools/modules which perform the following functions:

• integration of freight transport companies,
• searching for first/last mile carriers,
• vehicle fleet monitoring,
• single-run distribution of goods (covering distribution and collection),
• route planning by taking the road infrastructure condition, road traffic conditions

and new/updated orders into consideration,
• route optimisation based on primary criteria of distance, time and cost,
• route optimisation in line with innovative criteria: social and environmental impact,
• creating reports, analyses and statistics to calculate total costs of freight transport in

the system,
• assessments of the environmental impact of various motivational/fiscal initiatives,

timetable changes, parking areas etc. exerting influence on how commercially,
socially and environmentally sound freight transport is managed,

• monitoring of the transport system condition and acquisition of information on the
freight transport taking place in the chosen section of the road network.

The S-mileSys system architecture diagram highlighting the aforementioned
tools/modules has been provided in Fig. 1.

In accordance with the assumptions underlying the S-mileSys platform being
developed, the road infrastructure condition, i.e. the quality of transport roads, is a
crucial parameter which should be taken into account while planning and optimising

Fig. 1. Tools of S-mileSys
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routes for both delivery and collection of goods. However, this requires data on the
road infrastructure condition (technical and operating parameters) to be obtained and
subsequently set out in a graph of connections which represents the road network. The
graph of connections is a key component of S-mile Transport Planner Tool used to
perform the procedure of freight transport route planning.

The infrastructure describing data may be acquired for purposes of the S-mileSys
system in two ways, i.e. one can make use of the PMS data or collect data while
running road pavement condition tests. However, it is possible that the PMS data do
not cover the entire road network, as they typically pertain to roads of higher categories
and remain up-to-date for only a short period of time directly following measurements.
On the other hand, measuring technical and operating parameters of the road network
for the sake of their assessment involves high costs, particularly when the solutions
referred to in the previous section of the article are used. Bearing the foregoing in mind,
specific solutions have been proposed in the S-mileSys system for the road pavement
condition assessment on the basis of an analysis of linear accelerations recorded by
fleet vehicles using the system in question in day-to-day operations.

4 Requirements Towards Road Condition Tool

Road Condition Tool (RCT) is a mobile device featuring a dedicated application
implemented in the Android operating system, intended for recording of vehicle motion
parameters and the shocks resulting from the road pavement condition. From the
infrastructure assessment perspective, the RCT application installed on the mobile
device has been designed to record data of:

• linear accelerations in a three-dimensional system, using the MEMS module,
• position in the WGS’84 system, using the GPS module.

The above data are stored in the mobile device’s memory, only to be sent to the
RCT data server using GSM data transmission or a wireless network. The server
receives and archives the data extracted from the mobile devices, and then performs the
procedures of input data processing, including filtration and aggregation.

As individual transfers are made, the RCT application generates an output file
which contains the following information:

1. Mandatory header fields:

• id company; id route; vehicle type; weight of freight; weight of vehicle - data
concerning the given transfer being made, required for data processing in the
S-mileSys system,

• step - read-out interval for successive data in the sequence of linear accelerations
recorded,

• tripStart - date and time of measurement start which corresponds to the freight
transport commencement.
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2. Series of output data comprising the vehicle motion parameters and shocks recorded
during transfers. The detailed description includes: latitude [WGS’84]; longitude
[WGS’84]; X linear acceleration [m/s2]; Y linear acceleration [m/s2]; Z linear
acceleration [m/s2]; speed [km/h].

A sample of recorded linear accelerations along with a reference to the road net-
work has been shown in Fig. 2. Highlighted in colours are the junction linking sections
which break the recorded linear acceleration signal down into fragments of the graph
illustrating the passes of the S-mile Transport Planner Tool, which proves critical when
planning routes by taking the road infrastructure condition into consideration.

5 Conclusions

A review of reference publications addressing the solutions used for purposes of the
road pavement condition assessment, and primarily those that rely on an analysis of
vibrations observed during vehicle motion, has implied that the approach assumed for
the Road Condition Tool concept is correct. The linear acceleration signal recorded in a
hands-off mode in the course of freight transport enables identification of point and
section based defects of road pavement. An additional analysis of the data thus
obtained makes it possible to determine the scope and magnitude of the road pavement
degradation.

Having analysed the potential of the recorded data set, one may conclude that it is
possible to extend the road infrastructure condition assessment with a determinant of
quality of the transport services rendered by drivers employed at the given freight
company. What it also enables is identification of transport and waiting times, the
driver’s driving style vs. road traffic safety as well as the level of security of the cargo
being transported.

Fig. 2. Linear accelerations recorded along the chosen route
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Abstract. The article deals with actual problems pedestrians and cyclists safety
in the cities. It is shown that, despite the positive experience of interventions
implementation, road traffic deaths and injuries are still high. One of the possible
ways to ensure road safety for the most vulnerable road users is to develop the
method to support the safest route selection. The proposed method will increase
the quality of management and effectiveness of the adopted solutions to improve
traffic safety.

Keywords: Road safety management � Route selection � Pedestrian safety �
Bicycle transport

1 Introduction

The scale and significance of problems associated with positive changes in image of the
world transport in the 21st century, are assessed as strategic challenges to national and
even continental scale. First of all, it concerns the urbanized territories where the
negative impacts associated with the development and functioning of the transport
complex reduce the quality of people’s life. This is true also for the reason that by 2030
the majority of the world’s population will be concentrated in cities. Assuming this
trend continues, by 2050 more than 80% of the world’s population will live in an urban
environment. Therefore, using the benefits of the transport system in the area of
mobility, it is necessary to make progress in the direction of increasing its safety.

Transport safety is an essential component of sustainable urban mobility and should
be firmly integrated into the mobility planning processes by cities. To stem the road
death epidemic, the United Nations have set the target of halving traffic fatalities by
2020. Every year, 1.25 million people are killed in road crashes and up to 50 million
are seriously injured. Road crashes kill more people than malaria or tuberculosis and
are among the ten leading causes of death globally, and the main cause of death among
those aged 15–29 years [1]. Their economic cost is estimated at 2–5% of GDP in many
countries. Cyclists represent 8% of all road deaths in the European Union but big
disparities exist between countries. Cyclists and pedestrians are generally unprotected
and are vulnerable in traffic. As active travel is being encouraged for health, envi-
ronmental, congestion and other reasons, the safety of walking and cycling in particular
must be addressed urgently. Real and perceived safety can have a profound effect on
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modal choice especially in terms of the most sustainable modes of travel – walking and
cycling and ability to access public transport. In the ideal case, scenario of urban
mobility should be inclusive, safe, resilient and sustainable. Inclusive cities enable
citizens to have the freedom to access any opportunity in the city regardless of their
social characteristics or economic means. Resilience is the ability for cities to adapt and
respond to changes and stresses on social, economic, and environmental systems.
Traffic lights that prioritize pedestrian, cyclist, and emergency vehicle traffic puts safety
for the most vulnerable on the street first.

Working Group composed by international road safety experts prepared Research
Report titled “Zero Road Deaths and Serious Injuries: Leading a Paradigm Shift to a
Safe System” which was presented in Paris on 3 October 2016 at a dedicated Road
Safety Seminar of The International Transport Forum [2]. This report describes a
paradigm shift in road safety policy, according to the principles of a Safe System.
A Safe System is based on the premise that road crashes are both predictable and
preventable, and that it is possible to move towards zero road deaths and serious
injuries. This, however, requires a fundamental rethink of the governance and imple-
mentation of road safety policy.

Insufficient attention has been paid to the needs of pedestrians, cyclists and
motorcyclists, who together make up 49% of all global road traffic deaths. Making the
world’s roads safer will not be possible unless the needs of these road users are
considered in all approaches to road safety. Traffic planning and safe routes develop-
ment should be carried out considering characteristics of all categories of road users. It
is necessary to take into account the fact that each of these categories can be considered
as a separate sub-system of the city transportation system. Its safety and sustainability
is ensured by minimizing the number of conflict points that might arise in the inter-
action of road users. In such systems, possibilities of management (decision-making)
based on the information received in real time, have to be available not only to the
operators controlling transport, but also to all road users. The objective of such a
system is integration of all road users’ interaction: people - transport infrastructure -
vehicles, with the maximum use of the latest information and control technologies.

2 Safety Issues of the Most Vulnerable Road Users

The number of road traffic deaths has plateaued since 2007 [1]. The plateau in road
traffic deaths, set against a 4% increase in global population and 16% increase in
motorization, suggests that road safety efforts over the past years have saved lives.
However, low-income countries have fatality rates more than double those in
high-income countries. Almost half of all deaths on the world’s roads are among those
with the least protection – motorcyclists (23%), pedestrians (22%) and cyclists (4%).
As motorization increases worldwide, walking and cycling have become less common
and more dangerous. The traffic mix in many countries means pedestrians and cyclists
share the road with high-speed vehicles, forcing them to negotiate dangerous situations
and fast moving traffic.
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2.1 Technical Measures to Increase Proportion Walking and Cycling
in Modal Split

Written by Shannon Bouton, global manager of the McKinsey Center for Business and
Environment, and three other senior McKinsey analysts, the report “Urban Mobility at a
Tipping Point” finds that “Automobile sales are expected to increase from about 70
million a year in 2010 to 125 million by 2025, with more than half forecasted to be
bought in cities” [3]. Authors mention the opinion of automotive analysts who predict
that today’s 1.2 billion strong global car fleet could double by 2030. “The existing urban
infrastructure cannot support such an increase in vehicles on the road”, McKinsey
warns. Four major technological trends are converging, McKinsey reports. They are
“in-vehicle connectivity, electrification, car sharing, and autonomous driving”. Walking
and cycling are becoming increasingly popular in cities, notes the report, which finds
that cities around the world are opening car-free zones to pedestrians and bikers.

Sustainable urban mobility plans and transport strategies aim to reduce mobility
demand, shifting to environmentally friendly modes of transport such as walking,
cycling and car sharing, increasing the share of public transport and clean vehicles, and
the use of state of the art technology for the remaining individual motorized transport.
Reducing travel distances and travel demand is therefore an important cornerstone for
sustainable urban transport. This imply that the city’s inhabitants should not be forced
to travel far to fulfill basic needs. Distances should ideally be kept so short that walking
or cycling is the attractive/likely mode of transport.

Short distances also improve the possibilities for an enhanced modal shift. This is
important to achieve a fair transport system that gives all groups in society equal or
high accessibility to important services, independent of car ownership. Reduction of the
transportation needs is achieved through the application of sustainable spatial planning
polices that support and encourage mixed-use developments. These developments meet
the housing, shopping, commercial and employment needs of residents within walking
and cycling distance or are accessible by public transport.

Cities around the world are opening car-free zones to pedestrians and bikers. There
are many examples of city centers, such as Venice and the medieval city of Mdina, in
Malta, that have never allowed motorized vehicles. Mdina is even known as the “Silent
City” because of the absence of motor-traffic noise inside the city walls. Pedestrian
zones in Japan are called hokōsha tengoku, which translates as “pedestrian heaven”.
Parts of the Calle Florida in Buenos Aires have been restricted to pedestrians since
1913 and the whole street since 1971. More recently, many cities have moved to
pedestrianize parts of their city centers. Examples include London, New York, Paris,
and Singapore. These efforts often include not only restricting access to cars but also
making the streets themselves more attractive to pedestrians by installing better
lighting, street signage, and paving materials and adding more greenery.

In addition, many cities are trying to make bicycling safer, easier, and more pop-
ular. A study conducted by the Urban Land Institute [4] allows us to understand main
regularities in the development of cycling transport. Even in such country, that is
oriented to automobile industry, like USA, where almost 70% of population live in
private homes, remote 15–30 miles from major transport centers of attraction (jobs,
shops, etc.), more than 50% of the residents consider, that cycling and walking
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accessibility is a top priority when choosing a place of residence, and cycling has
become the fastest growing form of passenger transport.

Some cities are experimenting with restricting the entry to the certain streets on
weekends; for example, a portion of Central Jakarta is closed on Sunday morning to
allow residents to exercise. These efforts can have positive implications for urban
mobility. Forty years ago, traffic was terrible in Copenhagen. In 1981 the city devel-
oped its first cycling plan and it has been evolving its cycling and mixed-modal goals
since 2002. Now transport authorities created a network of bicycle lanes as well as
dedicated bicycle highways that reduce traveling time and improve safety. City has a
target indicator: 50% of all commutes should be by bike.

It is perfectly feasible for a majority in a metropolis to ride a bike and not travel by
car. Not everybody can ride a bike every day, however, which is why the bike should
not be seen as a competitor, but rather as complementary to public transport. Especially
on the way to and from work there is a lot of potential: in London around 2.5% of all
commutes to work are by bike, in Berlin 13%, in Munich 15% and in Copenhagen and
Amsterdam a whopping 36 and 37% respectively. Such a high percentage of number of
trips to work or education by bicycles in Copenhagen is provided by the fact that the
priority strategy of politicians is development of bicycles infrastructure as a way to
create more friendly city living condition [5].

Bike sharing has hit the mainstream. In 2015, there were more than a million bikes
in bike-sharing programs globally and more than 850 cities had such programs, up
from 68 in 2007. One of the most popular counter-argument about cycling are adverse
climatic and natural conditions. However, it is a matter of attitude and priority for cycle
paths when clearing snow. This is confirmed by the example of Oulu, where a sub-
stantial proportion of people commute by bicycle, even when the temperature is below
zero in deepest winter. This is ensured by 845 km of routes (4.3 m per inhabitant), 98%
of which are maintained throughout winter because main route maintenance priorised
over driveways. Routes parallel to driveways are separated with a green lane, which
also serves as snow build-up space. There are underpasses in most busy crossings and
you can reach every place by bike using cycling routes [6].

London is building 12 “cycle superhighways” – extra-wide lanes dedicated to
bicycles. New York expects to have 1,800 miles of bike lanes by 2030. Paris has a
bike-sharing network that includes the suburbs and is integrated into the public-transit
payment system; São Paolo is doing the same. Delhi is considering proposals to set up
separate bike lanes and is providing bike parking near transit stops. Moscow is
expanding bike sharing and adding dedicated bike lanes. San Francisco is expanding its
network of bicycle lanes; the city’s goal is to increase the percentage of all trips taken
by bike from 3.4 to 10% by 2018.

Companies in Silicon Valley are piloting electric bikes as means of commuting. At
one major technology firm, more than 10% of employees bike or walk to work, and a
half of them live within ten miles of the office. A ten-mile commute by car takes about
30 min door to door. By bicycle that would take about 60 min; by e-bike, though, it
would be only 35 min, which makes it an attractive option. Getting employees to bike
to work is worth real money; each parking space that can be saved on corporate
campuses is worth $10,000 to $20,000.
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Reduction of conflict points, where the flows of pedestrians, motorized and
non-motorized vehicles cross, is the most effective method of increasing safety in
transport system. Effective segregation of road traffic is the central requirement of the
most campaigners’ demands for greater safety, and SkyCycle is one of the most
extreme methods of separating bicycles from cars on the agenda. By building a new
network of cycle paths high above existing roads and railways, the scheme would
create a series of cycle superhighways across London, with specific entry and exit
points throughout the city [7]. Dominican architect Richard Morita Castillo offers for
solution of transport problem in large cities to build dedicated lanes for cyclists.
Innovation lies in placing these lanes over city highway. Such overpasses for cyclists
Castillo calls ecobans (like autobahn) or Cycling underground [8]. A similar solution is
proposed for Moscow and Kazan [9, 10]. And for Russia it is not only the division of
space and diminution the number of conflict points, but also necessary protection for
cyclists in difficult weather conditions.

2.2 Organizational Measures of Safe Route’s Planning

The quality of the transport system’s functioning is largely determined by the quality of
management. Operational management in modern conditions is carried out through the
intelligent transport systems (ITS) creation. These systems consist of modules for
collecting operational information on the status and parameters of the vehicle’s oper-
ation, analyzing imbalances and searching the causes of their occurrence, as well as
developing recommendations for the processes optimization. ITS is increasingly seen
as one of the components of solution of the current and future problems in the field of
transport. Rational management allows not only increasing the economical performing
indicators of the system, but also solving social tasks of the population’s transport
service improvement, as well as increasing safety of the transport system.

Rational management is based on the “feedback” principle implementation.
According to this principle managerial decisions should be corrected in accordance
with the identified errors and the system performance deficiencies in the previous
period. The purpose of the safety management is reduction of accidents and injuries.
This means that the problems of monitoring and conflict situations’ detecting, deter-
mination of the causes of emergency situations, as well as development of measures to
address the causes and reduce the severity of the accidents’ consequences are solved.

The main feature of large cities and metropolises is the need to travel long distances
both in regular and in one-time trips. Besides, safety and complexity of the route are the
determining factors for certain categories of population.

Thus, it is necessary to pay attention to these issues while planning routes. Modern
electronic resources (route planners and navigators) allow building a route between two
points on the map. The most common of these systems allow selecting the route on the
city map specifying one of three types of travel: personal vehicle, public transport and
pedestrian route. The quality of the route depends on the degree of elaboration of maps
and it is not always possible to obtain adequate information. There are planners
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designed for individual countries: 2GIS for Russia, jakdojade.pl for Poland, etc. Such
planners provide more opportunities to consider individual characteristics while
selecting a route. For example, you can select the route for disabled or for cyclists.
Despite the large number of applications for path finding, they have one significant
drawback: the route is not evaluated from the point of view of its safety.

2.3 Crossroads as a Source of Increased Danger

Pedestrian crossings are safe places for pedestrians to cross the road and where they are
given priority. There are various different types of pedestrian crossings, these are:
Zebra, Pelican, Puffin, Toucan, Pegasus (also known as Equestrian crossings) [11]. As
it is revealed in research [12], almost 30% of pedestrian injuries occur at non-signalized
crosswalks. Factors of fatality risks were used to model a binary logistic regression
which treated the statistical information provided by the police. Many countries apply
signalized pedestrian crossings granting pedestrians the minimal waiting time and
allowing the vehicular traffic to continue uninterruptedly if there are no pedestrians in
view. The main advantage of signalized pedestrian crossings consists in providing both
motorists and pedestrians with a clear perception of the situation at intersection. Instead
of solving of a complex logical-physical task, they are offered to primitively react to a
light signal with a conditioned reflex. In Europe, where priority is given to pedestrians,
there are numerous signalized crosswalks and practically no non-signalized ones across
busy four-, and more, lane roads [13].

It is reported [14] that the major reasons for pedestrian noncompliance with traffic
signals are the low quality traffic management, traffic volume and long waiting time. In
the research [15] it is shown that designing of a signal should take into account the use
of neighboring land and the results of traffic survey. Another factor of risk is the
conflict between the vehicular and pedestrian flows at left-hand corners [16, 17].

Different models have been proposed for risk assessing and working out of mea-
sures to improve the pedestrian safety. Thus, the model proposed in research [18]
allows measuring the impact of potential risk factors on pedestrians’ intended waiting
times during the red-man phase of the traffic lights. In a later research, the author
proposes a multivariant method of risk analysis consisting of two hierarchically gen-
eralized linear models, characterizing two different facets of unsafe crossing behavior,
and uses a Bayesian approach with the data augmentation method to draw statistical
inference for the parameters associated with risk exposure. Dependence severity of
accidents by vehicle speed is explored in research [19]. The authors took into account
age group of pedestrians and vehicle type (sedans and light passenger cars). The
authors determined that elderly age group (60 years old and over) faces higher risks of
serious injury and fatality than both the child age group (12 years old and under) and
the mid-age group (13–59 years old). The authors suppose that the findings should be
included in designing specifications of pedestrian detection system in the near future.
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3 Results and Discussion

3.1 Using the Haddon Matrix to Improve Traffic Safety

The Haddon Matrix, developed by William Haddon in 1970, looks at factors related to
personal attributes, vector or agent attributes and environmental attributes; before,
during and after an injury or death. By utilizing this framework, one can then think
about evaluating the relative importance of different factors and design interventions. In
fact, it is a set of preventive measures to improve road safety. In this context, primary
prevention refers to interventions before the event, to prevent it completely; secondary
prevention involves lessening the extent of injury given that an event occurs
(e.g., wearing a seatbelt will not prevent the collision but may lessen its effects).
Tertiary prevention limits the subsequent difficulties a person encounters given his
injuries (rehabilitation, etc.). You could also add primordial prevention, which would
refer to underlying social change that would alter the circumstances in which the
accident occurred. For example, encouraging public transportation would reduce roads’
overloads and likely prevent some accidents.

The adoption of measures to improve road safety, as a rule, is based on the analysis
of statistical data on offenses and traffic accidents. This analysis allows you to adjust
the traffic patterns, make changes to infrastructure and make recommendations to
manage traffic [20]. Official statistics of the State Traffic Safety Inspectorate (STSI) of
Naberezhnye Chelny city as well as the data from the official website of the STSI of
Russian Federation is used as initial information. Preventive measures to improve the
road safety include identification of violations that can be divided into two categories:
violations that increase the possibility of an accident (drink–driving, leaving the
oncoming traffic) and violations that increase the severity of accident consequences
(disuse of child restraints and seat-belts). You could also add primordial prevention
which would refer to underlying social change that would alter the circumstances in
which the accident occurred. Such events may be, for example, planning safe routes,
which eliminate or minimize risks, and include measures that will reduce the severity of
the consequences in the occurrence of risk situations.

3.2 Proposed Algorithm of the Safest Route’s Selection

In constructing the routes of urban mobility it is necessary to choose the safest possible
routes, taking into account characteristics of the participant movements. The catego-
rization of the route can be performed in the presence of different factors, complicating
traffic conditions. Depending on the type of move routes in the city can be road,
pedestrian, cycling and combined. The combined route usually includes areas where
the movement takes place by public transport, and the movement between the start
(end) point and public transport, on foot or by bike. These areas are evaluated by
different criteria groups because for different categories of the population priorities may
be different. For example, the selection by the criterion “fastest route” may just not
realize for people with disabilities, and in some cases this route may be unsafe.
Therefore, we propose a methodology a multi-criteria evaluation of the safety of the
route. The integrated circuit evaluation algorithm is shown in Fig. 1.

Safe Routes as One of the Ways to Reduce 79



In the first stage there were the factors, which determine the category of the route
complexity (Table 1) for pedestrians and cyclists. Since the significance of the factor
for different categories of traffic participants is determined by their features to deter-
mine the weight factors have been used for the category pedestrians and cyclists by age
and state of health (Table 2). The evaluation of the route can be done with the help of a
complex indicator, which is calculated as the weighted average:

K ¼
Xn

i¼1

Ki � ai ð1Þ

where:
Ki - the value of the i-th parameter,
ai - weight of the index.

In order to summarize dissimilar indices in the formula their reduced values are
calculated.

Fig. 1. The integrated algorithm of the route safety assessment

Table 1. Factors influencing the route’s safety.

Factors Significant factor for
Pedestrians Cyclists

The length of the route + +
The length of sections with elevation changes + +
The number of pedestrian crossings + +
The number of unregulated intersections + +
The number of lanes of the highway at the place of pedestrian
crossings

+ +

The number of ramps + +
The number of underground/raised pedestrian crossings + +
The length of bikeways on the route – +
The presence of places of concentration of road accidents on the
route

+ –
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Factors that determine the safety of the route can be both objective (e.g., terrain,
presence of unregulated intersections, etc.), and subjective due to the features and
physical condition of the road user (age, health condition, etc.). Adequacy of the
assessment will depend on the correctness of the selected factors and their combined
inclusion. For example, the same route can be safer in the daylight than in the dark, in
the summer than in the winter, etc. Possible routes are evaluated on the base of this
information. To do this a matrix of the given route options is constructed and then the
overall routes’ performance indicators are calculated. The value of the route safety
indicator is calculated with provision for correction factors that depend on the physical
condition and characteristics of the user. A significant part of all urban movements is a
mixed routes that include parts of the route where people go on foot, by bicycle or by
public transport. That is why when assessing the route along with the safety of walking
and cycling areas the number of transfers on the route, because the safety of such
interchange nodes can be a determining factor.

3.3 An Example of Route Planning: Case Study of Naberezhnye Chelny

The route between gymnasium “A golden hill” and Organ Hall can be considered as an
example. This relatively small length route (from 1.2 to 1.4 km) has its own pecu-
liarities. Part of the route passes through the yards, the most long part passes along
Moskovskiy pr. and the small part passes along perpendicular streets: Yashlek prospect
and Kamal boulevard. There are three lanes in each driving direction of Moskovskiy
prospect, that is one of the main longitudinal streets of the city. There are only two
traffic lights at the beginning and at the end of the considered area and there are two
pedestrian underpasses near the bus stops. Besides that, there is a non-signalized
crosswalk (Zebra) that due to the specifics of the traffic organization in this area is
unsafe. As the Fig. 2 shows, Yandex Maps (YM) and Google Maps (GM) lay almost
the same routes that differ from each other by the way of passing through the yards.
However, both of them propose to use unsafe non-signalized Zebra crosswalk though
there are two pedestrian underpasses in the considered area.

The second feature of this route is that it is too long for elderly people (seniors),
physically disabled people and pedestrians with small children. It is possible to solve
this problem by using public transport, i.e. combined route. YM system proposes to use
a tram that follows from the point “Rembyttekhnika”. This route is comfortable
because you can cross the road using the signalized crosswalk. However, there is
another alternative route that is not considered by YM system: if you use the pedestrian
underpass that is located just before the tram stop, you can travel one stop less and,

Table 2. Types of pedestrians and cyclists.

Children Youth, Middle-aged
people, Retired

Disabled

Preschoolers Without health problems Doesn’t require special conditions for
movement

Students With problems Needing special conditions
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what is more, you can use tram of any route. After selecting the “Less walking” option
GM system proposes two variants. The first is to take the bus following through a turn
in the direction, opposite to the destination and then to cross the road and to use public
transport in the necessary direction (Fig. 3a). The second is to travel to the right
direction directly after crossing the road (Fig. 3b).

At the same time specification of these maps is insufficient to construct an optimal
route. Moreover, many residents of the city would have used a completely different
route, which is not indicated neither in YM system, nor in GM system. A more ade-
quate route is provided by the 2GIS search system (Fig. 4).

The given example shows that development of tools for comparison and evaluation
of possible routes from the point of view of safety and acceptability for different
population groups, is a good addition to existing route planners.

Fig. 2. The route laid by Google (a) and Yandex (b) Maps

Fig. 3. The route laid with “Less walking” option
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4 Conclusions

Safety of pedestrians and cyclists is an actual problem. Its relevance increases due to
the growth of motorization and its negative effects. To improve the effectiveness of
measures aimed at reducing the risks of road accidents the special tool is needed. It
should allow responding quickly to changes in the transport system and to assess the
effectiveness of the measures taken. Proposed system for the route’s safety assessment
and evaluation of the effectiveness of measures aimed at reducing the risks of dan-
gerous situations will allow making justified managerial decisions.

References

1. World Health Organization. http://www.who.int/violence_injury_prevention/road_safety_
status/2015/GSRR2015_Summary_EN_final.pdf

2. International Transport Forum. http://www.itf-oecd.org/road-safety-seminar-safe-system
3. McKinsey. http://transact.org/mckinsey-report-urban-mobility-tipping-point/
4. Urban Land Institute: Active Transportation and Real Estate: The Next Frontier. Urban Land

Institute, Washington (2016)
5. Bredal, F.: The case of Copenhagen. In: Roethig, M., Efimenko, D. (eds.) Changing Urban

Traffic and the Role of Bicycles. Russian and International Experiences, pp. 24–28.
Friedrich-Ebert-Stiftung, Moscow (2014)

6. Tahkola, P.: The case of Oulu. In: Roethig, M., Efimenko, D. (eds.) Changing Urban Traffic
and the Role of Bicycles. Russian and International Experiences, pp. 29–43. Friedrich-
Ebert-Stiftung, Moscow (2014)

7. Construction Chat. http://www.constructionchat.co.uk/articles/skycycle-london-bike-network/
8. 5dimensions. http://05dimensions.wordpress.com/2012/10/22/bici-metro-an-alternative-project-

to-sky-cycles-is-available-for-global-implementation
9. Smart News. http://smartnews.ru/regions/kazan/14990.html
10. Velomesto. https://velomesto.ru/magazine/in-russia/na-vdnh-mozhet-poyavitsya-velopoliten/
11. World Driving. http://www.driving-school-beckenham.co.uk/pedestriancros.sigs.html
12. Olszewski, P., Szagała, P., Wolański, M., Zielińska, A.: Pedestrian fatality risk in accidents

at unsignalized zebra crosswalks in Poland. Accid. Anal. Prev. 84, 83–91 (2015)

Fig. 4. The route laid by 2GIS

Safe Routes as One of the Ways to Reduce 83

http://www.who.int/violence_injury_prevention/road_safety_status/2015/GSRR2015_Summary_EN_final.pdf
http://www.who.int/violence_injury_prevention/road_safety_status/2015/GSRR2015_Summary_EN_final.pdf
http://www.itf-oecd.org/road-safety-seminar-safe-system
http://transact.org/mckinsey-report-urban-mobility-tipping-point/
http://www.constructionchat.co.uk/articles/skycycle-london-bike-network/
http://05dimensions.wordpress.com/2012/10/22/bici-metro-an-alternative-project-to-sky-cycles-is-available-for-global-implementation
http://05dimensions.wordpress.com/2012/10/22/bici-metro-an-alternative-project-to-sky-cycles-is-available-for-global-implementation
http://smartnews.ru/regions/kazan/14990.html
https://velomesto.ru/magazine/in-russia/na-vdnh-mozhet-poyavitsya-velopoliten/
http://www.driving-school-beckenham.co.uk/pedestriancros.sigs.html


13. The National Archives. http://www.legislation.gov.uk/uksi/1997/2400/made
14. Brosseau, M., Zangenehpour, S., Saunier, N., Miranda-Moreno, L.: The impact of waiting

time and other factors on dangerous pedestrian crossings and violations at signalized
intersections: a case study in montreal. Transp. Res. Part F 21, 159–172 (2013)

15. Di Stasi, L.L., Megias, A., Cándido, A., Maldonado, A., Catena, A.: The influence of traffic
signal solutions on self-reported road-crossing behavior. Span. J. Psychol. 17, 1–7 (2014)

16. Alhajyaseen, W.K.M., Asano, M., Nakamura, H.: Estimation of left-turning vehicle
maneuvers for the assessment of pedestrian safety at intersections. IATSS Res. 36, 66–74
(2012)

17. Quistberg, D.A., Howard, E.J., Ebel, B.E., Moudon, A.V., Saelens, B.E., Hurvitz, P.M.,
Curtin, J.E., Rivara, F.P.: Multilevel models for evaluating the risk of pedestrian-motor
vehicle collisions at intersections and mid-blocks. Accid. Anal. Prev. 84, 99–111 (2015)

18. Li, B.: A model of pedestrians intended waiting times for street crossings at signalized
intersections. Transp. Res. Part B 51, 17–28 (2013)

19. Oikawa, S., Matsui, Y., Doi, T., Sakurai, T.: Relation between vehicle travel velocity and
pedestrian injury risk in different age groups for the design of a pedestrian detection system.
Saf. Sci. 82, 361–367 (2016)

20. Makarova, I., Khabibullin, R., Belyaev, A., Mavrin, V.: Urban transport system management
in the context of region sustainable development strategy. Trans. Probl. 8(2), 107–111
(2013)

84 I. Makarova et al.

http://www.legislation.gov.uk/uksi/1997/2400/made


Impact of the Factors Determining
the Natural Stack Effect on the Safety

Conditions in a Road Tunnel

Aleksander Król1 and Małgorzata Król2(&)

1 Faculty of Transport, Silesian University of Technology, Katowice, Poland
aleksander.krol@polsl.pl

2 Faculty of Energy and Environmental Engineering,
Silesian University of Technology, Gliwice, Poland

gosia.krol@polsl.pl

Abstract. Impact of weather conditions and natural stack effect on the opera-
tion of the mechanical ventilation system in a road tunnel is considered in the
study. The work presents the measurements conducted in an opened road tunnel.
Then, with the use of Ansys Fluent software the numerical model was built and
validated. The numerical analyses were extended to other tunnel inclinations and
temperature differences between tunnel portals. Taguchi method of experiment
design was used to diminish the number of required simulations and to analyse
the results.

Keywords: Road tunnel � Fire ventilation � Natural stack effect � Ansys fluent

1 Introduction

The development of the road infrastructure is associated with the construction of road
tunnels. There are either urban tunnels, which aimed to relieve urban centers or
non-urban tunnels, whose task stems from topographical conditions. All the tunnels
must be equipped with ventilation systems.

A ventilation system in a road tunnels should provide an acceptable level of
communication pollutants and a sufficient visibility [1]. Moreover, in a case of fire, it
should before all support conditions for safe evacuation of the people and reinforce the
work of rescue teams. Such ventilation system in a road tunnel can be implemented as
natural or mechanical. The selection of a relevant ventilation system depends on the
length of the tunnel, the road traffic intensity and the traffic mode (unidirectional or
bidirectional) [2, 3].

Additionally the operation of ventilation system is affected by natural stack effect.
This phenomenon involves air movement in whole tunnel volume without any artificial
forcing. Its intensity depends on the tunnel configuration, especially on tunnel incli-
nation and tunnel orientation, the local topography and the weather conditions [4, 5].
Depending on the combination of these factors natural stack effect is a fairly stable or
may be variable.
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The measurement of natural stack effect was one of components of the research
conducted in an opened road tunnel. The tunnel is located in the S69 road between towns
of Żywiec and Zwardoń in Southern Poland. Its popular name is Laliki Tunnel. It is a
typical example of non-urban tunnel, which supports the convenient pass under the hill.

There are the measurements of the intensity of natural stack effect, its impact on fire
ventilation operation and the numerical model presented in this work. The numerical
model was applied to study on the factors influencing the intensity of the natural stack
effect: tunnel inclination, wind speed and temperature difference on both portals
(Fig. 1).

2 The Airflow in Tunnels

The aim of fans operation in a road tunnel is forcing the air movement in determined
direction. The velocity of airflow is of great importance for proper operation of fire
ventilation system. During the fire outbreak the velocity of airflow should high enough
to ensure the flow of smoke and heat in required direction. However, this velocity must
not be too high to avoid disturbance of natural stratification of smoke and air layers.
There is a critical velocity, which should be determined for each tunnel to protect
against the flow of smoke in the opposite direction than the required.

It is expected, that if the air velocity is not lower than the critical velocity, the hot
smoke produced by the fire will move according the direction of the longitudinal
ventilation operation and will not move into opposite direction [6].

The phenomenon of smoke movement into the opposite direction than the direction
of operation of the longitudinal ventilation is called backlayering. This phenomenon is
strongly undesirable because it causes smoke to contaminate the entire tunnel despite
the operation of the longitudinal ventilation [7]. Critical velocity can be determined
according to the following expressions [2]:

Fig. 1. Formation of a smoke layer for different relations between real air velocity and required
critical velocity, V – real airflow velocity, Vc – critical velocity
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Vc ¼ K1Kg
gHQ

qCpATf

� �1
3

ð1Þ

Tf ¼ Q
qCpAVc

� �
þ T ð2Þ

where:
Vc - critical velocity [m/s],
K1 - 0.606 (Froude number),
Kg - inclination factor (depends on tunnel inclination),
g - gravitational acceleration [m/s2],
H - tunnel height [m],
Q - heat release rate (HRR) [kW],
q - air den sity [kg/m3],
Cp - air specific heat [kJ/kg K],
A - area of tunnel cross-section [m2],
Tf - fire gases temperature [K],
T - air temperature [K].
The above presented system of equations need to be solved iteratively. The incli-

nation factor (Kg) should be taken into account for tunnels with slope. It can be
determined with the use of graph included in NFPA Standard [2] or calculated ana-
lytically as follows [8]:

Kg ¼ 1þ 0:0374 min grade; 0ð Þj j0:8
� �

ð3Þ

The inclination of a tunnel causes additional airflow related to the natural stack
effect. It is assumed, that if the inclination is greater than 1–2%, this fact should be
taken into account when designing the ventilation system and determining the critical
velocity [9, 10]. The impact of natural stack effect can be of great importance in case of
inclined long tunnels. If the difference of temperature between portals appears (e.g. due
to insolation at one mountainside) it can cause spontaneous air movement in the tunnel.
Similar effect will occur in a case of fire: the equilibrium of air layers will be disrupted
and hot air and smoke will start to move up. Additional contribution comes from the
wind and strongly depends on its direction and velocity [11, 12].

Provisions of the Directive 2004/54/WE include the impact of natural stack effect
on the operation of a ventilation system and limit the allowed inclination of a tunnel to
5%, unless other circumstances make it impossible [1].

3 Description of the Examined Tunnel

The tunnel is located at S69 road between towns Żywiec and Zwardoń. The length of
the tunnel is 678 m, its width is 11.9 m and height is 6.55, the ceiling is vault shaped.
The tunnel is constantly inclined, the slope is 4%. It is slightly curved (Fig. 2). The
northern portal is placed at the height of 669 m a.s.l., the southern portal is placed at the
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height of 642 m a.s.l. The tunnel goes under a low hill, which however, affect the
diversity of meteorological conditions at the both portals.

The tunnel is divided functionally into five section, they are numbered from
northern portal. There are 2 fans with thrust of 810 N each in every section. All the fans
are reversible, but their normal operation direction is S ! N. The possibility of
reversible work is very important due to emergency operation pattern in a case of fire.
The operation of the fans is intended not to spread up the smoke over entire tunnel.
Basically, if it is possible, the smoke should be forced to move towards the nearest
portal, rather than be pushed over the major part of the tunnel.

4 Measurements of the Airflows

The research involves the measurements of the velocity of airflows at different modes
of fans operation. There were sets of Sensor Company anemometers used for this
purpose (Fig. 3).

Each anemometer consists of a pair of spherical sensors of 3 mm diameter made of
enameled copper wire. Both sensors are heated, the temperature difference between the
sensor exposed to the air flow and the second one is a measure of air velocity. The
measuring range is from 0.05 to 5 m/s, the accuracy is ±0.02 m/s. Each anemometer
sent the averaged value every 30 s. A single measurement lasted 3 min and the average
of 10 such readings was regarded as the result. The measurements were repeated at
some other localizations for different fans operation modes.

Fig. 2. The overall sketch of the Laliki tunnel

Fig. 3. Sensor Company thermal anemometer
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The airflows velocity due to natural stack effect was measured directly too. The
hand-held anemometer which was here used was an element of weather station Kestrel
4500. During whole the research the weather conditions were recorded at both portals
of the tunnel: weather station Kestrel 4500 at the southern portal and ultrasonic
anemometer WindMaster Pro Gill Instruments at northern portal. All measurements
had to take place within one day, taking advantage of the opportunity to shut down the
tunnel traffic.

5 The Results

The atmospheric pressure was 942 hPa and was almost unchanged during the whole
day. The temperature was also almost stable and varied between 7 and 8 °C. In one of
the experiments the air velocity was measured at different heights and in two modes of
fans work (normal and reverse). A stand pole with a set of anemometers was placed at
the symmetry axis of the tunnel, at a distance of 45 m from N portal. One fan section
S5 was turned on. Figure 4 shows the results of the measurements: distribution of air
velocity at tunnel axis for normal and reverse work mode of fans is compared to the
critical velocity. As can be seen, in normal mode of fans work (S ! N) the critical
velocity is provided at the lower part of tunnel, it ensures the smoke removal. At the
upper part of the tunnel the air velocity is smaller than the critical velocity, what
prevents against mixing the upper layer of smoke with the fresh air below.

In the reverse mode the air velocity at all measurement points is lower than the
critical velocity. Because the fans are claimed to be fully reversible, it is caused mainly
by the strong natural stack effect in the examined tunnel. This is not a threat in the case
of Laliki tunnel, because there is a possibility of turning on another fans section.

The velocity of airflow caused by the natural stack effect (all fans were turned off)
was measured directly at the height of 2 m in the middle of the tunnel length at a few
points along the width. The measured values ranged from 1 to 1.5 m/s and were very
unsteady. In the same time the wind was variable (as within the whole day): at the

Fig. 4. Vertical profiles of measured airflow velocity
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northern portal it blew from directions from W to NE with varying speed 0–3 m/s, at
the southern portal the wind direction was from SSW to W and its speed varied in the
range 0–2.5 m/s. The described above results proved the existence of natural caused air
flow from south to north, the effect is significant and is able to impact on the efficiency
of ventilation system. These measurements were qualitatively confirmed by the his-
torical records of air velocity inside the tunnel – the ultrasonic sensor placed under the
tunnel ceiling was recording the air velocity continuously. The obtained data showed
the existence of natural air flow from south to north of velocity varying between 0.5
and 3 m/s.

6 The Phenomenon of Natural Stack Effect in an Inclined
Tunnel

Intensity of the natural stack effect is difficult to predict [13]. It is caused by the
complexity of the process and by the its dependence on many interacting factors. The
most important factors, which mutually contribute to formation of natural airflow in an
inclined tunnel and determine its intensity are:

• drop of the atmospheric pressure with the increasing height, described by the
approximate formula:

p ¼ p0 � qg h� h0ð Þ ð4Þ

where p denotes pressure at height h, p0 denotes reference pressure at height h0, q is
density and g gravitational acceleration.

• dependence of the air temperature on the height, it is a result of actual weather,
history of the weather and the local topography; it can be expressed as the real
temperature (T) gradient, which commonly depends on the height:

DT
Dh

¼ f hð Þ ð5Þ

• dependence of the air density on the pressure and on the temperature, according to
the ideal gas law (µ denotes molecular weight, kB is Boltzmann constant):

q ¼ lp
kBT

ð6Þ

• the air properties – if a volume of air moves vertically, it expands or compresses
(depending on the movement direction); because the thermal conductivity of air is
rather low, the process is usually considered as adiabatic [14], hence the temper-
ature is changing according to the formula (j is adiabatic exponent):
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T
T0

¼ p
p0

� �j�1
j

ð7Þ

• the wind influence – the natural stack effect depends on wind speed and wind
direction,

• the airflow in the tunnel causes pressure drop between the portals; this pressure drop
is expressed by the Darcy-Weisbach law (k is a constant depending on the flow
details, D is equivalent diameter of the tunnel):

Dp
Dl

¼ k
D
qm2

2
ð8Þ

As can be seen all these phenomena interact with each other and they strongly
depend on the initial and boundary conditions. Thus the convenient way to estimate
velocity distribution in the tunnel is to build a numerical model and to solve it.

Such a simplified numerical model of Laliki road tunnel was built with the use of
Ansys Workbench platform and solved by Ansys Fluent software. The model did not
take into account the tunnel curvature, so it was possible to apply Ansys Fluent feature
– symmetry plane, what allowed to significant decrease of computational complexity of
the problem. A short summary of details of the numerical model is presented in
Table 1. The tunnel being analyzed is rather long and should be regarded as a pipe,
thus the k-omega turbulence model was chosen due the best reproducing the flows in
the vicinity of walls.

Because the wind velocity during the measurement was varying at both portals
taking values from the range 0–2 m/s the numerical analyses were done for three wind
velocities: 0, 1, 2.5 m/s. The ambient temperature was set to 8 °C as was recorded in
the reality. As results the averaged velocity magnitude and averaged longitudinal
component of velocity at the cross-section at the middle of the tunnel length was
obtained (Table 2).

Table 1. Numerical model summary.

Feature Value

Turbulence model k-omega SST
Fluid material Air (ideal gas)
Operating pressure 94,200 Pa
Gravitational acceleration 9.81 m/s2

Solver Pressure based
Pressure/velocity coupling Simple
Under-relaxation factors Pressure 0.1

Momentum 0.1
Energy 0.95
Others Default
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The results are presented also in Fig. 5, the graphs show the distributions of
velocity magnitude and longitudinal component of velocity at the height of 2 m at the
middle of the tunnel length, perpendicularly to its axis.

As can be seen for low wind velocities the longitudinal component of velocity
(which is responsible for straight air movement) is very low and its contribution to the
total air flow is negligible. In such situation the chaotic airflows prevail. Moreover, in
the area close to the tunnel walls the air flows towards southern portal appears. For
higher wind velocities the longitudinal component of air velocity determines the total
air movement.

The calculated numerically values of the air velocity due to natural stack effect fit to
the averaged measurements. The exact comparison is impossible because the measured
values were very unsteady.

Table 2. Averaged air velocities in the middle of the tunnel.

Averaged air velocity Wind velocity at
southern portal
[m/s]
0 1 2.5

Velocity magnitude [m/s] 0.62 0.55 1.38
Longitudinal component of velocity [m/s] 0.08 0.27 1.27

Fig. 5. Velocity magnitude (vM) and longitudinal component of velocity (vL) at the height of 2
in the middle of the tunnel for 3 wind velocities at southern portal v(SP)

Table 3. Parameters sets for extended analysis of the intensity of natural stack effect.

Parameter Value
1 2 3

Tunnel inclination [%] TS 0 3 6
Wind velocity [m/s] WS 0 3 6
Temperature difference [°C] DT 0 2 4
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After validation of the model the scope of numerical research was extended to
examine the intensity of natural stack effect for other possible tunnel inclinations, other
temperature differences between tunnel portals and different wind velocities. These
input parameters are shown in Table 3.

As can be seen, the full factorial analyses, even for such scant selection of
parameters would require up to 27 independent simulations. Because of great number
of possible parameters combination the Taguchi method can be applied to diminish the
number of simulations to perform [15]. If there are 3 parameters which can take 3
values, the appropriate experiment scheme is described by the L9 orthogonal array.
According to this scheme there are only 9 numerical simulations needed. The
parameters and the results for each simulation are shown in Table 4. The longitudinal
component of the air velocity averaged for the cross-section in the middle of the tunnel
length is regarded as the result.

To find out the relative impact of each parameter the results should be now aver-
aged for each level for each parameter as in example for parameter DT and level 2 (2 °
C):

RDT2 ¼
vavg1 þ vavg2 þ vavg3
� �

3
ð8Þ

The final analysis of relative impact of parameters on the stack effect is shown in
Table 5.

Table 4. The L9 orthogonal array and the simulation results.

No TS level WS DT TS [%] value WS [m/s] DT [°C] VL

1 1 1 1 0 0 0 −0.01
2 1 2 2 0 3 2 1.84
3 1 3 3 0 6 4 5.47
4 2 1 3 3 0 4 0.30
5 2 2 1 3 3 0 1.85
6 2 3 2 3 6 2 5.54
7 3 1 2 6 0 2 0.15
8 3 2 3 6 3 4 2.10
9 3 3 1 6 6 0 5.52

Table 5. Analysis of the relative impact of parameters.

TS WS DT

1 2.43 0.15 2.45
2 2.56 1.93 2.51
3 2.84 5.51 2.62
min 2.43 0.15 2.45
max 2.84 5.51 2.62
D 0.41 5.36 0.17
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These dependences can be presented also as a graph (Fig. 6), which is clearly
showing how the particular parameter influences the natural stack effect.

The prevailing role of the wind is proved without a doubt. It is especially important
when designing a non-urban tunnel: such tunnels are often located in mountain areas,
where winds occur according to a local pattern. The impact of the other factor is much
less significant, however they can cause perceptible air flow in the absence of the wind.

7 Conclusions

The presented analyses showed clearly the great impact of natural stack effect on
conditions in a road tunnel and then on the efficiency of ventilation system. The natural
stack effect caused by the tunnel inclination and the wind influence force the intense air
flow.

It seems to be very important while designing a tunnel, especially an inclined one to
estimate the intensity of natural stack effect. The CFD methods can be very useful for
this task. The historical weather data and the local wind rose should be taken into
account. The obtained results should be treated as an important premise for following
stages of design.
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Fig. 6. The influence of the parameters on the natural stack effect
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Abstract. Every third road accident in Poland involves a pedestrian as a par-
ticipant or, most of the time, a casualty. Pedestrian accidents are usually the
result of complex situations and the outcome of a number of factors related to
driver and pedestrian behaviour and road infrastructure. Safety depends largely
on how well the traffic condition is perceived and on visibility in traffic. The
relations between pedestrians and motorists and the resulting hazards should
researched to ensure that pedestrians are provided with the right conditions for
walking.

Keywords: Pedestrian safety � Driver behavior � Pedestrian behavior

1 Introduction

The distance to be covered by a road user is the decisive factor when road users choose
how they will travel. More than 75% of walks are under 1 km with only 5% of the trips
above 2 km. Transport behaviour studies in Poland show [1] that walking represents
20–25% of all trips in cities. To compare, in Paris the share of walking is app. 36% and
32% in London [2]. People walk primarily for shopping, public transport stops, school
or workplace, for recreation and tourism, public utility places, etc.

With no clear and understandable rules for pedestrian priority, drivers’ behaviour
may pose a risk to pedestrians. This includes drivers driving carelessly across pedes-
trian crossings and pedestrians carelessly stepping onto the road, crossing the road
where it is not allowed, etc. Lack of adequate pedestrian infrastructure on the road
(refuge islands, signage) and along the road (pavements) is another problem. This is
particularly true for city outskirts, sections of transit roads and sections of roads outside
built-up areas where pedestrian traffic may be quite intense. In addition, some of the
existing pedestrian facilities do not meet the standards of traffic and safety (e.g.
technical condition, location of pedestrian crossings related to sight distance, public
transport stops, deficient pedestrian areas).
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The paper presents the results of analyses of methodologies for systematic studies
of pedestrian behaviour and pedestrian-driver relations (for the Secretariat of the
National Road Safety Council) [3].

2 Pedestrian Hazards in Poland

In 2014 there were 1.116 pedestrian road deaths on Polish roads (34% of all fatalities),
8.397 pedestrians were injured, of which 3.009 were serious injuries. While the trend in
pedestrian casualties in Poland is successively decreasing (Fig. 1), the percentage share
of pedestrian deaths in all road deaths remains high which in 2014 was 34%. The
demographic fatality rate continues to be very high for pedestrian fatality accidents.
Last year it was 29 people per 1 million population.

The standard of Poland’s road network differs from region to region. As a result, the
safety of road users differs as well. The risk of being involved in an accident is partic-
ularly high for pedestrians. The degree of the risk can be measured using the demo-
graphic rate of serious pedestrian accidents (pedestrian fatality and serious injury per
100.000 population). The analysis was applied to the regions and showed that (Fig. 2):

Fig. 1. Distribution of pedestrian injury and fatality in Poland between 2005–2014

Fig. 2. Ranking of societal risk measured with the demographic indicator of serious pedestrian
road accidents
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• the highest risk of serious pedestrian accidents was in the regions of Małopolskie
and Łódzkie,

• the lowest risk was in the regions of Opolskie and Pomorskie.

Pedestrian traffic is usually concentrated in urban areas which typically generate
traffic (public utility buildings, workplace, education, entertainment). This is why it is
important to design this space in a pedestrian-friendly manner as much as possible.

Over the analysed period more than 90% of injuries in pedestrian accidents and
more than 65% of fatalities happened in built-up areas. Pedestrian accidents usually
happen on the road - nearly 60% of all pedestrian accidents. Pedestrian crossings are
the next element of road infrastructure where pedestrians are at risk of an accident -
more than 30%, and app. 4% on the pavement. The share of injuries is similar while
fatalities are as follows: road –76%, pedestrian crossings –19%, pavement –1%.

An overwhelming majority of pedestrian accidents are caused by drivers of pas-
senger cars. The most frequent causes include speed, failure to give way on a pedes-
trian crossing to a pedestrian and non-compliant manoeuvres. The time when
pedestrians are most at risk of an accident is autumn and winter when pedestrians are
difficult to spot on the road at night-time.

When the economy is good and the country is developing well, people tend to live
longer. This trend is also clear in Poland. There is an increasingly higher proportion of
road users aged 65 and more. Pedestrians in this age group account for the highest
share of injuries (about 15% of all injuries) and fatalities (app. 23–25% of all fatalities).
When pedestrians cause an accident it is usually because they:

• stepped on the road in front of a moving vehicle (58% of accidents, 50% of
fatalities),

• stepped on the road from behind a vehicle (10%),
• crossed the road where it is not designed for crossing (11%).

3 Experience of Pedestrian Behaviour and Pedestrian -
Driver Relation

3.1 Polish Experience

Polish studies have focussed on studying pedestrian behaviour by analysing digital
footage from test cameras. This method is used in the MOBIS programme, for
example, whose main objective is to develop a method for assessing pedestrian safety
using video footage [4]. Polish studies have also examined luminance on pedestrian
crossings at night time depending on road lighting. Pedestrian visibility on a pedestrian
crossing was found to be the decisive factor of their safety. This suggest the need for
properly selecting and designing lighting [5]. Pedestrian safety on pedestrian crossings
was also studied by observing driver reactions to a pedestrian stepping from the right
side in a driving simulator. The test was conducted in a simulated hazard, i.e. a
pedestrian suddenly stepping onto the road while a car is moving. [6]. Work on the
textbook “Pedestrian Safety” [7] included pilot in-the-field tests to collect more reliable
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data. The tests included observations of conflicts and dangerous situations. Another
approach to studying pedestrian-driver behaviour was applied in Warsaw for assessing
the city’s pedestrian transport system. Pedestrians were surveyed to understand: road
safety, technical condition of pavements, ease of access to public transport stops, ease
of movement (such as lack of obstacles, i.e. cars parked on pavements) [8].

3.2 International Experience

In the United States pedestrian traffic is usually studied using surveys. US scientists
have developed several types of surveys with the most popular ones being: a walka-
bility checklist and principles of pedestrian design. When the checklist is used,
pedestrians are handed a base list with pre-defined problems and the answers are on a
scale from 1 to 6 [9]. A pedestrian - driver survey was conducted in Maine using
cameras to record the survey. The analysis looked at the probability of an accident on
pedestrian crossings for different parameters such as driver speed, width, a marked or
unmarked pedestrian crossing, signalised or unsignalised crossing, with barriers or
without them [10, 11].

In Australia a survey was conducted to establish how familiar road users are with
traffic regulations on the priority of road users in different situations [12]. Another
research method applied in Australia looked at the behaviour of children on main and
local roads. The study focussed in particular on where they stop, whether they look
around, analyse how vehicles move and how children cross the street [13]. In another
study surveys were used to collect the basic parameters such as the respondent’s age,
gender and education. The analysis also looked at the destination and knowledge of the
regulations by asking questions about road users’ priorities in different situations [14].
A study in New Zealand was designed to analyse time lost by pedestrians on crossings
with traffic lights. This was measured by observers who would randomly choose a
pedestrian approaching a crossing and record the time when they stopped and crossed
the street [15].

A study in France aimed to analyse the behaviour and mutual pedestrian-driver
relations. When the results were analysed it was found that when a pedestrian looks at
an approaching vehicle, the vehicle is more likely to stop by more than 10% [16].
A survey in the United Kingdom checked three potentially dangerous behaviours:
crossing a dual carriageway, crossing on red on a Pelican light controlled crossing and
crossing a very busy road between parked cars [17]. The method used in Spain
involved automatic pedestrian detection on crossings using cameras. The parameters
measured included: waiting time, pedestrian and vehicle speed, vehicle type and
pedestrian gap acceptance. In addition, manual checks were made of gender, age,
number of people or pedestrian baggage [18]. In Germany behaviour in road traffic at
signalised junctions was studied recording the duration of signal phases, time for a
pedestrian to cross the whole crossing or part of it (when the road was divided by a
dividing lane or refuge), waiting time, pedestrian speed, “type of pedestrian behaviour”
and driver-pedestrian conflicts [19]. In the Netherlands studies showed that excessive
vehicle speed is the biggest problem for pedestrians, especially for people aged >65.
This is due to difficulty in assessing the speed of oncoming vehicles. It was also
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established that young people frequently cross on red [20]. In Sweden road user
behaviour was recorded with cameras [21, 22]. In Belgium a study was made of
whether pedestrians respect the red light on signalised crossings [23]: 21% of the
pedestrians did not comply. In Finland cameras were used to study vehicle and
pedestrian speed, traffic volume and driver behaviour. Based on this an estimate was
made of the number of drivers who stop before the crossing, slow down or do not
change the speed [24]. Austria’s method was divided into four stages: surveys by
telephone and on test sites. Drivers were surveyed on test sites and asked to identify
dangerous or non-compliant situations [25].

The SARTRE 4 project is an element of the European Road Safety Observatory
(ERSO). In the first three editions of the project only drivers were surveyed; in the
fourth edition the target group was extended to include motorcyclists, cyclists,
pedestrians and public transport passengers. Thirty three questions asked about the
behaviour and sense of road safety. The answers in Poland showed that 22% of
respondents felt very safe on the roads, 46% felt partially safe, 32% thought the roads
were dangerous [26].

As we can see from Polish and international research, there is a need for site tests to
observe pedestrian and driver behaviour within pedestrian crossings. Equally, surveys
are important to understand road users’ impressions and attitudes to specific solutions
and regulations and to learn what problems they have observed. There is a need for
studying real situations on pedestrian crossings, depending on where they are located
and arranged, pedestrian volumes and pedestrian profiles. In the case of drivers it is
important to observe how drivers react depending on pedestrian behaviour. This helps
with assessing the effectiveness of the solutions and improving pedestrian safety where
it is particularly dangerous, i.e. on pedestrian crossings. The majority of the countries
known to study pedestrian behaviour and driver-pedestrian relations, do not conduct
regular studies and only focus on selected aspects. Systematic research in Poland is
needed especially due to the very high risk for pedestrians.

4 Pilot Tests in Poland

The scope of the pilot projects was limited to two regions: Pomorskie - it has an
average level of pedestrian risk (the second region with the lowest societal risk in
relation to the number of fatal and serious injury accidents vs. the population),
Małopolskie - it has a very high level of pedestrian risk (the worst region for societal
risk in relation to the number of fatal and serious injury accidents vs. the population).
The areas vary in terms of the development, road cross-section and location of
pedestrian crossings (Fig. 3).

One of the site parameters was the speed of vehicles approaching the pedestrian
crossing. A set of digital cameras were used for top quality recording. The location of
the cameras made sure that they covered the entire crossing as well as the approach
(app. 100 m.) with test point cross-sections spaced every 10 m. In addition, vehicles in
free-flow and selected pedestrian and driver behaviours were taken into account.
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The following situations were identified for analysing vehicle speeds on pedestrian
crossings:

• no pedestrian,
• a pedestrian waiting before the crossing,
• a pedestrian on the pedestrian crossing.

Pedestrian behaviour was studied looking at the following characteristics: distance
between the pedestrian and road while waiting to cross, whether the pedestrian looked
at the traffic before and during crossing, pedestrian age structure and gender. In
addition, pedestrians were surveyed after they had crossed the road as well as drivers
who parked near selected test points.

In both regions 69 test points were designated, 1890 surveys were conducted with
pedestrians, which is on average 30 surveys per one test point. There were also 543
surveys with drivers.

The problems which emerged in the pilot and which need to be addressed in
national tests is that some pedestrian crossings were used by a very small number of
pedestrians throughout the day (less than 20) which is particularly frequent in places
outside built-up areas and in small towns.

Fig. 3. Diagram of test points selection. Source: [3]
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5 The Results

To compare vehicle speeds and pedestrian behaviour cumulative analyses were con-
ducted for the test points. The categories are as follows:

• type of area,
• type of cross-section,
• presence of signalisation,
• type of section.

For each category the location’s speed limit was identified. The cumulative reports
assumed a speed of 50 and 70 km/h - for speed tests before pedestrian crossings. The
article presents results for the 50 km/h speed limit, while survey results are not
included and treated as a separate research problem (Tables 1 and 2).

Type of area:

• urban areas feature lower vehicle speeds on approaching a crossing than small
towns, with no pedestrians by 2.5 km/h at 10 m from the crossing and by 10 km/h
at 50 m from the crossing,

• in both types of areas vehicle speeds were similar at 10 m from the crossing when a
pedestrian is waiting to cross,

• urban areas feature higher vehicle speeds on approaching a crossing than small
towns, if a pedestrian is crossing the road by 2 km/h at 10 m from the crossing and
by 1 km/h at 50 m from the crossing,

Table 1. Characteristics of vehicle speeds within pedestrian crossings - type of area (Source:
[3])

Situation Average speed V [km/h] at L [m] from the
crossing

Speed percentiles Number
of
vehicles

All
number of
vehicles0 10 20 30 40 50 60 70 V.15 V.85 V.95

Type of area

Urban area

No
pedestrian

44.8 44.6 45.3 46.3 43.7 43.5 45.1 38.8 31.5 52.6 58.9 2908 3489

Pedestrians
waiting

43.4 43.4 42.4 44.2 37.4 38.1 38.9 42.1 29.7 51.2 57.3 1319 1714

Pedestrians
crossing

0.0 13.2 21.0 27.4 30.2 33.8 33.8 39.0 8.0 26.0 31.9 959 1294

All 36.6 38.4 40.0 42.5 39.6 40.5 42.1 39.6 24.1 54.0 61.2 5186 6497

Small town

No
pedestrian

47.0 47.0 46.6 47.6 55.4 53.1 64.6 37.1 56.4 63.6 1223 1345

Pedestrians
waiting

43.7 43.7 40.7 35.3 30.1 37.0 55.0 44.2 55.0 58.2 87 87

Pedestrians
crossing

0.0 11.3 17.2 22.0 27.8 34.7 50.5 20.7 27.4 30.4 76 76

All 44.3 44.8 44.7 45.4 52.1 50.5 64.5 33.3 56.2 63.1 1386 1508
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• in both types of areas vehicle speeds were slightly lower at 10 m from the crossing
if a pedestrian is waiting to cross as opposed to when there are no pedestrians and
speeds were substantially lower when pedestrians were crossing the road.

Type of street cross-section:

• the lowest speed on approaching a crossing with no pedestrians at 10 m from the
crossing was recorded for the 1 � 2 cross-section with refuge (by 30 km/h less than
for 1 � 4, and 23.5 km/h less than for dual carriageways),

Table 2. Characteristics of vehicle speeds within pedestrian crossings-type of cross-section
(Source: [3])

Situation Average speed V [km/h] at L [m] from the
crossing

Speed percentiles Number of
vehicles

All number
of vehicles

0 10 20 30 40 50 60 V.15 V.85 V.95

Type of cross-section

1 � 2 cross-section, no refuge

No
pedestrian

49.3 49.4 49.3 52.2 53.8 52.2 58.8 35.3 54.1 60.0 1193 1413

Pedestrians
waiting

26.1 26.1 24.3 28.7 30.2 35.6 38.4 49.5 53.1 197 240

Pedestrians
crossing

0.0 11.4 19.6 27.8 31.4 33.6 46.7 15.5 26.2 30.1 182 227

All 40.7 41.7 42.7 45.4 47.2 49.9 58.7 36.3 50.3 56.7 1527 1880

1 � 2 cross-section, with refuge

No
pedestrian

27.8 27.2 30.2 30.4 38.5 41.4 28.7 37.1 56.4 63.6 966 1255

Pedestrians
waiting

42.0 42.0 39.0 33.4 28.4 36.5 17.5 44.2 55.0 58.2 86 113

Pedestrians
crossing

0.0 10.9 21.1 20.1 24.7 33.6 27.1 20.7 27.4 30.4 269 376

All 23.1 24.9 28.9 29.4 35.6 39.9 28.3 33.3 56.2 63.1 1321 1744

1 � 4 cross-section
No
pedestrian

57.3 57.3 58.8 62.3 60.5 62.5 64.6 37.1 56.4 63.6 353 396

Pedestrians
waiting

41.2 41.5 37.7 45.0 40.6 39.2 55.0 44.2 55.0 58.2 310 403

Pedestrians
crossing

0.0 12.5 22.3 31.9 34.6 34.8 50.5 20.7 27.4 30.4 192 259

All 38.8 41.7 43.2 49.4 51.1 53.0 64.5 33.3 56.2 63.1 865 1058
2 � 2 and 2 � 3 cross-section
No
pedestrian

50.9 50.7 49.9 49.0 44.9 41.4 64.6 37.1 56.4 63.6 1560 2184

Pedestrians
waiting

48.7 48.6 48.7 47.8 40.8 38.2 55.0 44.2 55.0 58.2 812 1177

Pedestrians
crossing

0.0 15.5 20.2 26.3 29.2 33.7 50.5 20.7 27.4 30.4 382 515

All 44.0 45.2 45.4 45.5 41.1 39.1 64.5 33.3 56.2 63.1 2754 3876
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• the lowest speed on approaching a crossing if a pedestrian is waiting to cross was
recorded for the 1 � 2 cross-section with no refuge (by 16 km/h less than for 1 � 4
and 1 � 2 with refuge, 22 km/h less than for dual carriageways),

• the lowest speed on approaching a crossing if a pedestrian is crossing the road was
recorded for the 1 � 2 cross-section with refuge but the differences between the
cross-sections are very small.

For all types of cross-sections, vehicle speed when pedestrians wait to cross is
lower than when there are no pedestrians (by 16 km/h for 1 � 2, by 16 km/h for
1 � 4, by 2 km/h for 2 � 2 and 2 � 3).

The lowest speed on approaching a crossing with no pedestrians waiting, at 10 m
from the crossing was recorded for the 1 � 2 cross-section with a refuge island
(30 km/h less than for 1 � 4, 23 km/h less than for dual carriageways (Fig. 4). The
lowest speed on approaching a crossing with pedestrians waiting was recoded for
1 � 2 cross-section with no refuge (16 km/h less than for 1 � 4, 22 km/h less than for
dual carriageways). The lowest speed on approaching a crossing being crossed by a
pedestrian was recorded for 1 � 2 with a refuge but the differences between the
cross-sections are quite small.
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Fig. 4. Characteristics of vehicle speeds on approaching pedestrian crossings for selected
cross-section. Source: [3]
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6 Conclusion

Walking plays a crucial role in the transport system. This is true of small towns and
villages with very little public transport and of big cities where walking is often used to
move around the city. Walking is also part of many people’s everyday lives (especially
children, school youth, older people, people who do not have a car). Having said this,
pedestrians are the most vulnerable road users and most at risk of death in road
accidents, representing more than 30% of all road accident fatalities in Poland.

The paper presents the results of analyses of methodologies for systematic studies
of pedestrian behaviour and pedestrian-driver relations. The effects of the location of
the site, type of cross-section and other selected parameters on pedestrian and driver
behaviour are demonstrated.

The relations between walking and driving and the hazards generated should be
further researched to ensure that pedestrians can use roads safely.

The pedestrian-driver relation and the behaviour must be monitored on an on-going
basis and pedestrian crossings must be inspected for safety. This will help improve
pedestrian safety effectively.
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Abstract. An intersection where railway line crosses a road at the same level is
called level crossing. The development of the automotive industry has resulted
in an increase in the number of vehicles. Thus the traffic on the level crossings
has been raised and this, in turn, has resulted in an increase requirements in
terms of level crossings safety. For this purpose, the Level Crossing Protection
Systems (LCPS), that help to protect these road users, are built. LCPS systems,
due to the need to ensure the efficient operating of the railway, should be
developed taking into account the detailed analyses. It is necessary to include in
these analyses the growing needs and expectations of users in terms of system
functionality. However, the requirements for ensuring the reliability and safety
of systems should be taken into consideration above all. One of the methods to
identify and analyse the factors which may cause adverse events is the Fault
Tree Analysis (FTA). The authors of this article using the FTA method carried
out a qualitative analysis of the safety of B class level crossings. Traffic safety
related requirements for LCPS system were described. Then this analysis was
used to identify top and intermediate events and build necessary fault trees.
Conducted analysis may be helpful in the process of designing new LCPS
systems.

Keywords: Level crossing protection systems � Fault tree analysis � Safety
assessment reliability

1 Introduction

On the railway, the level crossings are particularly important places, because of the
need of ensuring the safety. Accidents at level crossings cause substantial material
damages and multiple fatalities. Such significant consequences have resulted from the
weight of trains and long braking distance. Therefore, there is a need to carry out
detailed safety analysis in order to limit these damages. According to CENELEC
standards all railway applications are obliged to conduct reliability and safety analysis
[1–4]. One of the methods to identify and analyse the factors which may cause adverse
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events is the Fault Tree Analysis (FTA) [5–8]. The authors of this article using the FTA
method carried out a qualitative analysis of the safety of B class level crossings. Traffic
safety related requirements for LCPS system were described. Then this analysis was
used to identify events and build necessary fault trees.

2 Level Crossing Protection Systems

2.1 Principle of Operation

Level crossing protection systems are used to alert users of roads about approaching
trains, and thus are an important component of the railway infrastructure affecting the
railway safety as well as the traffic safety [9, 10]. Warning is accomplished by means of
road signals and acoustic signal generators (buzzer or bell). In addition, the level
crossing can be equipped with barriers and warning shields. The principle of operation
of the B class level crossings (Fig. 1) is discussed later in the article. Warnings are
triggered when the train is approaching to the level crossing, as a result of the train
detection at the activation points (WS1.1, WS2.2). Wheel sensors and induction loops
are usually used as the activation points. In the case of control Sect. 1 the wheel sensor
WS1.1 is used, while control Sect. 2 uses the wheel sensor WS2.2. Information about
the approaching train is transmitted to the central control unit, which initiates the
warning. Then the road signals S1, S2 and acoustic signals are activated, and provide
the appropriate signal on the level crossing warning shield for the selected direction.
Another step is the closure of the barriers.

When a train is getting closer to an intersection the deactivation points (WS2.1,
WS1.2) causes the switching off an acoustic signal. If the passing zone is left by the
train the warning shield are disabled and the barriers starts opening. After opening the
barriers road signals are deactivated. The manual control panel allows the manual
closing and opening of the level crossing in special cases [11].

Fig. 1. LCPS equipment and its impact zone on the level crossing (single-track railway line)
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In modern LCPS the remote diagnostic and automatic collection of information
about operation of level crossings are often used. These features are available by the
application of the PLCs (Programmable Logic Controller) in central control unit.
Concept of modern central control unit based on the reliability structure “2 of 2”.
Central control unit additionally supervise the peripheral groups for train detection,
roadside signals and barriers. System faults are detected by comparing the information
between the two independent channels [12, 13].

2.2 Safety Requirements

LCPS depending on its application and the related level crossing class must fulfil
different requirements. Nevertheless, common to this group of systems are the fol-
lowing requirements:

• turning on the warning when the train is approaching to the level crossing, con-
sidering the time needed to arrive to the level crossing,

• turning off the warning immediately when the train leaves the level crossing,
• moving away from the level crossing should not cause warnings (especially in the

case of single-track railway line where trains travelling in both directions and share
the same track),

• entering the next train into the control section should provide warning,
• changing the direction of the train, after leaving the control section should cause

warning shutdown,
• in the case of using barriers, closing them should take place with a certain delay

after the switching on the warning lights and acoustic signals,
• the barriers shall be equipped with barrier boom lights,
• the opening of the barriers by unauthorized persons should be impossible.

LCPS system in case of any failure needs to ensure railway traffic safety. Therefore,
all faults have been divided into two categories: “I category”, which directly threaten
the safety of railway traffic, “II category” do not threaten safety.

In case of the I category fault occurrence the system initializes proceedings that lead
to limit the speed of the train. Reduced speed allows safely stop the train in case of
obstacles on the level crossing. This category include:

• failures of the activation points of the wheel sensors,
• too low voltage of power batteries,
• failures detected by maintenance/diagnostic systems (such as the lack of commu-

nication between the controllers),
• road signalling damages,
• damages of barriers.

Another group are the II category faults, which do not endanger the safety of
railway traffic, and thus do not enforce the speed limit of trains. This category include:

• failures of the deactivation points of the wheel sensors,
• loss of power supply voltage,

Failure Evaluation of the Level Crossing Protection System 109



• the lack of charging voltage at the output of chargers,
• failure of the bulb in the level crossing warning shield,
• opening the cabinets door of the central control unit.

In the case of the occurrence of this type of failures the LCPS system alerts the
operating staff.

As already mentioned, the main requirement for LCPS is to ensure high reliability
and safety of railway traffic. Therefore, the analysis of failures should be carried out
having regard to commonly acknowledged methodologies [14, 15]. An example of
such method might be a Fault Tree Analysis (FTA), which the authors of the publi-
cation used for analyse LCPS system failures.

3 Fault Tree Analysis

Fault Tree Analysis (FTA) is a standardised, advanced, deductive technique which is
used to identify and analyse the factors that may be the cause of the adverse events [5,
7, 8, 16]. FTA is thus a graphical model of the cause-and-effect relationships. Fault
trees are used for qualitative analysis, when we try to recognize the risky situation, and
also for quantitative analysis, which allows to determine the probabilities of sequences
of events. FTA enables modelling the course of failure, and then its analysis using
logical trees. FTA allows to identify the causes which effects is defined as an uncertain
event or risk. These causes affixed to the fault tree are interrelated and may be referred
to as: specific failures (for example, the equipment failures), human errors, environ-
mental conditions, other events which may lead to failure.

The logical relationships of the event in the fault tree are shown by gates. Each gate
is connected with one output event and one or more input events. The events should be
labelled, so that it can be easy to identify the relationship between fragments of fault
tree. The AND type and OR type gates are the most commonly used in fault trees.

A combination of events described by AND gate means that output event occurs
only if all of the input events occur. In terms of system reliability this implies system
failure only in case of all components failure. In case of two independent events A and
B connected into inputs of AND gate, the probability of occurrence of the output event
PAB is given by the Eq. (1):

PAB ¼ PðA\BÞ ¼ PðAÞ � PðBÞ ð1Þ

Whereas the OR gate is used output event occurs if any of the input events occurs.
In terms of system reliability, this gate implies system failure if any of system com-
ponents fail. Output event probability PAB for two events, in case of OR gate, is given
by the formula (2):

PAB ¼ PðA[BÞ ¼ PðAÞþPðBÞ � PðA\BÞ ð2Þ
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If the inputs events A and B are mutually exclusive events then P(A \ B) � 0 and
it can be assumed, that output event probability is:

PAB � PðA[BÞ ¼ PðAÞþPðBÞ ð3Þ

Fault tree analysis usually includes the following steps [17, 18]:

1. Definition of the problem and the boundary conditions:

• identification of the top event, which allows to find critical paths leading to the
occurrence of this event,

• definition of the boundary conditions for the analysis.

2. Construction of the fault tree:

• determination of hierarchical structure of fault tree and identification of
sub-events,

• fault tree construction by linking the events using logic gates,
• identification of the basic events leading up to the top event.

3. Finding minimal cut sets/or path sets in combined basic event leading up to the top
event.

4. Qualitative analysis of the fault tree:

• analysis of the results for the designation of the importance of the basic events,
by finding the relative contribution to the top event probability from a basic
event.

5. Quantitative analysis of the fault tree:

• estimation probability of the occurrence of the basic events,
• calculation probability of the occurrence of the top event.

Additionally sensitivity analysis, which allows to find these basic events, where
a relatively small change in their probability will lead to relatively large change in the
probability of top event can be carried out.

3.1 Fault Tree Construction

Fault tree analysis displays the logical relationships in the chain of events leading to a
failure in level crossing protection system. One of the strengths of fault tree analysis is
that it allows to analyse failure in an organized and structured graphical manner. All
components, faults, conditions, as well as theirs interactions, are presented in stan-
dardized and very easy to understand and trace graphical notation. Fault tree construction
is generally a complicated and time consuming task. The first step in constructing fault
tree is to determine the single top event. Then the sub events are analysed and fault tree is
gradually expanded. The expanding of fault tree is stopped when there is no more
components needed to develop nor more sufficient data exists [19].

The authors analyse events on the B class LCPS system. The top event of fault tree
is a collision caused by drivers entering the level crossing before the oncoming train.
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This top event is related to the two main causes: the entry into the guarded level
crossing due to driver’s error and entry into the unguarded level crossing as a result of
the LCPS system malfunction. Figure 2 illustrates the top event of LCPS fault tree. The
term “guarded level crossing” means that the railway signalling is switched on and the
barriers are lowered, while “train arrival” means that the train enters the level crossing
zone without speed limit.

Then “no warning” intermediate event was analysed, as is shown in Fig. 3. This
may be caused due to controllers’ errors in the central control unit or incorrect oper-
ation of the level crossing warning shields in combination with a group of such reasons
as: the lack of detection of an approaching train, no reaction of the control system,
malfunctions of the actuating devices.

The last group of the events under consideration in the fault tree is “malfunctions of
the actuating devices”. In the analysis was indicated that a reason for this failure could
be malfunction of the turnpike and road signals damages, as shown in Fig. 4.

Fig. 2. Top event of LCPS fault tree
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Fig. 3. Fault tree of “no warning” event

Fig. 4. Fault tree of “malfunctions of the actuating devices” event
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4 Summary

Specific technical and quality requirements for the level crossing protection systems
result from the need to guarantee a high level of safety in rail transport. In order to
improve the safety and reliability of LCPS, it is necessary to apply risk assessment
activities. FTA allows to detect adverse events. Determining whether, and if so under
what conditions may occur crash, enables to take remedial measures, which prevent the
occurrence of hazards leading to catastrophic failure. Design changes as well as other
alternative actions leading to reduce a hazard can be assessed for their impact on the
safety and reliability of the system. This in turn allows for rationalisation of the
decision making process. FTA in addition to identifying system events that are pre-
sented in a fault tree, allows estimating the probability of the system failure. The
authors of this article applied this method for qualitative analysis of the safety of level
crossings. The top event which is a collision caused by drivers entering the level
crossing before the oncoming train has been defined. Next, the fault tree was con-
structed by identifying the sub-events related to the malfunctioning of the LCPS sys-
tem. Conducted analysis may be helpful in the process of designing new LCPS
systems.
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Abstract. When new transport infrastructure is designed and modelled we look
at how it is used collectively, rather than at the individual level. However when
we try change the behavior to alternative modes of transport we look at changing
the individuals’ behavior. This paper provides a summary of the three tools
available to governments to create change to how people travel: regulation/
restriction, providing new infrastructure and Voluntary Travel Behavior Change.
The paper explores each option and provides an explanation of how social
practice theory can provide a new way of understanding the meanings associated
with how we travel that ‘lock-in’ travel by car. It is possible to see that a wider
interpretation of transport solutions and understanding of the concept of induced
demand it is possible to deliver transport solutions that change the norm towards
more sustainable modes of travel, reducing the burden on the individual to
change in a system that is designed for travel by car.

Keywords: Social practice theory � Behavior change � Behavioral economics �
Voluntary travel behavior change

1 Introduction

I was once told that: “transport planning is not rocket science: it is far more complex
than that. The rocket either goes up or it doesn’t. With transport there are many variables
at play at any one time to make a transport network function” [1]. I was told this by a
transport modeler, who was a former rocket scientist and therefore believed what he
said. We try to understand and predict how and why people travel in certain ways using
a complex suite of transport models to design and test the impact of new infrastructure.
In many cases models are used to design infrastructure to meet both existing and future
demand of transport to ensure our towns and cities function properly. This is to enable
economic growth and prosperity. All transport models look at collective movement of
people and vehicles developing an origin and destination trip matrix of journeys that will
pass through the modelled system. To date no transport models have been successful in
capturing the complexity of multi-destination journeys, such as taking children to
school, that make up much of the rush hour traffic. New tools, such as Bluetooth data [2]
are starting to unlock this complexity, but the majority of models still use origin and
destination matrices to plan and design changes to the transport system.

When potential new infrastructure is tested we use collective models to predict their
how they will work. At the same time we send conflicting messages about behavior
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change to reduce demand on the transport network. These are based predominantly on
psychological methods of behavior change. These ‘softer’ methods are designed to
reduce demand on travel and are called Voluntary Travel Behavior Change (VTBC)
methods. These have been trialed extensively across the developed world to varying
degrees of success [3]. The largest scale delivery of VTBC initiatives took place in the
United Kingdom between 2011 and 2015 [4], where the UK government invested
£540 m (€640m*/US$700m* {*May 2017}) into delivering these initiatives across
England [5]. The results were varied with the UK’s Department for Transport indi-
cating that a variety of measures were required to increase bus use, cycling and walking
trips including: integrated ticketing, cycle training and improved walking and cycling
infrastructure [5]. The primary problem with the Department for Transport’s schemes
was that whilst they created the opportunity for change, they did not provide a means of
forcing this change to happen [6]. The second problem Secondly many of the factors
that influence how people travel sit outside of the control of transport authorities, such
as work and family commitments, the sunk costs of automobile ownership and
expectations of how and when people should travel [6, 7]. This means that other factors
play a significant role in how and why people decide to travel the way they do and this
is not captured by individual, psychology based behavior change methods used to aid
people in changing the way they travel.

This paper therefore explores the potential for creating change through collective
behavior change based on sociological understandings of how and why people travel,
rather than psychological approaches. The paper sets out an overview of how and why
psychological methods have come to dominate this field, an explanation of the potential
benefits that can be obtained by viewing travel through a sociological lens. The paper
will conclude with a comparison between the two approaches and highlight the benefits
of using a sociological approach to understanding how we design to design transport
networks.

2 Behavior and Transport

Governments, both locally and nationally and their agencies often seek to change the
behavior of people for many reasons, such as health and protecting the environment
[8]. This means that governments play a significant role in how we act every day. The
two primary means of influencing behavior are regulatory measures and non-regulatory
measures [9]. The delivery of the VTBC schemes in the UK was based on the Nuffield
Council for Bioethic’s 2007 ‘Ladder of Interventions’, as shown in Fig. 1 [10]. The
ladder starts off with a laissez-faire approach, of providing information and enabling
choice, which the UK VTBC schemes were based on [10], through to restriction and
elimination of choice.
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2.1 Restricting Behavior

Governments can use regulatory policies such as legislation and taxation to eliminate,
restrict or disincentivise a choice [6]. Restrictive legislation can influence the social
norms that exist around a habit, action or certain type of behaviour. Travelling by car is
controlled by strict legislation and varying degrees of taxation across the world as a
means of controlling who drives, how they drive, what they drive, where they drive and
when they drive. An example of how people drive being influenced by the government
is the practice of wearing a seatbelt. In the United Kingdom prior to this practice
becoming compulsory only 40% of people wore a seatbelt when driving, compared to
93% once the law changed [12]. This is an example of a government altering behaviour
for health reasons, for the benefit of people wishing to travel by car.

Using another example from the United Kingdom, the UK Government introduced
a new taxation system for vehicles in 2001 designed to reduce Carbon Dioxide (CO2)
emissions. This meant that the level of CO2 emitted by the vehicle related to the level
of tax paid by the driver of the vehicle [13]. This helped to reduce CO2 emissions from
cars, as drivers opted for vehicles that were cheaper to insure [14].

Fig. 1. Ladder of interventions (Source: Based on [11])
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2.2 Constructing Behavior

One area where governments have been successful in creating travel behavior change is
through both the construction of new transport infrastructure themselves or allowing
development of transport infrastructure that is funded by the private sector. From the
development of canals, railways, highways to the freeways the construction of enabling
infrastructure has radically changed our expectations and behavior of firstly whether,
and secondly how we travel.

Focusing specifically on car trips, the design of new highway infrastructure in many
developed countries since the 1960s has been based on the concept of ‘predict and
provide [15–17]. This is an approach where funding for new highway infrastructure is,
as the name suggests, provided by governments in an attempt to meet the predicted
demand for travel using the transport models discussed in Sect. 1. The problem with
this approach in the United Kingdom was identified by Goodwin et al. in 1991 [18].
The authors found that it would not be possible to construct enough highway infras-
tructure to meet the level of travel demand being predicted by the UK government’s
White Paper in 1989, as there was not enough space to build the roads required.

The second problem with this approach is that the construction of new infrastructure
induces traffic into the system. Again in the United Kingdom the Standing Advisory
Committee on Trunk Road Assessment’s (SACTRA) (1994) report ‘Trunk Road and the
Generation of Traffic’ concluded that the construction of highway infrastructure induced
traffic to the highway network in the United Kingdom [19]. This is because the new
highway increases the capacity for people to travel and opens new areas of land up to
development, meaning more trips are made filling the extra capacity that has been
provided. SACTRA’s findings were supported 23 years later by the Campaign for the
Protection of Rural England’s (CPRE) 2017 paper ‘The Impact of Road Projects on
England’, which also found that road building also had little impact on congestion due to
the issue of induced demand [20]. The phenomena of induced demand is not only found
in the United Kingdom, but across the world due to land being opened up to devel-
opment and an expectation or need to travel by car [21–23]. The construction of
highway infrastructure and the associated development has shaped the way people
behave and how and when they travel, and this has left many governments with an issue
of how to reduce demand for the very infrastructure they have provided.

2.3 Changing Behavior

For neo-liberal governments, based on market forces it is essential that you provide
choice for individuals to ‘make the right decisions’. This is the bases of neo-classical
economics, where everyone in the system is a ‘rational actor’ [24]. This has led to the
development of policies that are designed to give choice and support individuals in the
decision making process [25]. The belief is that outright restriction through legislation
leads to people attempting to circumvent the rules. Placing restrictions, such as road
user charging on an individuals’ ability to travel is often met with fierce opposition
[26]. This means that VTBC schemes have been trialed that are based on psychological
approaches to behavior. The most successful of these is called behavioral economics.
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Behavioral Economics, also known as nudge theory, has become increasingly
popular with national governments who are looking to change behavior in a variety of
ways. Behavioral economics moves away from the neo-liberal economic understanding
of behavior and understands that people do not always act rationally [27]. The approach
is designed to change behavior through information, incentives and contexts [27].
These simple, relatively small-scale changes then change individuals’ behavior towards
the type of behavior desired by the policy maker.

The primary problem with the use of behavioral economics is that what is required
to change travel behavior away from travelling by private car is vastly different from
‘nudging’ behavior towards making people reuse their towels in a hotel, an example
cited by the authors of ‘Nudge: Improving decisions about health, wealth and happi-
ness’ [28]. The choice to own and run a car is dictated by a multitude of factors
including: sunk costs, societal expectations, family commitments, work pressures and
the lack of alternative options due to land-use planning based around the car [6].
Providing information, sustainable transport infrastructure through VTBC and incen-
tives to change are unlikely to be successful, as many people have based their lifestyle
around an expectation of being able to travel by car. The element of choice and lack of
restriction means that for many people travelling by car will remain the most logical
choice. This means that we need to look at transport and land-use planning in a
different, more collective way. This collective approach is not unusual for creating new
infrastructure, based on models of mass behavior, so why should it be any different for
attempts to reduce travel by car?

3 Sociological Approaches to Changing Travel Activity

The primary problem is that behavioral approaches to creating change focus on the indi-
vidual and expect them to create a change in a system that has not been designed to make
that choice the default. This makes creating that change difficult if you focus on the
individual. It is therefore worth exploring alternative approaches to understanding how and
why we do things in a certain way. Social practice theory is on such alternative approach
that focuses on the action being performed, rather than the practitioner performing it. This
allows for the wider perspectives of travel to be incorporated into the decision making
exercise. The individual is therefore no longer the unit of inquiry [29, 30].

The problem with social practice theory is explain in [31]: “social theories do not
lead directly to prescriptions for actions”. Due to the relative complexity of practices it
can often be difficult for policy makers to come up with a solution that will enable
change and this is why social practice theory has not been used to deliver behavior
change initiatives within the transport sector [31]. It is however possible to identify
tools that could be useful for delivering infrastructure in a new way.

3.1 Three Elements of a Social Practice

The scientific work [31] provided a simple model to explain what a practice is, as
shown in Fig. 2. A practice can be broken down three core elements:
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• materials: things, technologies, tangible physical entities and the things of which
objects are made,

• competences: skill, know-how and technique,
• meanings: symbolic, ideas and aspirations [31].

By focusing on what practice is being performed, rather than who is performing it
we can begin to understand why people so many people travel by car. Focusing on the
materials for travel it is clear that the construction of new transport infrastructure
enables the practice of travelling to be performed. Highways have existed for thousands
of years, but it is only within the past 130 years that these have started to be designed
for use by motorized transport. This is because of the rise in availability of private
motor vehicles, another material that has become available to the majority of the
population. The construction of this infrastructure has been incremental and has
allowed for a change in the number of activities that can be performed by a practitioner
at a variety of locations within a specific day [19].

The second element that is required for a practice to be performed is competence to
undertake it. This is known as practical understanding [32] and this is learnt through
either formal training, such as learning to drive, or informal training through everyday
life. The more we practice something the better we get at it.

The third element within the model is meaning. Meanings within practices can vary
in different locations. For example drinking tea is performed differently in the United
Kingdom and Japan [29], with local customs and meaning not always governed by

Fig. 2. The 3-Elements Model (Source: Based on: [6, 31])
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formal rules [33]. For the practice of driving this has become formally imbedded within
western society through representation in the media, friends and family and the existing
infrastructure that is provided for travel [6]. It is therefore important that we understand
the meanings that become associated with the materials and competences that we
provide for travel.

3.2 Changing Practices

Creating change to practices can evolve over time, or change quickly due to the
introduction of changes to the materials available, the skills to use them and the
meanings associated. When the links between these are broken then a new practice is
formed. This is what happened with the evolution of the motor car, as a new material
was available for travel, people who could afford to, switched from other modes, or
travelled more than they had previously. This led to the design of highways based
around car travel to the design of homes and buildings to accommodate motor vehicles
[34]. This then locks in the practice so that it becomes normal [35]. When viewing how
people travel through the 3-Elements model it is possible to see the difficulty of trying
to change the behavior of an individual [or practitioner], when the practice has become
normalized and therefore difficult to break.

Focusing on VTBC initiatives as a means of changing the way people travel, it is
clear that a variety of methods have been successful in certain areas of the UK fol-
lowing their delivery between 2011 and 2015 [5], but it is uncertain how long the
benefits will last. Bonsall [3] found that internationally, evidence of the long-term
success of VTBC schemes to create lasting change was difficult to find [8]. This is
because many of the VTBC schemes did not include evaluation programmes. In
addition it is difficult to demonstrate the long-term benefits of some VTBC initiatives
such as cycle training for children within an evaluation time frame, as the benefits may
take many years to be realized [6]. This highlights the difficulties of trying to create
change. In addition the practice of travelling sits within a whole web of other practices
based around how we live our lives. Changing travel habits would require a shift in the
meanings around child-care, shopping and work commitments that have built up
around being mobile and visiting multiple destinations within a day.

All VTBC schemes are very good at providing two of the three elements of travel:
materials and competences. These are provided through the provision of public
transport, new cycle and walking infrastructure and training for children and adults to
use it effectively. What is lacking is any attempt to change the meaning of how to
travel, which often has to be made through restriction of an existing behavior. The
meanings of VTBC delivery in the UK did not change with the additional funding for
transport, especially as the UK Government provided nine-times as much funding for
highway infrastructure for cars during the same period as the LSTF [36]. This provision
of highway infrastructure continues to influence the meanings associated with travel-
ling around the use of the car, rather than sustainable transport.

Restriction is one of the key tools available to transport practitioners if they want to
change the way people travel. The removal of highway space available for cars has been
seen across the world to make traffic ‘disappear’ from the wider transport network [37].
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This is because the meanings associated with this space have changed, meaning the
network is only available to public transport, cyclists or pedestrians rather than the
free-flow of traffic. What was also interesting was that those trips did not re-appear
elsewhere in the network in any of the 80 case studies reviewed [37]. This removal of a
material had altered the practices of travel, with people either deciding to travel by a
different mode or not to travel at all. It is clear from this example that if we think about
the message, or meaning that we are trying to send from the transport network we
provide it is possible to change how people travel without relying on individual
approaches to behavior change within a system that makes this change difficult.

4 Conclusion

The use of behavioral economic approaches to behavior change are a useful, but limited
tool available when creating change. This is because they require an individual to break
the norms of society to travel in a different way. The delivery of VTBC schemes
provide some benefit to creating a change to how people travel, but at present there is
still not definitive proof that they are successful at permanently altering behavior in the
long-term. This is because many factors, or other practices in daily life influence how
we decide to travel.

Transport planners are used to exploring change through complex models that
explore the costs and benefits of providing new transport infrastructure. This is often
focused on providing new highway infrastructure and how this will influence the
amount of traffic on the network. There is a considerable wealth of data that proves that
providing highway infrastructure for car trips has no economic benefit, induces extra
traffic to the system and rarely, if ever, solves congestion. This collective approach to
viewing travel is not rare to transport planners, so there is a need to use this when trying
to change behavior.

Shove et al.’s 3-elements model, provides a way of viewing any transport inter-
vention in a new way that incorporates an understanding of the meanings you create
through the solution you provide. Build more roads and you get more traffic.
Close/restrict roads and provide alternative means of travel and you get less traffic. It is
not rocket science.
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Abstract. According to the transport policy of the European Union electric
buses are being introduced on a broader scale. In order to induct electric buses in
service, a public transport company has to decide on the allocation of electric
buses to specific bus lines. This decision should not be taken in subjective way
but it should rather be supported by the scientific methodology that is to
determine the parameters of bus lines, which may affect the allocation of buses
to the transport tasks. The result of the article is a selection of the most important
parameters of bus lines that influence the allocation of electric buses to the
transport tasks.
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1 Introduction

In line with the transport policy of the European Union there is an increase of interest in
electric vehicles in public transport. Electric buses have many advantages such as no
local environmental emissions and better energy efficiency than conventional Diesel
buses. This causes the lines serving the city centers which are characterized by frequent
stops and low speeds are perfect to be operated by electric buses [1–3]. However, the
main problem with electric buses is that their range is limited - depending on local
conditions - from 150 up to 300 km. Hence, there is a need to re-charge electric buses
during the time of its operation. On the one hand this problem can be solved by
improving battery technologies or on the other hand by optimization of locations of
battery re-charging stations [4–7].

The process of the implementation of electric buses to public transport company is
complex from an operational and economic point of view [8]. In order to induct electric
buses in service, a public transport company has to decide on the allocation of electric
buses to specific bus lines. There is no doubt that the parameters of public transport
lines have a large impact on the performance of electric buses. Depending on the route
characteristics (urban, sub-urban, inter-urban, etc.) the disadvantages of electric buses
can be either more or less perceptible from the public transport operator point of view.
It is therefore necessary to select the bus lines that are most suitable to be operated by
electric buses.
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2 Methods of Selection of Variables in Transport Studies

Transport systems are characterized by a wide range of relationships and links between
features and factors affecting its functioning. This is confirmed by arguments presented
i.e. in publications [9, 10] presenting a holistic description of the functioning of
transport systems. The systems approach translates to a large extent on the formation of
problems associated with taking into account all the features and factors in the models
which are to be constructed to describe the reality as precisely as possible.

Accurate representation of modelled reality binds very often with the necessity to
perform a large number of empirical studies. In many cases it is hardly possible due to
financial, technical and organizational limitations for the research teams - especially
analyzing phenomena and processes occurring in the transport systems. There is thus
often a need to limit the number of variables so as to influence the deterioration of
a models’ quality in a minimal extent.

In general, the methodology of limiting the variables describing the functioning
of transport systems can be performed in the two following stages:

• stage A - elimination of variables due to the specific conditions of studied phe-
nomena and processes. In this step a subjective assessment of the suitability of the
studied traits in the description of the model is conducted. An author of study
eliminates the variables through an analysis without the use of mathematical (sta-
tistical) tools,

• stage B - elimination of these variables, which have not been removed in the stage
1. These variables have been subjected to empirical research and their eliminations
is done with the use of mathematical (statistical) tools.

Application of above-named methodology is presented in [11, 12] that deal with the
issue of capacity of various road junctions types. So, the aim of this article is a
description of stage A which consists of four steps:

• step 1. Selection related to the assumptions of the system of public transport
operated by electric buses,

• step 2. Selection depending on the strong ties to the other defined factors,
• step 3. Selection due to the fact that this group of factors is not affected by the type

of applied propulsion,
• step 4. Selection for the enhancement of the universality of the method.

This method will be applied in order to determine the parameters of bus lines which
may affect the allocation of buses to transport tasks.

130 K. Krawiec and M.J. Kłos



3 Electric Buses in Urban Public Transport

3.1 General Assumptions of the System of Public Transport Operated
by Electric Buses

Electric buses are in operation for a few years and no standard rules of electric buses
operation have yet been developed. The assumptions for which the elimination of the
selected factors will be conducted are presented below:

Table 1. Parameters of the public transport lines

Group of the parameters Parameter names

Parameters related to the timetable The frequency of the line
The regularity of the line
The frequency of terminus stops
The set of time spent in the terminus stops
The number of services
Passenger flow volume
Operating speed
Schedule speed
The set of time intervals in which charging is possible
Vehicle kilometers travelled
Vehicle hours travelled

The parameters related to the line
route

Traffic conditions
The number of scheduled bus stops due to the timetable
The number of stops of the bus not covered by the
timetable
Technical classes of the roads within a line route
Locations of the line route to the city center
The existence of dedicated bus lanes within a line route
The existence of priorities for city buses within a line
route
Vertical profile

Operational parameters Number of buses in operation per line
Bus capacity
Bus length
Reliability of operation
Punctuality

Technical parameters Access to the power grid at the terminus stops
Access to the power grid at the intermediate stops
Reliability of vehicles
The demand for energy (fuel consumption by Diesel
buses)

Economic parameters Costs dependent on vehicle kilometers travelled
Costs dependent on vehicle hours travelled
Costs dependent on the number of buses in operation
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• operation of 100% electric fleet on each bus line,
• charging is possible only in the depot and in the terminus stops,
• a timetable takes into account traffic conditions,
• a timetable will not be changed after the implementation of electric buses,
• the allocation of buses to the transport tasks is optimal.

As it is clear from above, no mixed fleet operation is possible. This means that
either pure electric fleet is considered to be introduced on the analyzed line or no
changes are to be done. Among the many charging technologies such as plug-in
charging, pantograph and inductive charging [13–15] but also battery exchange sys-
tems [16] and fuel-cell-based hydrogen energy extenders [17], it is assumed that only
these technologies that enable opportunity charging while the bus is stopped are taken
into account. Hence, the authors do not consider en route charging technologies such as
inductive charging. It is assumed that a research considering the number of passengers
in buses has been conducted and the allocation of buses to transport tasks is optimal.

3.2 Identification of Parameters

On the basis of the analysis of the bibliography concerning public road transport
efficiency [18], transport economics and organization of public transport [19] as well as
the issue of quality and customer service in public transport [20–22], a number of
parameters describing economic, operational, technical characteristics of bus lines and
the parameters related to the timetable and to the line route are presented in the Table 1.

Bus lines are described by a number of parameters - to simplify the model it is thus
necessary to take into account only a few of them. The above-mentioned parameters
will be eliminated for its compliance with the assumptions, mutual relationships,
impact of the type of drive on the parameter and the versatility of the method.

4 Determination of the Parameters of Bus Lines Which May
Affect the Allocation of Buses to the Transport Tasks

4.1 Selection Related to the Assumptions of the System of Public
Transport Operated by Electric Buses

In the first step, the parameters are being eliminated according to the above-mentioned
assumptions. The elimination procedure is shown in the Fig. 1.

The main reason for the elimination of operating and schedule speed, the number of
services as well as vehicle kilometers travelled and vehicle hours travelled, is the
assumption that a timetable will not be changed after the electric buses implementation.
Modifications to the timetable are not desirable by passengers therefore public transport
organizers try to minimize them.

Operating speed is also eliminated due to the assumption that a timetable takes into
account traffic conditions. One should notice that the traffic conditions influence the
operational speed, however, on the basis of multiannual practice in organizing public
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Bus capacityOperational parameters
The allocation of buses 

to transport tasks is optimal

Access to the power grid at 
the intermediate stopsTechnical parameters

Charging is possible only 
in the depot and in
the terminus stops

Groups of the 
parameters Parameters names Reasons

of elimination

Passenger flow volume

The number of services

Operating speed

Vehicle kilometres travelled

Parameters related to the 
timetable

A timetable will not 
be changed after 

the implementation
of electric buses

The allocation of buses 
to the transport tasks is 

optimal

Vehicle hours travelled

Schedule speed

A timetable takes into 
account traffic conditions

Traffic conditions

The existence of dedicated 
bus lanes within a line route

The existence of priorities 
for city buses within a line 

route

The parameters related to the 
line route

A timetable takes into 
account traffic conditions

Costs dependent on vehicle 
kilometres travelled

Economic parameters

Costs dependent on vehicle 
hours travelled

A timetable will not 
be changed after 

the implementation 
of electric buses

Fig. 1. Selection related to the assumptions of the system of public transport operated by electric
buses
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transport it is predicted that organizers and operators of public transport are conscious
of the occurrence of such events and included them in the timetable.

Operators and organizers of public transport strive to minimize the public transport
operating costs by matching the capacity of the buses to the demand on the transport
service. Passengers flow volume is not to be changed significantly after the induction of
electric buses so the allocation of buses to the transport tasks is optimal due to the
assumption the passenger flow volume. The bus capacity can be thus eliminated in this
step as well.

The existence of the priorities for city buses within a bus line and the existence of
dedicated bus lanes within a route are eliminated by the reason of the assumption that a
timetable takes into account traffic conditions. The time of travel of inter-stop section
on which dedicated bus lane is localized will be reduced not only for electric bus but
also for conventional one - the time of travel for both technologies is thus equivalent.

Due to the technical limitations and operational easiness, it is assumed that
charging is possible only in the depot or in the terminus stops. Thus, an access to the
power grid at the intermediate stops is also eliminated.

Vehicle kilometers travelled and vehicle hours travelled have been eliminated
above. In consequence, the economic parameters related to the costs of number of
vehicle kilometers travelled and the costs of vehicle hours travelled are also eliminated,
because the timetable will not be changed after the implementation of electric buses.

4.2 Selection Depending on the Strong Ties to the Other Defined Factors

The strong ties to the other defined parameters is a disadvantage for subsequent
modelling steps. Hence, there is a need to simplify the model by eliminating these
parameters which strictly depend on one another. Since taking cognizance of inde-
pendent variables having strong mutual correlation is a methodological error, their
inclusion may artificially increase the quality of the model. Such an error is called the
phenomena of catalysis [23].

The graphical representation of this step is presented in Fig. 2. Three out of six
parameters which belong to five groups of parameters have been eliminated due to the
strong ties to one another.

The frequency of terminus stops strictly depends on the frequency of the line. In
reference to this, it was decided to choose the frequency of the line for further research.
As the reliability of operation consists of technical and operational reliability, it is
enough to leave the parameter reliability of operation.

A key issue from the perspective of bus range is energy consumption. However, by
making the assumptions that the timetable takes into account traffic conditions and the
allocation of buses to transport tasks is optimal, it comes out that the key factor
influencing the energy consumption is the number of stops of the bus, which are not
covered by the timetable.
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4.3 Selection Due to the Fact that This Group of Factors Is not Affected
by the Type of Applied Propulsion

There are parameters of the public transport lines that will not change after the
induction of electric buses. Among them, the number of buses in operation per line
should be mentioned as well as the frequency of terminus stops as the timetable will not
be changed after the induction of electric buses. Hence, the costs dependent on the
number of buses in operation, will not be changed as well. Another parameter to be
eliminated in this step is the reliability of operation. This parameter is not affected by
the type of applied drive.

The frequency of the line

Parameters related 
to the timetable

Groups of the 
parameters Parameters names Reasons

of selection

The frequency of terminus
stops depends on 

the frequency of the line

The frequency of terminus
stops

Reliability of operation Operational paramaters
Reliability of operation

consists of technical
and operational reliability

Reliability of vehiclesTechnical parameters

The number of stops 
of the bus not covered 

by the timetable
Operational paramaters

On the assumptions No.3 
and 5, thefactor influencing 
the energy consumption is
the numer of stops of the 
busnot covered by the 

timetable

The demand for energy 
(fuel consumption 
by Diesel buses)

Technical parameters

Fig. 2. Selection because of the strong ties to other defined factors
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4.4 Selection for the Enhancement of the Universality of the Method

The universality of the method is essential for the planned multi-criteria analysis of the
bus lines in terms of their properties from the point of view of its ability to be operated
by electric buses. There is thus a need to apply such parameters that will be comparable
between the transport systems in different countries. The technical classes of the roads
within a line route can differ due to the local conditions and therefore this parameter
cannot be used for further analysis.

4.5 Parameters Chosen to the Multi-criteria Analysis of the Bus Lines

Among the parameters listed in Table 1, on the basis of selection conducted above, the
following parameters were chosen which seems to be reliable for further research:

• the set of time intervals in which charging is possible,
• the number of scheduled bus stops due to the timetable,
• the number of stops of the bus not covered by the timetable,
• locations of the line route to the city center,
• vertical profile,
• bus length,
• access to the power grid at the terminus stops.

Above listed parameters are dependent on electric drive, meet the accepted
assumptions and do not come out of each other. As charging is possible only in
terminus stops, the set of time intervals in which charging is possible should contain
only those time periods during which the bus stops at the terminus. However, as an
access of to the power grid is selected for further research only these terminus stops that
have an access to the power grid should be taken into account.

The selected parameters account for a large extent to the issue of energy con-
sumptions as the total number of stops (including the calls covered and not covered in
the timetable) and the vertical profile of the line. Among the selected parameters, there
is a parameter that concerns ecological question—location of the line route to the city
canter. This factor is important as most of the passengers travel in the city center and
the ecological and health benefits of reducing the impact of public transport on the
environment will be the most significant.

5 Conclusions

Electric buses are more dependent on the parameters of public transport lines due to their
insufficient range—it is therefore important to select the correct parameters of the bus
lines influencing the allocation of electric buses to the transport tasks. Accordingly to the
procedure conducted above, the parameters that have the greatest influence on the
decision concerning the bus allocation to transport tasks. These parameters will provide
the basis for a multi-criteria analysis of these factors to create a ranking of these bus lines
which parameters are the most conductive to the implementation of electric buses.

136 K. Krawiec and M.J. Kłos



Hence, further research will focus on the measurements of defined variables and their
statistical analysis.
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Abstract. Presented paper compares transport capacities, travel times and
speeds attained by underground trains and trams. The components of the journey
time for public transport trips have been described. Differences in the travel time
resulting from different lengths of track sections between stops are discussed.
The physical and regression models for estimation of running time for trams
were presented and compared. And then, new locations for tunnel tram routes in
Krakow have been proposed. For tunnel sections, potential benefits for public
transport passengers, which can be used in the planning analyzes of Krakow’s
transport system development, were identified.

Keywords: Transport planning � Tram � Underground � Tunnel � Travel time

1 Introduction

Rail transport constitutes the basis for transport systems in numerous cities. This stems
from its high transporting capacity and on the other hand - from the high speed
achieved by commonly used separation of tracks from road lanes used by other traffic
users [1]. Since cities continue to grow - the discussions are still taking place on the
possibility for the development of rail transport systems. The main question is: which
kind of rail transport is the most efficient for the city? In many cities, take place the
discussions as to, whether it is legitimate to build a new or extend existing system of
public transport. Also in Krakow, what is resulting directly in the elaboration of the
present paper.

Decisions should always base on the analysis of costs and benefits before the
potential introduction or expansion of a system, with using a four-stages procedure
(described, among others, by Hensher [2]), commonly used in the planning of trans-
portation systems for a determination of potential effects of differentiated variants of
transport investments. It is impossible to do it properly without reliable estimation of
transport capacities and travel times of different means of public transport, because
especially travel time has a crucial influence on modal split [3] and even slight dif-
ferences may have a considerable influence on increased or decreased passenger
volumes.

© Springer International Publishing AG 2018
E. Macioszek and G. Sierpiński (eds.), Recent Advances in Traffic Engineering
for Transport Networks and Systems, Lecture Notes in Networks and Systems 21,
DOI 10.1007/978-3-319-64084-6_13



The paper is restricted to the comparison of only two types of rail transport -
underground train and tramway transport, as strictly associated with urban transport.
Although each extension of a rail transport system is linked to high investment costs,
the paper does not include the issues of financial and economic analysis, for the
advantage of functional aspects - offered by underground and tramway transport.

2 Transporting Capacity for the Underground and Tram
Lines

The transporting capacity is particularly significant from the viewpoint of ensuring high
quality of a transport system - also in the future, considering the different develop-
mental scenarios for the city. Transporting capacity of a single line of urban transport
depends on the size of the rolling stock and the frequency of runs of vehicles in service
on the line. The size of the rolling stock is typically associated with the number of
places offered in an underground train or a tram. Manufacturers of underground trains
typically provide the limit occupancy, based on the occupancy of standing area of 7.0
[pers./m2] (e.g. [4, 5]), that is under the conditions of extreme congestion. Tram
manufacturers typically use occupancies calculated at 4.0 [pers./m2] (e.g. [6]), or 5.0
[pers./m2] (e.g. [7]), which is in line with the data applicable in the given city on the
occupancy standards in public transport. This translates into the offered level of travel
comfort, which is discussed (among others) in [8]. The distribution of seats in a vehicle
is also variable, which results in differences of the numbers of offered places, even in
trains with the same length, provided by the same manufacturers to different cities.

In practice, occupancy of standing area on the level of 4.0 [pers./m2] is used. The
frequency of runs, expressed by the number of trains per hour - may refer to both a
single line (as is the case for underground) or bundle of lines going on the same route
for its considerable stretch, which often takes place for tram lines, and results from the
need to improve the directness of travel. In practice, the frequencies of the busiest
sections of underground and tram networks do not exceed 40 [T/h]. The transporting
capacity of a line or a line bundle, based on the data on the size of the rolling stock and
frequency of runs can be calculated from the following formula:

C ¼ CV � f ð1Þ

where:
C - transporting capacity of a line (line bundle) of public transport [ps./h],
Cv - offered volume of a public transport vehicle [ps./T] at the assumed comfort level

for passenger travel,
f - frequency of travel of public transport vehicles [T/h].

Table 1 presents approximate offered number of places in one hour of operation, on
hypothetical underground lines and tram lines, serviced by typical short, medium and
long trains. In the period of one hour, the bundle of tram lines operated by long
(large-volume) trams are capable of transporting up to over 10.5 thousand passengers
in one direction. In comparison, currently in Krakow the highest hourly passenger

140 M. Bauer



streams do not exceed 6.0 thousand passengers [9], although the increase in the number
of citizens and the traffic will influence the growth in the most significant urban routes.
Underground train is far more efficient in this field, as it can handle streams reaching
even 42.0 thousand passengers in one direction.

3 Underground Train and Tramway Travel Time

The second highly significant aspect of the rail transport system operation is the travel
time, which has the greatest impact on the passenger selection of means of transport
[10, 11], both between the individual and public transport, as well as the internal
selections within the groups of different subsystems of the public transport, including
underground, railway, trams, busses and trolleybuses. It also constitutes the basis for
the modeling of division of transport tasks [12] in simulations of transport systems.

Each urban public transport travel can be divided into the following stages:

• time of reaching the stop - time, measured from the moment when a traveler leaves
the mean of transport and reaches the stop, the time should take into account the real
rout to the stop,

• waiting time for the public transport vehicle - from the moment of appearing at a
stop to the moment of departure from the stop with an public transport vehicle,

• time of running with a public transport vehicle - from the moment of departure from
the stop to the time of leaving the vehicle at the final stop,

• time of leaving the stop to the travel destination - time in which a traveler leaves the
vehicle at the stop to the moment of reaching his travel destination,

• optionally - if during the travel a switch of the public transport line takes place, the
time of transfer must be included, and it is measured from the moment of leaving
one public transport vehicle in a transfer node (stop) to the time of departure from
the node (stop) in a vehicle of another line.

Table 1. Comparison of transporting capacity (in thousands persons per 1 h in one direction,
occupancy of standing area of 4.0 [pers./m2]) of underground lines and tram lines depending on
the interval and the size of the rolling stock.

Kind of
vehicle

Size of
vehicle
(length
[m])

Interval on public transport line [min]
1,5 2 3 4 5 6 7,5 10

Underground
train

Short (52) 13.5 10.1 6.7 5.1 4.0 3.4 2.7 2.0
Medium
(100)

30.4 22.8 15.2 11.4 9.1 7.6 6.1 4.6

Long
(133)

42.0 31.5 21.0 15.7 12.6 10.5 8.4 6.3

Tramway Short (26) 6.6 4.9 3.3 2.5 2.0 1.6 1.3 1.0
Medium
(32)

7.8 5.9 3.9 2.9 2.3 2.0 1.6 1.2

Long (45) 10.6 8.0 5.3 4.0 3.2 2.7 2.1 1.6
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The subsequent sections present an analysis of individual components of travel in
underground train or tram.

3.1 Time of Reaching (Leaving) to (from) the Stop

The speed of a pedestrian in free movement depends, i.a., on his motor characters,
motivation for the travel, knowledge of the timetable [13], frequency of vehicle runs
and the state and safety of pedestrian infrastructure [14]. It typically lies in the range
from 3.0 to 5.0 [km/h]. In the modeling of pedestrian traffic, the average value of 4.0
[km/h] is most commonly used, as it overs variable speeds at different sections of the
route and also including the slowing down of pedestrians and their stops at junctions.
Taken into account are also the natural distances between the conventional travel
sources or destinations and the closes public transport stops, which are easy to reach (or
leave). In practice, distances of reaching longer than 500 [m] are very rare and typically
apply to peripheral or suburban areas [15]. Currently, actions are taken to ensure even
low frequency bus lines, also in the areas of scattered housing. If reaching a stop
requires facing a level difference - which is present for using tunnels - the mean time of
overcoming the elevation difference should be added to the time of reaching and
leaving a stop. Based on own study, it was established, that the time of overcoming
elevations ranges between 50 [s] up to even 120 [s] in the case of deep underground
stations. The average time of overcoming elevations can be also by physical depen-
dencies. Considering the 30 or 35 degree slope of the escalator and the standard
escalator speed of 0.5 [m/s], just overcome 8 [m] difference of levels (shallow
underground or tramway tunnel) takes - respectively: 32 or 28 [s]. In case of 15 [m]
deep tunnel it will be - 60 and 52 [s]. One should take into account the waiting time for
the possibility of using the stairs, which depends on pedestrian traffic volume and the
stair width and access to a vehicle entry point (escalators are generally located at the
ends of platforms). It is assumed average waiting time of 13 [s] in both directions -
down and up (from own, unpublished studies) for the mean conditions. Table 2 pre-
sents a list of mean times of reaching and leaving stops, depending on the length of a
section, calculated along pedestrian paths.

Table 2. Average time of pedestrian reaching (leaving) from the stop depending on the length
of the section.

Length [m] 100 200 300 400 500 600 700 800

Reaching
(leaving)
time [min]

On the
ground
tramway stop

1.5 3.0 4.5 6.0 7.5 9.0 10.5 12.0

Underground
stop (shallow
tunnel)

2.4 3.9 5.4 6.9 8.4 9.9 11.4 12.9

Underground
stop (deep
tunnel)

2.9 4.4 5.9 7.4 8.9 10.4 11.9 13.4
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3.2 Waiting Time for a Public Transport Vehicle

The passengers’ waiting time at a stop is directly linked to the length of the interval
between subsequent urban transport vehicles. In general, in case of short intervals,
almost a complete lack of relationship between the appearances of a passenger and the
planned moment of departure from the stop is observed [16]. Similar situation takes
place for tram line bundles, especially when a transit pass is not assigned to a route
instead of a line. However, on the lines with low frequencies, appearances of pas-
sengers within 5 min to the moment of vehicle departing from the stop (according to
time table) are predominant (81% of appearances, [17]) and the highest intensity can be
observed within the 2-minute period prior the planned departure.

3.3 Public Transport Vehicle Travel Time

The travel time, including the time of running subsequent sections and the stopping
time at subsequent stops [18] - is generally understood as the most important com-
ponent of the travel time in public transport. This is because the component explains
the movement at the greatest distance on the scale of the entire travel. The vehicle
travel time depends on a variety of external factors, including many of a disturbing
nature. Of high significance is here the state of used public transport infrastructure,
including the presence and the range of separation of the rail vehicle traffic from the
traffic of other vehicles and location of stops and stations. Attaining high travel speeds
is possible when using an efficient separation of tracks and ensuring sufficiently large
distances between stops, to enable attaining of a high speed. The highest level of track
separation from the space available to other traffic users is - of course - ensured by
underground transport.

An estimation for the average running time for all kinds of sections (underground,
on the ground) can be carried out by a physical model, based on calculations of
acceleration and deceleration times and running time with constant speed, can be used:

tr ¼ L
vmax

þ vmax

2
1
a
þ 1

b

� �
ð2Þ

where:
tr - average running time for a section between stops [s],
L - length of a section [m],
vmax - maximum speed on the section [m/s],
a - acceleration rate [m/s2],
b - deceleration rate [m/s2].

This kind of model is very useful especially for underground train systems, where
an automatic system control is implemented. But, it is not always efficient in
description the movement of man-driven public transport vehicles, like tramways. For
example - in Krakow exists three stop-to-stop tunnel sections for tramways with speed
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limits of 40 [km/h] - and the speeds achieved from measurements and from the model
significantly differ. The model can be saved using a conversion coefficient b:

tr ¼ b � L
vmax

þ vmax

2
1
a
þ 1

b

� �
ð3Þ

In the case of the mentioned tunnel sections in Krakow, it is 1.15. In such situations,
regression models can work much better. That is why the empirical models based on the
results of running time measurements in Krakow were undertaken. They were built on
the basis of measurements’ results carried out on 52 sections (length: 190–1065 [m],
speed limit: 40–50 [km/h]), where the trams are moving along separate tracks. The
research was conducted using manual GPS receivers. A significant database of results
was obtained - some sections were measured after over 40 times. On this basis, the
multiple regression model of the tram running time was built:

tr ¼ 0:093 � Lþ 7:78 � Ns þ 8:27 � Nz ð4Þ

where:
Ns - number of junctions at the section,
Nz - number of tramway switches at the tramway unions on the section between two

stops.

However, in the case of sections without junctions and tramway switches – the
model returns too short travel times, difficult to obtain during real operation of the
tramway line. So, it was decided to build a model only for sections without junctions
and tramway switches. A simple regression model was conducted, where section
running time depends only on the length of the section:

tr ¼ 1
0:102� 0:013 ln Lð Þ ð5Þ

The model is characterized by particularly high determination coefficient - the
model explains 90.3% of the variability in section running time. The result of the
ANOVA test gives a statistically significant relationship between running time and the
length of the section, at the 95.0% confidence level. Both model components (intercept
and slope) are also statistically significant. Figure 1 shows the comparison of obtained
models (physical models with maximum speed 40 and 50 [km/h], multiple regression
model and simple regression model) for the range of section length between 300 and
700 [m], what describes the majority of stop-to-stop distances on tram networks in city
centers. Whereas Fig. 2 compares the speed of travel according to the length of the
sections.

Three of the models presented are susceptible to changes in the length of the section
between following stops. Only a multiple regression model offers constant speed -
which reduces its usability. In other cases, the length of the section is essential for the
running speed on the section with separated tramway track.
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One can also see a high convergence of the results obtained using the physical
model with a maximum speed of 40 [km/h] and a simple regression model. This means,
that in Krakow, on the sections with separated tracks (without junctions and tramway
switches) - in spite of the most frequent limits of 50 [km/h] - tramways achieve
relatively slower running speeds. This is due to the high intensity of tram traffic on
these sections.

As already mentioned, the only three tunnel sections in Krakow, where there are
limits of 40 [km/h], running time obtained from the physical model must take into

Fig. 1. Relationship between average travel time of tram line section and the length of the
section, for considered models

Fig. 2. Comparison of running speeds, for considered models
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account the correction coefficient. Therefore, the simple regression model is recom-
mended for further calculations of running time of tramways on the sections with tunnels.
It is problematic to specify stopping times at the tram stops. One can estimate them using
statistical models for different types and locations of stops (as shown in [19, 20]).

4 Possible Locations of Tram Tunnels in Krakow

A thesis can be assumed, that in the future the capacity of the existing tram network in
Krakow will turn out to be insufficient without tunnel sections located in the city center.
Therefore, either its extension or introduction of another mean of public transport (i.e.
underground) is necessary [9]. The most efficient solution - in terms of travel time - will
consist in the strengthening of the tram network with tunnels in the central zone of the
city. The own proposal of these tram tunnels is presented on the Fig. 3.

Construction of new tunnel tram routes (among others) have been proposed:

• section 1: from stop “Kawiory” to the public transport node “Rondo Mogilskie”,
• section 2: from stop “Urzędnicza” to stop “Hala Targowa”,

Fig. 3. Proposed tram routes against the existing network
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• section 3: from the public transport node “Nowy Kleparz” to the public transport
node “Centrum Kongresowe” (along the second city ring road),

• section 4: from Rakowicka street to the public transport node “Hala Targowa”.

It will facilitate a significant increase for the efficiency of the whole tram system,
yet without a significant extension of the distance between stops. Thus, the somewhat
forgotten idea of pre-underground will be introduced. Only the section number 2
appears in the official city documents [9]. But, the discussion on the extension of the
transport system of Krakow has not yet been completed and in the future the number
and length of planned tram tunnels may increase.

5 Expected Effects of Tramway Tunnels in City Center
of Krakow

Expected effects of tramway tunnels were estimated for tunnels number 1 and 2,
located in close city center of Krakow. Figure 4 shows the proposed location of tram
stops at these tunnel tramway lines.

Opening new tram tunnels will effect by partially transfer existing lines into tun-
nels. Initial analyzes show, that tram traffic volumes in both tunnels will achieve 18
vehicles per hour (average interval: 2.33 [min], one line at 12 T/h and one line at 6 T/h -
in every tunnel). General information about these tunnels are shown in Table 3.

New tunnel tram routes will shorten the travel time to the city center of Krakow. In
the existing state - the time of access from stops located on the I ring to the Main
Market Square is an average of 4 min. Despite the need to overcome the difference in
levels, it will shorten by an average of 1.3 min. New tunnels will improve also access
to the other trip destinations within the strict city center.

Fig. 4. Tram stops at the proposed tunnel routes in close city center of Krakow
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However, a much more pronounced effect will occur in the case of travel time to the
city center. Comparison of current and future travel times is shown in Table 4 (section:
“Urzędnicza” - “Hala Targowa”) and Table 5 (section: “Kawiory” - “RondoMogilskie”).

One can see, that new tramway tunnels decrease the travel time on discussed
sections. In both cases - this is about 50 [%] effect for passengers. It should also be
added, that the capacity of the tramway network in the city center will increase sig-
nificantly. Obtained results can be used in the macro-stimulation analysis of the
transportation system of Krakow, as initial conditions.

Table 3. General information about proposed tramway tunnels.

Section Length
[m]

Number of
underground stops [-]

Frequency
[T/h]

Capacity (one
dir.) [pers./h]

“Urzędnicza” -
“Hala Targowa”

2660 4 18 4800

“Kawiory” -
“Rondo Mogilskie”

3700 4 18 4800

Table 4. Comparison of travel time of trams at the section “Urzędnicza” - “Hala Targowa”.

Case Section Sum of running
times [min]

Sum of stopping
times [min]

Travel
time [min]

Current
state

“Urzędnicza” - “Hala
Targowa”

12.88 2.10 14.98

With
tramway
tunnel

“Urzędnicza” - “Main
Market Sq.”

3.01 1.43 4.45

“Main Market Sq.” -
“Hala Targowa”

1.78 0.62 2.40

“Urzędnicza” - “Hala
Targowa”

4.79 2.05 6.84

Table 5. Comparison of travel time of trams at the section “Kawiory” - “Rondo Mogilskie”.

Case Section Sum of running
times [min]

Sum of stopping
times [min]

Travel
time
[min]

Current
state

“Kawiory” - “Rondo
Mogilskie”

14.50 2.42 16.92

With
tramway
tunnel

“Kawiory” - “Main
Market Sq.”

1.12 0.50 1.62

“Main Market Sq.” -
“Rondo Mogilskie”

3.01 0.92 3.93

“Kawiory” - “Rondo
Mogilskie”

6.75 1.83 8.58
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6 Conclusions

The paper discusses the transporting capacity and travel times of different rail transport
systems. A discussion has been conducted on the influence of underground tramway
transport onto accessibility of the city center of Krakow and the travel time of tram-
ways in daily operations. As a result of the discussion, it was determined, that a
particularly high functional efficiency of the Krakow’s transportation system should be
ensured by new tram connections which will utilize tunnels.
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Abstract. An increase of the share of public transport in the total number of
travels within the transport network is a key aspect in the efforts aimed at
achieving sustainable transport development. It is impossible unless the func-
tioning of this branch of transport is improved, including particularly greater
availability of public transport lines. The development of public transport IT
systems was supposed to have improved at least the identification of demand for
transport services. Practice has shown, however, that it is by no means as simple
as that. The article presents a general idea of particular method of identifying the
demand for public transport services. It is a method that operates outside of the
public transport (PuT) system’s roads and means of transport. It also makes it
possible to stimulate PuT use among people using private transport (PrT) on a
day-to-day basis. To illustrate this, the article uses the Green Travelling Planner
(GT Planner) functionality.

Keywords: Public transport � Green travelling planner � Trip planner

1 Introduction

A key limitation in the transport network is the traffic carrying capacity of its
cross-sections [1–3]. The existing modal split of transport tasks has led to the total or
progressing depletion of traffic carrying capacity in numerous cross-sections of the road
network, with substantial reserves of that capacity left, on the other hand, in other
transport branches (for instance rail transport). Within the road network, the modal split
between public and private transport may also be modified, with a consequent increase
of the capacity reserve [4–10]. This entails, at the same time, a significant improvement
of traffic flow. An essential problem in this respect is how to encourage private transport
(PrT) users to use public transport (PuT), i.e. trains, trams and buses [11]. This is
impossible unless an appropriate supply is provided, and this in turn requires existing
and suppressed demand to be identified in this field of transport services [12, 13].

The development of public transport IT systems is supposed to help in the iden-
tification of existing demand by examining the streams of travelling persons in public
transport (analyses of occupancy and of travel routes). Associating a travel registered in
a specific means of public transport with the travelling person’s data (place of resi-
dence) makes it possible to reconstruct nearly completely the existing traffic structure
with regard to public transport. The main issue when it comes to the accurate recon-
struction of that traffic structure concerns the path of departure from the public transport
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line access point to the transfer absorption point. For the dominant types of travelling
motivations, i.e. H-W-H and E-H-E, the problem can be solved using generally
available data, for instance those available to tax authorities.

Practice shows, however, that the use of public transport IT systems (city cards,
occupancy meters, Passenger Information Systems) encounters unexpected problems
[14]. For instance, travelling persons using electronic urban transport cards do not
accept the way in which they have to use them (the card needs to be held against the
card reader many times also when the passenger is leaving the vehicle) [15]. The vast
majority of passengers continue to travel without such a card, including people who use
public transport services regularly. What is most important, however, such systems
currently do not monitor the transfers of persons who use private transport. Therefore,
the demand parameters are not identified to a sufficient extent in either group, namely
that of existing and that of potential public transport users (respectively EPuT and
PPuT). In the PPuT group (i.e. travelling persons who may switch to public transport
for their transfers), these needs are essentially not identified at all [4, 6, 8, 9]. In the
group of private transport users (PrT), this identification is limited to indirect studies
carried out as part of the study of transport behaviour patterns.

As a consequence of this insufficiency of knowledge about the existing and
potential demand for public transport, it is impossible for the operators to adjust their
offering to the existing and potential needs. Therefore, the evidence of unsustainable
development of transport observed on a daily basis falls to a significant extent within
the competence of public transport organisers. The problems that need to be enumer-
ated here include poor availability of public transport, both in space and in time, as well
as the inappropriate organisation of public transport lines, both in the modal and in the
comodal aspect.

This article presents an IT tool referred to as Green Travelling Planner (GT
Planner), which may lead to a significant reduction of the barriers to sustainable
development of transport listed above [16]. This is supposed to be achieved by iden-
tifying the transport-related needs in all user groups.

2 GT Planner

GT Planner is a travel planner focusing specifically on multimodal and eco-friendly
transfers. Similarly to most travel planners, this tool determines the connection (transfer
path) between the specific points of departure and arrival. What makes this particular
planner different is the optimisation of the transfer path within the transport network,
not only using the shortest or most economical route, but also using multimodal
connections and marking the transfer with emission indicators. The task of GT Planner
consists in encouraging its users to choose eco-friendly forms of travel within the
transport network covered by the tool. An example of how a transfer path is determined
within the transport network of the Upper Silesian conurbation using GT Planner is
shown in Fig. 1 [16].

As the user interacts with the GT Planner interface, parameters may be recorded
related to the requested transfer with regard to many different variables. Apart from the
departure and arrival points of the travel, the following are also recorded: a set of
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intermediate points, the travel motivation, the means of transport used, and optimisa-
tion preferences (eco-friendly or multimodal travel, the quickest, shortest, cheapest
travel, etc.).

What makes GT Planner differ from other public transport IT systems is the fact
that the transport behaviour patterns are analysed outside of it, and above all outside of
the means of transport related to the transfer, to be used by the planner user. Conse-
quently, the data from the planner constitute a certain forward-looking estimate, not a
concrete value. The use of the GTFS standard in GT Planner leads at the same time to a
very detailed description of the planned transfers using public transport with their
simultaneous positioning in space and time within the transport system being analysed
(positioning in the geocentric system using GPS) [17, 18]. Apart from that, GT Planner
makes it possible to study not only transport behaviour patterns (as it happens in the
case of public transport IT systems), but also transport preferences (unrealised beha-
viour patterns). In GT Planner, these are travel requests that will not be fulfilled for
various reasons. They include cases when the planner is unable to indicate a connection
or when the connection indicated does not suit the user (and is abandoned). Conse-
quently, a travel planner of the GT Planner type has, in certain respects, a much more
extensive functional scope than the systems used to monitor transport behaviour pat-
terns relying on data from city cards or occupancy meters, or analyses of streams of
travelling persons on specific sections. In practice, in existing traffic monitoring sys-
tems for public transport, the part of the demand that is studied is the part balanced out
to a substantial extent by the supply. It is therefore essentially a partial study, which
does not solve the problem in the broader context.

Currently, users of travel planners in the area of the Upper Silesian conurbation
account for around 6% of the population. According to US studies conducted in
California in the early 2000s, the potential number of planner users may reach 42% of
the population [19–21]. These figures suggest that travel planners may constitute a
source of data concerning demand for public transport in the future, not inferior by any
means to the currently used passenger monitoring systems. On the other hand, tools

Fig. 1. GT Planner, main window
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such as GT Planner include functionalities that are impossible to obtain in actual
(physical) public transport IT systems. The problem in this case concerns mainly the
extrapolation of data from a sample obtained in GT Planner to the public transport
system user population.

3 Problem Statement

Passenger monitoring systems based on electronic city cards and occupancy meters
narrow down the study of transport behaviour patterns to the group of their users,
ignoring passengers who use public transport only incidentally or who do not hold such
cards. What should be added is that imposing the obligation to hold such a card may be
contrary to the law in many countries, therefore the system will never be a complete
one. Systems based on such cards are affected by an error resulting from the procedures
adopted for its operation, as well as from system errors and failures. Furthermore, they
are incapable of analysing the potential demand, since they only monitor the existing
one [12, 13]. This makes data obtained from tools such as GT Planner more useful in
the process of improving the sustainable development of transport. The global demand
(TD) for services offered by public transport operators within a certain limited space
(the area of analysis), after its delimitation into (i * j) spatial regimes, may be expressed
with the following equation:

TD �
XTM

k¼1

XX
DE

ij þ
XX

DP
ij

� �
þ

XX
DPC

ij ð1Þ

where:

DE
ij - planned demand in spatial regime ij [Number of travels planned using pub lic

transport],
DP

ij - potential demand in spatial regime ij [Number of rejected travels, sup pressed
demand],
DPC

ij - planned demand by passenger in spatial regime ij [Number of travels planned
using a private vehicle, personal car],
ij - spatial regime indices (horizontal and vertical),
TM - number of different means of public transport within the area of analysis.

As opposed to other public transport IT systems, a travel planner such as GT
Planner is already capable of analysing all the components included in Eq. (1). The
analysis may be based on samples whose size exceeds those used in studies of transport
behaviour patterns in urban areas which used to be considered as representative until
now (1% to 5%) [19]. Planned demand DE

ij is determined on the basis of the requests
addressed to GT Planner in spatial regime which public transport was selected as the
means of transport. Hidden demand DP

ij is determined on the basis of the number of
enquiries for which no transfer path was determined (limited PuT offering) or the
means of transport was changed to a non-public one. The demand fulfilled with private
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transport DPC
ij is determined directly on the basis of the number of requests for a

transfer path using private means of transport (motor car, including electric cars;
bicycle, including city bikes; longer transfers on foot). Consequently, a set of at least
three demand quantities (indices) is determined for each spatial regime within the area
of analysis. When public transport is used that involves more than one means of
transport, the number of indices is multiplied by the respective number (Fig. 2).

In response to the demand reported in the specific spatial regime (in this case: actual
and hidden aka suppressed demand), the means of public transport at the level of
SEijneeds to be organised in order to improve the sustainable development of transport
(an appropriate number of seats and/or standing places needs to be guaranteed). It is
worth pointing out in this context that the supply in the specific spatial regime for
transfers using private transport SPCij may be determined at the level of the total traffic
carrying capacity of the road network cross-sections or as the transport capacity of the
surface area corresponding to the respective regime. If one of the operating criteria of a
transport system organisation is its sustainable development, it should be possible to
describe the public transport system supply within the spatial regime with the following
relation:

SEij �
XTMij

k¼1

DE
ij þDP

ij

� �
þ STDF � DPC

ij ð2Þ

where:

SEij—number of seats/places in PuT in spatial regime ij,
STDF—sustainable transport development factor (transfer rate between PrT and
PuT).

Fig. 2. GT Planner, delimitation and spatial regime factor
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When determining the STDF value (percentage share of traffic that moved from
private transport to public transport), the required supply of seats/standing places on
means of public transport is determined in each spatial regime within the area of
analysis. One needs to bear in mind that due to the fact that traffic varies in time and
space, this factor should be different and vary in time in each spatial regime, just like
the demand values recorded using GT Planner:

SEij ðtÞ�
XTMij

k¼1

DE
ij ðtÞþDP

ijðtÞ
� �

þ STDFijðtÞ � DPC
ij ðtÞ ð3Þ

As a consequence of the above, the question arises as to the STDF value in the
specific spatial regime. Intuitively, one tends to associate the value of that factor with
the parameters of the road network within the respective spatial regime:

STDFijðtÞ / DRCðDtÞ DRCCðk DtÞ ð4Þ

where:

RC - reserve of capacity in all cross-section in spatial regime [Veh./min],
RCC - or/ reserve of transport network capacity in spatial regime [Veh./km],
Dt - measurement interval [Min].

Equation (4) means that theSTDFsustainability factor in the spatial regime should
be proportional to the value of capacity reserve changes and/or of transport network
capacity changes within the spatial regime in the analysed period.

Application of the method for determining demand in spatial regimes of the road
network should result in a map defining the demand reported in all of its regimes. An
example of such a map is shown in Fig. 3.

Fig. 3. GT Planner area demand indexation
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The demand determined using Eq. (1) concerns road network users who have
access to the World Wide Web and use travel planning systems (for example GT
Planner). In order to create the map presented in Fig. 3, the value of that demand in
each spatial regime should be increased by the value of the relevant coefficient:

SRCijðtÞ ¼
NTITS

ij ðtÞ
TDGT

ij ðtÞ ð5Þ

where:

SRCij(t) - spatial regime coefficient,
NTITS

ij ðtÞ - number of transfers observed in the given regime (counters, loops etc.),

TDGT
ij ðtÞ - planned demand calculated in GT Planner in the given regime [Number

of planned and rejected travels].

In order to calculate the value of coefficient (5), the number of travels observed in
the spatial regime should be divided by the number of travels planned in the given
spatial regime. The number of travels observed can be measured using induction loops,
occupancy meters, etc. (ITS, speaking more broadly). Discussion on the method of
extrapolation of the demand obtained in GT Planner to the populations exceeds the
framework of this article. Knowing what the total demand for the population in each
spatial regime is (including suppressed demand), one can compare it to the existing
supply (the number of seats/places offered on the means of transport):

BijðtÞ ¼ TDG
ij ðtÞ � SGij ðtÞ ð6Þ

where:
Bij(t) - temporary balance in the spatial regime [Seats/places],
G - index referring to the total demand or total supply in the spatial regime.

Both the positive and the negative values of Eq. (6) constitute grounds for public
transport organisers to undertake legitimate actions. Positive values proving unsatisfied
demand should constitute the basis for increasing vehicle capacity within the given
spatial regime, increasing running frequency or reorganising the public transport line
routing. Line routing reorganisation is justified inasmuch as seat/place reserves are
available on means of public transport in neighbouring regimes.

Using GT Planner functionalities makes it possible to analyse demand parameters
also taking into account the adjacent spatial regimes. This is significant due to the
possibility of balancing seats/places on means of public transport between neigh-
bouring spatial regimes (small adjustments to the line routing). Each of the demand
values included in Eq. (1) may be expressed with the following sum:

D�
ijðtÞ ¼ DN�

ij þDW�
ij þDE�

ij þDS�ij ð7Þ

Using GT Planner to Improve the Functioning of Public Transport 157



where:

* - existing or suppressed demand [Seats/places],
N,W,E,S - respectively: routes of transfers towards the northern, western, eastern
and southern boundaries of the spatial regime.

Equation (7) may be used to calculate the balance of supply and demand for public
transport services in the spatial regime with regard to the individual boundaries of that
regime. When this approach is used, the layout of public transport lines will consist in
searching for a transfer path between spatial regimes set out in a three-dimensional data
table containing the values of the balance expressed by Eq. (6). Discrete optimisation
methods can be used for this purpose. Various cases of public transport line routing
optimisation using this method will be presented in a subsequent publication.

4 Conclusions

The general framework of the method to improve the functioning of public transport
proposed in this article does not require any substantial expenditures. Above all, it
requires dissemination and education with regard to the use of a planner of the GT
Planner type [11]. US studies indicate that nearly every other transport network user
may contribute significant information to an extent that is essential for the improvement
of public transport operation. Additional knowledge of the suppressed demand value in
each regime will make it possible to improve public transport organisation [12, 13].
Travels may be moved between public transport and private transport (justified) when
the limitations are known in the individual spatial regimes. If the transport network is
delimited into spatial regimes with small surface areas, this will enable the organisation
of that transport to be modified in a relatively precise manner. This method requires
building an specified IT tool for this purposes. Such a tool can be based on
microsimulation software and GT Planner data.

Big changes in the modal split in spatial regime are associated with changes in road
load. Adding heavy vehicles (buses, articulated buses) causes more intensive use of
road pavement. This causes the process of sustainable development must be monitored
using appropriate methods to road inspection [22–24].

Moving traffic from PrT to PuT also requires analysis for specific infrastructure
solutions [25]. Such a process cannot be implemented without considering this aspect
of road network. Increase the share of large vehicles must be monitored closely e.g. in
terms of sections geometry (for example on the roundabouts).

The article does not take into account the impact of bicycle traffic on sustainable
development [26–28]. This kind of traffic can be an essential ingredient of suppressed
demand as well as can constitute transfer from PrT. This problem requires further
research in this with GT Planner help.

The given method should be supported by transport network parameterisation using
the GTAlg tool (part of GT Planner) [29]. This kind of transport network parameter-
ization allows to justify adding the extra PuT vehicles in the strictest spatial regime
(adding new bus stop with line correction).
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Similarly, it is important to remember that changes in the number of new PuT
vehicles entered into road network will affect other aspects of operation in it. These
changes concern aspect of transport comodality [30].
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Abstract. The work was dedicated to the application of the concept of a system
of urban public bicycle as an alternative means of transport in Polish cities.
Authors presented operating systems on Polish territory, then referred to the
usage statistics by individual customers self-service bike–sharing. They showed
differences in the functioning and availability of systems and presenting in detail
the principle of bike reservation by Wavelo system that is functioning in Cra-
cow. The article also presents the advantages and disadvantages of the
bike-sharing system. The aim of the study was to present the concept of
self-service public bicycle rental system in Poland and its availability, popularity
and prospects for future development.

Keywords: Bike-sharing system � Bike-sharing system in poland � Urban
logistics � Urban mobility solutions � Sustainable development

1 Introduction

Searching for newer and newer ways to convince the urban population to use alter-
native forms of transportation is one of the objectives of sustainable transport [1–3].
There are a lot of studies related to specific territory or road solution type (see [4–6],
among others). Sometimes information acquired directly from vehicles is very
important also (see [7–9], among others). One of the forms of ecological, economical
and both good for the health way of movement in urban transport is to travel by bike.
Traveling with this mean of movement is not a new idea, but the concept of transport
by bicycle without having the bike on the property is becoming more and more popular
and appreciated by the inhabitants of Polish cities.

The aim of the study is to present the possibilities which are inherent to the concept
of bike-sharing in Polish cities, as well as a reference to the availability, popularity of
the system and the prospects for future development.

2 Bike-Sharing Systems Development

The idea of bike-sharing based on the possibility of self-service renting a bike and use
it through the city wherein the system is implemented [10]. That concept allows the
systems users have a real influence on the three basic principles of sustainable
development like:
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• Environmental aspect - reducing the negative impact of conventional means of
transport on the environment (emissions, vibrations),

• The economic aspect - increasing interest in cities as centers of innovation, worth to
visit (the development of tourism and local business),

• The social aspect - to improve the quality of life with a possibility to faster
movement; reducing the congestion problems that occur in urban areas.

The precursor of the idea of bike-sharing system was Amsterdam, where in 1965 Luud
Schimmelpennink gathered hundreds of bicycles, painted them white and shared into
the city, for free urban use. This project is known as the White Bicycle Plan. Spec-
tacular success in the development of bike-sharing took place in 2007 in France. Then
launched 750 automated rental of 10.000 bikes. In a short time, these numbers
increased to 1.450 stations and 20.000 two-wheelers contributing to the onset of the
global fashion for this type of urban transport. Now, there are over 140 systems bike
rentals in 165 countries around the world. The biggest bike rental is situated in China’s
Hangzhou city, where residents could hire 60.000 bicycles [11]. The availability of
bike sharing in the world was presented in Fig. 1.

The origins of the occurrence of bike sharing in the Polish city dates back to 2008.
Then Wavelo system became operational in Krakow. At the same time it took place an
implementation of the bike-sharing systems in the following cities. Then the Polish
inhabitants began to be mass-persuasion to use the concept and to replace standard
travel by car to travel by bike. Introduced initially solutions were not, however, perfect.
The cities lacked the right kind of system infrastructure, users complained about the
shortage of docking stations where you can leave the bike, it was not possible to

Fig. 1. The availability of bike-sharing systems in the world. Source: [12]
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reserve the bike through mobile applications and verify in real time in which place on
the map of the town the certain amount of bikes is available [13, 14]. Gradually, with
the development of the concept and the appearance on the market of new, already
experienced in foreign markets operators, the number of investments in urban public
bicycle grew. Development of the system closely associated also with the emergence of
newer and newer solutions, telematics and telecommunications [13]. With the devel-
opment of IT solutions in the market appeared 4th generation of the bike-sharing
system. This generation began to be defined as: ‘bike mobility based on a fleet of bike
sharing technical facilities and ICT (…)’ [15].

What’s more, cycling in Poland is growing steadily [16]. Bicycle culture raises new
challenges in terms of traffic engineering as well as safety [17–19]. It should be noted,
however, that bicycle rental systems make an important contribution to promoting this
way of traveling in cities [20].

Currently, the system self-service bike rental includes more cities in Poland. The
main operator of the system is mostly German company Nextbike. Selected cities with
functioning system of bike-sharing and the biggest number of available bikes to share
are presented in Table 1.

3 Availability of Bike-Sharing Systems in Poland

The Season the availability of bike-sharing in most of Polish cities starts on 1st of
March and ends usually on 30th of November. After this period of time, bikes are
transferred to warehouses in order to preserve them. During that process, cities are
equipped with other dock-stations to collecting bikes and prepared for the next cycling
season. Prepared for the 2017 season bicycle dock-stations belonging to public bicycle
system - City by Bike - in Katowice is presented in Fig. 2.

Table 1. Selected Polish cities with a functioning system of bike-sharing (Source: [21–26]).

City System’s name Number of bikes Number of dock-stations

Warsaw Veturilo 3039 204
Kraków Wavelo 1500 150
Łódź Łódzki Rower Publiczny 1000 100
Poznań Poznański Rower Miejski 923 88
Lublin-Świdnik Lubelski Rower Miejski 900 90
Wrocław Wrocławski Rower Miejski 760 76
Białystok Białostocki Rower Miejski 450 45
Szczecin Szczeciński Rower Miejski 338 33
Radom Radomski Rower Miejski 250 25
Opole Opole Bike 188 19
Bielsko-Biała BBbike 120 12
Rzeszów RoweRes 100 20
Katowice City by Bike 88 11
Kalisz Kaliski Rower Publiczny 24 3
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Not all Polish cities cycling season is limited. An example of urban bicycle system,
offering the possibility of using its services throughout the year is Krakow system
solution called - Wavelo. The example of available bikes and racks in the system
Wavelo of 27th of February 2017 is presented in Fig. 3.

Fig. 2. The City by bike station, Katowice, Mariacka Street

Fig. 3. Availability of bicycles and bicycle racks in Krakow’s public bike system Wawelo of
27th of February 2017) Source: [27]
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4 Popularity and Prospects of Development of Public Bicycle
System in Poland

The popularity of self-service rental bikes is increasing from year to year [28]. It is no
different in Poland. The biggest public bike rental system in Poland is Warsaw solution
called Veturilo. The season 2016 was the fifth year of operation of the market. During
the period of operation of the system from March 1 to November 30 of Warsaw
residents benefit from them 1 866 423 times. The average time to rent a bike in the
system was 25 min and 28 s.

Bicycles were rented for the longest period of time - 29 min in May, while the
shortest in November - 16 min. Rent followed mainly in the afternoon i.e. between
16.00 and 19.00 [29].

An interesting fact is that the most active user of the Veturilo system borrowed bike
1025 times in season 2016 [21].

The Popularity of bike-sharing has not been decreased in Lodz, which is the second
Polish bike rental-center. Here, in the cycling season from 30th of April 2016, when the
Public Bike Lodz began operating, to 30th of November 2016 years users have made
1 501 881 of loans. Łódzki Rower Publiczny also broke the Polish daily record of bike
loans which amounted to 17 665 [22].

Total lending of bike sharing was also high in the case of other cities with the
implemented system. For the third, in terms of the quantities available for users of
bicycles, the city - Lublin - the number of loans in 2016 amounted to 88 854. For other
cities while Wroclaw - 1 008 184, Katowice - 38 217 [23–25].

The popularity of urban cycling is mainly evidenced by deploying it in other cities.
The largest operator in Poland bicycle public company Nextbike with MultiSportBike
program is currently available for residents of cities such as: Warsaw, Opole, Poznań,

Wrocław, Grodzisk Mazowiecki, Lublin, Konstancin Jeziorna, Białystok,
Katowice,

Łódź, Stalowa Wola [26]. The popularity of bike-sharing in four Polish cities:
Warsaw (Veturilo), Wrocław (Wrocławski Rower Miejski), Poznań (Poznański Rower
Miejski), Opole (Opole Bike) with amount of loans from 2012 to 2016 is shown in Fig. 4.

In addition, its interest has attracted the rural population. The program now operates
in the municipality of Choroszcz and municipalities Juchnowiec Kościelny [23].

According to the announcement by Nextbike, 2017 will be a momentous year for
the public bicycle in Poland. Prospects for the development of the system are very high,
especially since the program join another cities. Currently, the agreement to implement
bike-sharing were signed with the cities: Sosnowiec, Gliwice and Radom [24].

Operators of public bike systems do not remain indifferent to the expectations from
their users. An example would be the biggest system in Poland - Warsaw Veturilo that
from 1st of March 2017 is expected to begin the new season in a completely different
form. Development of the system is associated not only with its extension for another
docking stations or optional equipment in a larger number of bicycles (including
tandems, electric bikes and bicycles for children) but also a change from the point of
view of the technological operation of the system. The new functionality of Veturilo
maps, with a possibility to choose of the type of bike is presented in Fig. 5.
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Also terminals and the methods of payment are upgraded. Terminals of the system
have been adapted to make use of it by means of proximity cards. Docks will have
LED, that will inform if the bicycle is ready to rent. Moreover, it becomes supple-
mented with universal pump cycle and the bicycles themselves are exchanged for new
one. They are also more comfortable and equipped with saddle with a special gel
coating that prevents soaking water into it. More comfortable driving position is pro-
vided by mounting a special ergonomic steering wheel with raised stands. Another
form of amenities is also the use of a special graduation for seatpost mounting bicycle
saddle, so that users can easily adjust the setting of the saddle to your posture and
remember the number to use in the future. In the new season is going to be launched as
a dedicated system mobile application that is allowed to rent a bicycle by scanning the
QR code [30].

Fig. 4. The amount of bike loans in four Polish cities (Warsaw, Wrocław, Poznań, Opole) from
2012 to 2016 Source: [21, 36–39]

Fig. 5. The new functionality of Veturilo maps, with a possibility to choose of the type of
bike-electric, standard, children, tandem Source: [30]
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The creators of the system also care about the safety of their users. From the new
season, cyclists will be required to provide your social security number PESEL or
supplement it owned already used account [30].

5 Advantages and Disadvantages of Bike-Sharing System

Self-service bike rental system has many of his supporters and opponents. The basic
advantages associated with bike-sharing can include economic benefits such as no need
to purchase a bicycle on the property or service required it.

Another of the advantages of the bicycle system is no need to have their own
parking space. Another benefit is the opportunity to travel by bike only during the one
way that is called ‘asymmetric travel’ [15].

Using solutions of bicycle sharing system also brings benefits to the city, in which
the system is valid. The use of such solutions is an opportunity to contribute to the
perception of the center as an innovative, or even characterized by elements charac-
teristic of the smart city.

This solution has a chance to increase a value for tourists, especially those who
have positive attitude to any ecological and pro-social solutions. It could also bring
benefits in the form of promotion of the city as well as the development of local
businesses [29, 31–33].

One of the drawbacks depending on the system is not adjusting the offer to users of
all ages. In most systems, there is no possibility to loan a bike adapted to traveling for
children. In addition, often the defect is also insufficient infrastructure of the system,
which means the shortage of docking stations.

Systems operators of lower rank popularity often yet functioning on the basis of
operational models of previous generations, i.e. without the use of advanced ICT. Then
checking the bike availability or information on the website and the state of the actual
availability of the bicycle may be different [31, 34, 35].

The disadvantage of the system is the lack of customization bicycle options or
absence the required accessories such as e.g. a bike child seat or bike basket.

6 Summary

As is shown by the presented statistics, the popularity of public bicycle lending in the
Polish cities begins to be measured in millions. Using the services of bike-sharing
allowed us to bridge the gap between the supply of standard transport. In addition, the
implementation by the city bike system is for local governments much more eco-
nomical alternative than building new tram network or planning another bus line
connections. In summary, the bike-sharing services have a chance to become the ideal
alternative means of transport, especially the transport of the first and last mile.
Solutions of bike-sharing systems may become the perfect complement to the logistics
of Polish cities and a way to promote alternative forms of urban mobility.
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Abstract. The privatization process means a change in ownership proportion in
the economy for the benefit of the private sector. The paper develops the the-
oretical models to examine the relationship between ownership changes in the
air transport industry in the selected world airports and Poland. We tried to study
the cases of the recent privatization of the both airports The results are consistent
to get a right for buying assets with the view of the expanding operations and the
benefiting from the network effects offered by privatization.
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1 Introduction

The issue of ownership can be referred to the institutional and legal forms of enterprises.
Apart from companies that are formally owned by individual persons, commercial law
companies can be distinguished: personal and capital ones [1]. On the Polish air
transport market, the dominant form of doing business are capital companies: limited
liability companies and joint stock companies. However, it should be pointed out that
there are state-owned enterprises operating under the law on state-owned enterprises [2].

The main objective is to indicate the directions of privatization of airports. Based
on the theoretical and practical assumptions, the most beneficial methods of ownership
transformation were chosen.

2 Why Privatization?

The privatization process means a change in ownership proportion in the economy for
the benefit of the private sector. This is usually the combined effect of two separate
processes. The first is the transformation of existing public property (state and
municipal) into private ownership. The second is the emergence and development of
private entities, both domestic and with foreign capital.

With regard to airports, the privatization process involves the temporary delivery to
the private sector of the use of aviation infrastructure in order to raise funds to finance
investments related to increase the capacity of infrastructure [3].

The theoretical arguments for and against privatization of publicly owned organi-
zations, particulary when a share flotation is being considered, are well known.
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They have been fiercely debat over the years and are well documented [4, 5]. Priva-
tization will reduce the need for public sector investment and provide access to the
commercial markets. It will reduce government control and interference and may
increase an organization’s ability to diversify. It may bring about improved efficiency,
greater competition, wider share ownership and provide greater incentives for man-
agement and employees to perform well. On the other hand, it may create a private
monopoly which overcharges, delivers poor standards of service or invests inade-
quately [6].

The nature of airport privatization:

• theoretical analyses and empirical evidence suggest that private ownership is most
efficient,

• simplistic view of privatization: change of ownership of the property and facilities
and specifically the transfer from a government agency to private exception,

• misleading regarding airports, since most privatizations didn’t involve the actual
sale of the property - the BAA being the most notable exception,

• airports privatization usually involves only the transfer of some ownership rights [7].

Literature sets out the main objectives of privatization of entities in the air transport
sector. These include:

• efficient and economical aims:

– greater operational and financial efficiency,
– the ability to raise capital from external sources more quickly for investment in

infrastructure,
– relieving the state budget of expenditures on the development of airports,
– generating income on the state budget from the sale or lease of airport assets,
– the risk transfer (among others decreasing the risk of investing without reasonable

economic efficiency),

• social:

– customer orientation - providing better service standards,
– keeping existing workplaces and creating new ones,
– improving the quality of service for passengers,

• ideological:

– political popularity,
– limiting the role of the state in economic life for the benefit of private institutions,

• strategic:

– constructing a system that will ensure the development of airports to a degree that
will enable the region’s continued economic development [8–10].

In systemic transformations aimed at the privatization of operators of airports R.W.
Poole distinguishes two strategies:
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• privatization of the company as a whole, while creating legal and institutional
conditions for regulating the sector (privatization without restructuring),

• division of an integrated state-owned enterprise in order to create a few companies
capable of independent functioning on the market and mutual competition (first
restructuring and setting of market rules, then privatization [11].

3 The Nature of Privatization Airport

The economic deregulation of airport has produced important challenges. With
increasing competition charges have dropped and demand has increases considerably
putting significant pressure on existing airport infrastructure.

Consequently, air traffic congestion and delays have the world wide consensus. The
authorities in chargé of sector have considered not only regulatory reform of airport,
but also a charge of ownership as possible solutions to the problem of airport con-
gestion and in some case, a means of facilitating expansion of airport capacity. Airport
privatization has become a world wide phenomea since the classic sale of the British
Airport Authority (UK) in 1987 [12]. Since them 1990 many emerging countries have
entered into short, and long term airport privatization transaction. Examples includes
airport in Delhi, Mumbai and Bangalore in India, and Beijing and Shanghai in China.

Airports nowadays are generally run as modern business rather than public
utilities [13]. This new trend in the global airport industry means that along with
delivering airside services to airlines, airports have to considerable lengths to among
other things, attract new services, and maintain high service level and low operating
cost to enable them to face competition from other airports and transports models as
well as to maximize the generation of nonaeronautical revenues from terminal retail
services, increase acceptability and transparency to investors and develop vertical
relations with airlines and global airline alliances.

In this context, airport privatization has been regarded in many cases as a tool not
only for security proper financing but also for introducing improvements in airport
management.

There is an analytical stream of the literature that studies airports. Some recent
literature investigated airport privatization from a modeling perspectives [14–19],
among others.

As such, airports must add value to their main client groups, airlines and passen-
gers. A two side platform is capable of exploiting the demand interdependencies of it’s
clients and allows direct and indirect network effect to emerge or to be more intensively
generated. Airlines benefit if a two sided platform airport increases the number of
passenger benefit if the airport attract more airlines, more destinations and higher
flights frequencies.

We investigated whether of the management and as an outcome, enhances
the dynamic capabilities of airports, so their more closely resemble a two sided plat-
form [20]. Employed the concept of dynamic capabilities to describe, firms with timely
responsiveness and rapid flexible product innovation. We suspect that privatization
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may mark the birth of an entity that acts as facilitator allowing for previously unex-
ploited direct and indirect network effects between airlines and passengers to energy.

We test the hypotheses related to the consolidation of privatized airports as two side
platforms try empirically examining the possible impact of privatization airline
demand. We examine whether privatizations allows for market demand shift as asso-
ciated with the emergence of network effects and the possible positive feedback loops
triggered by them.

To date, the existing empirical literature applied to airports is scare. Invalid et al.
2012, who weather first to develop an empirically framework to investigate the
potential role of airports as the two side platforms. Bettini and Olivera, [21] raised the
hypothesis that carriers may anticipate the benefits and the entry inducement effects
associated with the enhanced two side platform on the case of recent privatization of
Brazilian airports and control for the sequence of public events with the airport
privatization.

4 Polish Airport Industry in 2015

Until 1987, airports in Poland operated under the centralized Air Traffic and Airports
Management. As a result of market changes at the beginning of the 1990s, privatization
of Polish airports took place on the basis of the law regulating ownership relations, thus
the second strategy was fulfilled [22].

As a result of market changes, government institutions became the owners/
operators of airport operators - government/municipal privatizations and public and
private companies [23]. The legal form of airports also changed.

In the European Union countries, most airports are dominated by public ownership
- state or local authorities. In Poland, all airports are public companies within the
meaning of the Article 106 of the Act 1 Treaty on the Functioning of the European
Union. In all airports, except for Szymany, public ownership dominates the structure of
capital. The structure of shares in Polish airports is shown in Table 1.

At most airports one of the shareholders is the “Polish Airports” State Enterprise,
but the involvement of local authorities in the development of the local transport
market is increasing systematically. There is a strong relationship between regional and
local development of settlement structures and the development of airports. Cities are
interested in the development of the aviation services market and often local authorities
support aviation infrastructure development initiatives in the region. An example is
included the opening of new regional airports in Modlin and Lublin in 2012.
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5 Types of Privatization

ICAO is following forms of ownership and models of airport management:

• government ownership,
• management contract,
• lease or concession,
• transfer of minority ownership,

Table 1. The structure of legal and management issues Polish airport industry for 2015 (Source:
[24–36])

Airport Legal
form

Share capital
in PLN

Owners in %
City Region Enterprise Polish

enterprise
airports

Bydgoszcz
BZG

S.A. 73549710 22.62 - Bydgoszcz 68.50 1.20 7.62
0.05 - Toruń
0.01 - Inowrocław
*0.00 - Sicienko

Gdańsk
GDN

Sp. z
o. o.

125290000 33.62 - Gdańsk 32.89 0 29.09
2.23 - Gdynia
2.19 - Sopot

Katowice
KTW

S.A. 137099300 4.89 - Katowice 34.87 42.48 17.30

Kraków
KRK

Sp. z
o. o.

101232000 1.04 - Kraków 22.73 0 76.19
0.04 - Zabierzów

Lublin
LUZ

58.42 - Lublin 36.19 0 0
5.39 - Świdnik

Łódź LCJ Sp. z
o. o.

162737500 94.29 - Łódź 5.71 *0.00 0

Modlin
WMI

Sp. z
o.o.

323824500 4.91 - Nowy Dwór
Mazowiecki

30.37 34.43 30.39

Poznań
POZ

Sp. z
o. o.

290385000 37.00 - Szczecin 24.00 0 39.00

Rzeszów
RZE

Sp. z
o. o.

470642600 0 53.78 0 46.22

Szczecin
SZZ

Sp. z
o. o.

135550000 33.39 - Szczecin
3.35 - Goleniów

13.52 0 49.74

Szczytno
SZY

Sp. z
o. o.

10633333 3.57 5.49 74.20 12.67

Warszawa
WAW

PP 0 0 0 100

Wrocław
WRO

S.A. 206830000 31.11 0 19.74 31.11

Zielona
Góra IEG

Sp. z
o. o.

380000 0 100 0 0
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• public-private partnerships, and
• private sector ownership and control [37].

Types and examples of airport privatizations all over the world are presented in
Table 2.

Table 2. Types and examples of airport privatizations all over the world (Source: [40])
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After 25 years of operation of airlines with majority share of public capital, there is
a need for further privatization and restructuring of Polish air transport companies.
Krajewski [38] believes that further privatization will enable and support restructuring
processes in enterprises, which in turn may prove to be a means of increasing the
competitiveness of enterprises in a competitive market. Graham presents five models of
privatization:

• share flotation,
• trade sale,
• concession,
• project finance privatization,
• management contract [39].

A similar classification is given by Poole [11, 41]. In turn, Kapur [42] makes more
detailed divisions. It distinguishes privatization techniques such as managerial contract,
B-O-T, B-O-O-T with variants, L-D-O and long-term leasing, redemption and entry
into the capital market. The authors analyzes the privatization of Polish airports based
on the models presented by Vogel and Graham. They are most often quoted in the
literature related to privatization in the aviation sector.

6 Some of Remarks About the Privatization Polish Airports

Polish airports function as public utility airports. Only the biggest one are the most
profitable. Thus, three concepts of privatization should be pointed out. The first concern
should be the “Polish Airports” State Enterprise in Warsaw, the second large regional
airports, mostly with positive financial results and third small regional airports.

The Ministry of Infrastructure and Development is desired commercialize the
“Polish Airports” State Enterprise. The project assumes transformation into a joint
stock company, although the only shareholder would be the State Treasury. The author
of the paper does not share the position of the Ministry of Infrastructure and Devel-
opment. From a business model point of view, the “Polish Airports” State Enterprise’s
continued existence is pointless. Such a view is shared by a part of the academic
community as well as experts in the field of air transport. It is proposed that the shares
of the “Polish Airports” State Enterprise in regional ports should be sold or transferred
to regional authorities. Warsaw Chopin Airport should be sold to an entity specializing
in airport management. What’s more, the airport in Zielona Góra should be handed
over to the marshal of Lubuskie Voivodship. This solution will provide the Warsaw
airport with capital, access to know-how, development of the network of foreign
connections and, above all, investment opportunities.

With regard to airports in Crakow, Gdańsk, Katowice, Wrocław and Poznań, the
concept of privatization should concern increasing the effectiveness of organization
management and the introduction of new instruments contributing to the quality of the
services offered. The best solution for this group of airports would be a 15–20 years
concession or managerial contract. Such solutions were successful in foreign airports.
This mechanism causes the public entity to retain the ownership of the airport while
entrusting operational and management activities to the private sector.
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For small regional airports, a concession method, a management contract, or a BOT
formula would be preferable. Such solutions contribute to the efficient management of
the potential air transport market, but above all they transfer the responsibility for the
financial result to the investor while maintaining the airport property rights. Never-
theless, in Polish conditions the proposed variants of privatization of this group of
airports, may lack interest of potential investors. In this situation, the only solution
could be selling to business.

7 Summary

It should be noted, however, that the opinions on the real effects of the privatization of
Polish airports will be various. Pool Jr., Vogel, Dennis believe that privatization con-
tributes to increased capital efficiency, while the Air Transport Research Society states
that there are no significant differences between privatized and state-owned airports [43].
However, the involvement of capital forces investors to pursue activities aimed at
achieving a high competitive position. This situation can be seen inmany foreign airports.

In conclusion, the privatization of regional airports is dependent on local govern-
ment. It should be noted that the privatization of air transport sector involves risks on
the one hand for investors, on the other hand for public entities owning or co-owning
airlines. Undoubtedly, the privatization process will result in the development of air
transport companies, which will lead to the development of competitive processes on
the industry market.
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Abstract. In this article, the authors described the problem of determining the
traffic conditions at intersections with traffic lights in the state of traffic over-
saturation. Based on their own research results gathered at three intersections in
different traffic density states, an accuracy analysis was conducted for vehicle
queue lengths calculation at the inlets of those intersections during various
assumed sampling periods. The authors also conducted an accuracy evaluation
of the estimation of vehicle queue lengths by means of several theoretical
methods used in the USA, Germany, Great Britain, Australia, Canada, and
Poland. That evaluation shows that in the case of traffic oversaturation states that
last longer, errors in estimation using those methods are significant, regardless of
the assumed sampling length. Based on the results of analyzing the obtained
errors, the authors suggest assuming the maximal sampling time of a 15-min
interval, while they recommend a 5-min one.

Keywords: Queue lengths � Urban signalized intersections

1 Introduction

The basic means of transport for dwellers of metropolises, as well as large and
medium-sized cities, in economically developed countries, is an automobile. Thanks to
its numerous advantages (above all travel comfort, time, and directness), it has been
dominating for over a quarter of a century when it comes to travelling. Due to the low
cost of second-hand vehicle purchase, it is also easily available in all of the above
mentioned countries. In the modal division of means of transport used in passenger
travel in the EU countries, an automobile constitutes 71% [1], and in the USA and
Poland around 80% [2, 3]. As a consequence, problems connected with high crowding
of the basic traffic networks in the key periods of carrier peaks occur in the majority of
the analyzed cities. The consequence of the overcrowding of urban traffic networks is
in turn the constitution of permanently long vehicle queues, especially at the inlets of
intersections with traffic lights. Because of that, individuals moving within a traffic
network are subject to more and more significant travel time losses, as well as a bigger
stress load, while also contributing to higher fuel usage, increasing the environmental
pollution and traffic noise levels.
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The observed conditioning of the escalation in traffic crowding in cities allows to
form an assumption that it is highly probable that in the near future, one will still be
forced to accept the significant travel time losses, both nationally and worldwide. The
main reason for that are certainly traffic-incapable road networks, mostly including
intersections with traffic lights, which almost always pose as “bottleneck” in a basic
network system. It needs to be stressed that the deteriorating state in traffic conditions is
significantly increasing beyond the traffic peaks, which has been observed for a longer
time.

Undoubtedly, in order to search for effective ways to improve the traffic conditions
in the crowded road networks, one needs to know the process of the traffic flow in such
networks more thoroughly, especially the process of forming and crowding of vehicle
queues in front of intersection inlets with traffic light sets. It needs to be remembered
(which a lot of designers and planners tend to forget) that the degree of traffic load
(volume-to-capacity ratio) at intersection inlets in the state of traffic oversaturation can
only be properly estimated by including the length of queues formed at the beginning
of the red light signal on individual lane groups:

X ¼ Qþ k0
ta

C
ð1Þ

where:
X - volume-to-capacity ratio of a traffic lane, a traffic lanes calculation group, an

inlet, an intersection, respectively [-],
Q - demand flow rate of vehicles arriving at the traffic lane, a traffic lanes cal culation

group, an inlet, an intersection, respectively in [veh./h],
C - capacity of traffic lane, a traffic lanes calculation group, an inlet, an inter-section,

respectively in [veh./h],
k0 - initial queue length, which occurs before the analyzed time period [veh.],
ta - duration of the analysis period in [h].

Incorrectly determined vehicle queue lengths, both initial (remaining from previous
traffic cycles) “k0” and maximum ones “KM” (occurring at the beginning of the green
light display) cause not only false estimation of the volume-to-capacity ratio at the
inlet, but also errors in determining other traffic conditions indicators, such as time loss,
number of stops, exhaust gas environmental pollution level, etc. It also has a major
influence on the correct match of the traffic signal control systems, especially including
the ITS, as well as determining the number and length of traffic lanes.

One of the significant problems with estimating the vehicle queue lengths k0 and
KM is the change in traffic conditions over time in the individual sections of a crowded
road network, concerning mainly the volumes of traffic outflow and traffic inflow. This
depends on both deterministic and random factors. In the case of small volume-to-
capacity states, such fluctuation does not affect the forming of remaining vehicle
queues significantly. However, such queues will occur after a certain boarder-line
volume-to-capacity state is exceeded. Should such a state last longer, vehicles
remaining in front of an intersection inlet during individual traffic light cycles will
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accumulate and, ipso facto, both k0 and KM will increase. This process shows that small
errors in the estimation of remaining vehicle queues after every individual traffic light
cycle may lead to significant errors in the estimation of the final value of such queues,
which constitute the sum of the vehicles that were not served in the individual cycles
from the vehicles which arrived during those cycles.

In view of the above mentioned facts both the estimation accuracy of the queue
remaining from a single traffic light cycle and the assumed analysis period are of great
importance. It is obvious that prolonging of the analysis time beyond one traffic lights
cycle will always cause averaging of the estimated values and it will be the greater, the
longer the assumed analysis period. The fluctuations of the vehicle queue lengths
values occurring in individual cycles will then be omitted. Undoubtedly, this influences
the queue lengths estimation errors. In some cases, overly averaging the values of
remaining queue lengths may make it impossible to define the moment of when a traffic
jam is created. An additional difficulty in the estimation of queue lengths is the fact that
the increase of a queue at the inlet occurs faster than its discharge. This is due to the
fact that the volume of vehicles stopping in front of every inlet is higher than the
volume of vehicles moving away from the queue at these inlets (Fig. 1).

In this dissertation, the authors attempt to determine the impact of the analysis
period on the estimation errors of queue lengths at intersection inlets with traffic signal
control systems, based on their own research.

The research on the vehicle queue lengths was conducted in 2016 in the city of
Bydgoszcz (a city of the size of approx. 176 km2 and the population of approx.
355 thousand), at three intersection inlets with traffic lights, placed in a basic city road
network system. The research was conducted using 10 digital cameras, installed
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Fig. 1. An example comparison of average time intervals between vehicles in the process of
vehicles leaving an intersection inlet, vehicles starting from the maximum queue and vehicles
stopping in the remaining queue
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together with power supply equipment along an intersection inlet and the area leading
to that inlet. The recorded video was then merged and synchronized, so that reading
and analyzing the data could be conducted using only one large screen.

The objective of the research was to specify the empiric lengths of vehicle queues
forming during single consecutive traffic signal cycles of:

• queues forming during the red light signal (at the end of the red interval) KC,
• queues remaining after the green light signal (residual queue lengths) KP,
• maximum back-of-queue size falling on a given traffic signal cycle (maximum

queue lengths) KM.

Altogether, almost 2 thousand traffic signal cycles on 5 lanes were analyzed.

2 The Currently Recommended Analysis Period Lengths
in the Estimation of Traffic Conditions at Signalized
Intersections

Any analyses of traffic conditions are most often conducted based on project guidelines
from broadly understood traffic engineering. One of the handbooks, considered by
many to be the most important guidelines in this field, is the publication called the High
Capacity Manual (HCM) [4] - subject to current updates since the 1950s. Depending on
the local conditioning of a particular country (motorization degree, road network
development, local traffic laws, etc.), the HCM has often posed as the model used to
compile other countries’ own guidelines. In Europe in turn, the German (HBS) [5] can
be considered the project guidelines model, therefore the authors took into account both
manuals, as well as the guidelines used in Great Britain [6], Australia [7], Canada [8],
and the Polish manual [9]. All of those dissertations contain calculation methods of
determining traffic conditions at signalized intersections including methods for esti-
mation of average vehicle queue lengths (average back-of-queue size).

A distinctive feature in the above mentioned guidelines [4–9] is the fact that for
intersections with traffic lights they introduce methods for calculating the discharge
time and the analyses of traffic conditions for substantial (hourly) values of traffic
volumes (characteristic to the estimation of the functional efficiency of an intersection
in the assumed analysis period). In planning and project applications, the typical,
recommended analyses period is the period of 15 min - corresponding to the highest
value of 15-min traffic volumes - due to significant changes in traffic fluctuations in
traffic peak periods. It is advised to use the period of 1 h exclusively in cases when the
changes in traffic volumes of vehicles arriving at an intersection inlet in 15-min sub
periods are insignificant. Regardless of the choice of the analysis period, substantial
measures of traffic conditions are first and foremost the average time losses, condi-
tioning the later determination of the so called “Level of Service”. This measure is
parameterized according to the interval scale of the average time losses while driving
through an intersection, connected with both the stopping of a vehicle during the red
light display and the possibility of intersection inlet overcharging (when the duration of
the green light display is not enough to serve the vehicles at the inlet). Average vehicle
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queue lengths, corresponding with such states (maximum and remaining queue
respectively) [5–9], are determined similarly. With respect to vehicle queue lengths
only the American guidelines [4], updated in 2010 and 2016, contain a calculation
model which includes the so called initial queues (occurring at the intersection inlet at
the beginning of the analysis period) in the course of calculation.

With regards to the course of calculation, a procedure including the period of 1 h,
taking into account four 15-min sub periods (multiple interval analysis), is a more time
consuming one. This procedure includes “overcharge shifting” marked in the given
sampling interval between the individual analyses sub periods. This overcharge,
identified with the “initial queue” is a simple balance of the demand surplus (traffic
volume for vehicles arriving at the intersection inlet) over the supply (service ability -
capacity of the intersection). This simple procedure is found in both the American
guidelines [4], as well as for example in the Polish guidelines [9] - and it is recom-
mended during a detailed diagnosis of the existing state of an intersection. It needs to
be stressed here that in multiple interval analyses, the estimation of initial queue lengths
is only used when determining average time losses and not in the method for deter-
mining the average length of remaining and maximum queues.

3 The Analysis of Vehicle Queue Lengths Research Results

3.1 The Analysis of Vehicle Queue Lengths Time Variability in Inlet
Oversaturation

The consequence of a generalization of reliable traffic volume results for 1-h or 15-min
periods is obtaining “very average” traffic conditions that existed or can exist in a
particular element of a road infrastructure. An average value omits extreme states
occurring in congestion periods (but not resulting from random incidents).

In order to present this better, an example will be described. It can be assumed that
in a 1-h analysis period the density value does not exceed the capacity of the inter-
section in a 1-h period (it is about 10% lower). It will also be assumed that the analysis
concerns a peak period (commuting from work or school, travelling to shopping
centres, etc.). Simple calculations therefore show that there were no traffic conditions
that would significantly deteriorate the functioning efficiency of the analyzed inter-
section inlet and that within that period all the vehicles arriving at the inlet should be
served. It can also be assumed that hypothetically shortening the analysis period to
15 min will not cause significant fluctuations of the traffic volumes - it will be assumed
that they are close to each other, and the fluctuations of the traffic density values do not
exceed 5%. Intuitively it can be therefore assumed that there were no overcharges at
that element of the road infrastructure.

The situation becomes highly complicated when analyzing fluctuations of the traffic
volume in even shorter sampling intervals. Therefore, let one take into consideration
the current conditioning of transport systems in large and medium-sized cities, when
one is concerned with an increase in obligatory travel in the entire city area, practically
in the very same moment. A situation of a very high transport demand is caused here,
therefore a very large impulse of traffic volumes occurs (for example in a *5�10-min
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period), which causes significant disruptions in the traffic and leading to traffic over-
charges at the inlets of many intersections. It is to be expected that the traffic density
values for vehicles arriving at the inlet of a given intersection may exceed the ability to
serve the vehicles during the green light display (the capacity) even several times in
those several minutes. This means that the length of vehicle queues may reach beyond
the designated accumulation areas, stretching even to the neighboring intersections
(and such situations are encountered in reality after all). Should the traffic volume be
kept on a similar level in the remaining sampling intervals (no significant fluctuations),
permanent oversaturation of an inlet will occur. Only when the traffic volume will
decrease in its value significantly (within several consecutive traffic signal cycles), will
the vehicle queue be unloaded.

In order to better present the described example, the results of a research on the
maximum queue lengths variability can be used, pictured in Fig. 2.

Using synthetic analysis on the research results presented in Fig. 2, it is clearly
observed that in the period of the first and the fourth measuring hour, the average
maximum queue length, in the analysis period of both 15 and 60 min, provides small
estimation errors. In the case of the two remaining measuring hours (time period
7:00�9:00), during which there was a communication peak, the estimated values for
both sampling periods diverged from the empiric maximum lengths of vehicle queues,
including of course large discrepancies in the case of a 1-h interval. Running the
analysis in a shorter sampling interval, for example 5 min, adequately estimating the
average values may capture the course of change in the process for both the increase
and the unloading of the maximum queue, at the same time providing acceptable errors
of the empiric average empiric vehicle queue lengths.
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3.2 The Analysis of Errors in the Estimation of Vehicle Queue Lengths
for Various Analysis Periods

The following time ta frames were assumed to analyse the errors in the estimation of
vehicle queue lengths: 1.00 h, 0.50 h, 0.25 h and 0.08 h. The difference between the
value measured in a particular signal cycle and the average value defined from the
empiric values in particular signal cycles in a given analysis period ta was accepted as
the estimation error.

The results of the analysis from all the research intervals were compiled in Table 1.
Figure 3 illustrates the dispersion in the values of average maximum queues lengths as
compared to the lengths of those queues occurring in the individual cycles for the
above mentioned analysis periods, obtained from the research in one of the research
intervals. And Fig. 4 shows the distributions of the values of errors in the estimation of
average maximum queue lengths for those analysis periods.

The analyses results presented in Table 1 and in Figs. 1 and 2. Clearly show an
increasing dispersion of the errors made while estimating the average values of vehicle
queue lengths together with the increase of the analyses period. Despite the fact that the
obtained average values of those errors are not high (*2 � *5 veh.), special attention
needs to be paid to the obtained dispersions of the estimated values, which are even up
to ± 30 veh. When it comes to the maximum queue, the frequency of errors occurrence
in the estimation of the relative value of vehicle queue lengths with the value higher
than 5 veh. equals: *34% for a period of 1 h, *13% for a period of half an hour,

Table 1. The results of statistical analysis of errors in the estimation of average queue lengths.

Queue type ta Δk h R

KC 1.00 1.98 2.54 17.14
0.50 1.83 2.38 16.23
0.25 1.67 2.15 15.95
0.08 1.34 1.75 13.33

KP 1.00 3.63 5.55 54.66
0.50 4.20 6.00 53.60
0.25 3.68 5.37 49.00
0.08 3.12 4.83 28.50

KM 1.00 4.77 6.63 58.48
0.50 3.71 5.03 50.60
0.25 2.95 3.86 43.00
0.08 1.89 2.45 19.67

where:
ta - duration of the analysis period [h];
Dx - average estimation error [veh.];
h - standard deviation of error
distribution [veh.];
R - error distribution gap [veh.].
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*11% for a period of 15 min, and *3% for a period of 5 min. The quoted data
indicate how large the scale of errors is when analyzing the traffic conditions for
analyses periods exceeding the 5-min measuring interval.

It also needs to be noted that the average remaining queue lengths estimation errors
have the main influence on the dispersion of the average empiric maximum queue lengths
results, for the results of the analysis show that the smallest mean square error of average
empiric values estimation concerns lengths of queues forming at red light display.

3.3 The Comparison of Average Empiric Values with Theoretical Values

In order to better show the currently occurring problem of imprecise vehicle queue
lengths estimation at intersection inlets with traffic lights in the world, the analyses
results illustrating the differences between the average values of maximum queues
obtained from both research and estimation based on selected calculation methods will
also be presented [4–9].

A detailed comparison of some of the average vehicle queue lengths estimation
methods was described by the authors in their dissertation [10]. All the analyzed cal-
culation methods provide very similar estimation results. General differences between
those methods in the obtained results did not exceed *1 veh. It only needs to be noted
that no significant estimation correction results have been acquired within the updates of
the Australian method (2013) and the American method (2010 and 2016). Because of

Averaging period: ta = 0,08 h

0 10 20 30 40 50 60 70

Empiric queue length [veh.]

0

10

20

30

40

50

60

70

Av
er

ag
e 

em
pi

ric
 q

ue
ue

 le
ng

th
s 

[v
eh

.] 
in

 a
 p

er
io

d 
of

 0
,0

8 
h

r2 = 0,9616

Averaging period: ta = 0,25 h

0 10 20 30 40 50 60 70

Empiric queue length [veh.]

0

10

20

30

40

50

60

70

Av
er

ag
e 

em
pi

ric
 q

ue
ue

 le
ng

th
s 

[v
eh

.] 
in

 a
 p

er
io

d 
of

 0
,2

5 
h

r2 = 0,9049

Averaging period: ta = 0,50 h

0 10 20 30 40 50 60 70

Empiric queue length [veh.]

0

10

20

30

40

50

60

70

Av
er

ag
e 

em
pi

ric
 q

ue
ue

 le
ng

th
s 

[v
eh

.] 
in

 a
 p

er
io

d 
of

 0
,5

0 
h

r2 = 0,8384

Averaging period: ta = 1,00 h

0 10 20 30 40 50 60 70

Empiric queue length [veh.]

0

10

20

30

40

50

60

70
Av

er
ag

e 
em

pi
ric

 q
ue

ue
 le

ng
th

s 
[v

eh
.] 

in
 a

 p
er

io
d 

of
 1

,0
0 

h

r2 = 0,7197

Fig. 3. The dispersion of the values of average empiric maximum queues as compared to the
maximal queues occurring in the individual cycles for four analysis periods (Fig. a - 1.00 h,
Fig. b - 0.50 h, Fig. c - 0.25 h, Fig. d - 0.08 h)
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that it was decided to perform simulation calculations for mathematical models included
in the dissertations [4–9] and to establish an average value from the obtained results,
which was then compared to with empiric values. The analyses results were compiled
for sampling periods recommended in the guidelines, i.e. 1 h and 15 min.

This analysis was conducted for three inlets at three intersections with traffic lights.
The results of the analysis are presented in Fig. 5. They clearly indicate an increase in
average vehicle queue lengths estimation errors using theoretical methods in relation to
average empiric values when assuming the sampling interval of 1 h in relation to a
15-min interval.

The analysis also shows a vast difference between empiric values and theoretical
lengths of maximum queues for both analysis periods, for example around 245–265 on
the first research section and 355–375 of a signal cycle (the periods of a very dynamic
increase and decrease of the queue length).

In the case of the analyses of the average vehicle queue length theoretical values
calculated using the quoted mathematical models [4–9], three conclusions need to be
noted:

• estimating with their help of average vehicle queue lengths is rather parallel with the
empiric values when no oversaturation of the intersection inlet occurs; when
oversaturation does occur and it persists through a longer period (of several con-
secutive signal cycles), the estimated values do not reflect the traffic conditions
prevailing at the intersection inlet whatsoever,

Averaging period: ta = 0,08 h

-9,00 0,83 10,67

Estimation error values [veh.] in a period of 0,08 h

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

Fr
eq

ue
nc

y 
[%

]

Averaging period: ta = 0,25 h

-28,50 -17,75 -7,00 3,75 14,50

Estimation error values [veh.] in a period of 0,25 h

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

Fr
eq

ue
nc

y 
[%

]

Averaging period: ta = 0,50 h

-21,73 -9,08 3,57 16,22 28,87

Estimation error values [veh.] in a period of 0,50 h

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

Fr
eq

ue
nc

y 
[%

]

Averaging period: ta = 1,00 h

-31,55 -16,93 -2,31 12,31 26,93

Estimation error values [veh.] in a period of 1,00 h

0%

5%

10%

15%

20%

25%

30%

35%

40%

45%

50%

Fr
eq

ue
nc

y 
[%

]

 

Fig. 4. The distribution of the error values in the estimation of the average empiric maximum
queue lengths for four analysis periods cases (Fig. a - 1.00 h, Fig. b - 0.50 h, Fig. c - 0.25 h,
Fig. d - 0.08 h)
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• as it was to be expected, the analyses results from the 0.25 h period are more
accurate than the results of analyses conducted for the period of 1.00 h; however, it
needs to be stressed that in the states of high traffic density at the inlets, the results

Fig. 5. The comparison of average empiric maximum queue length values with theoretical
values for various durations of analyses periods (where: 1, 2, 3 - the number of a research
section)
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of queue lengths estimation are very inexact - regardless of the length of the chosen
analysis period,

• the authors’ earlier conclusions presented in the dissertation [10], concerning
incorrect estimation of average vehicle queue lengths using the calculation methods
employed worldwide in the states of increased crowding, are confirmed.

The end period from the upper chart’s analysis (the first research section) is also
worth mentioning. For almost 5 h of measuring, the queue length reached the neigh-
boring intersection. As a result, the value of demand flow rate for vehicles arriving at
the inlet of the analyzed intersection was approximately equal to the capacity of that
inlet. Thus, technically, excluding the vehicles in the queue, the traffic conditions that
prevailed corresponded with the inlet volume-to-capacity ratio at a 1:1 level. Owing to
such status quo, the mathematical models estimated the average maximum queue
length in a majorly understated way, while the empiric average queue length for both
analysis periods was similar in that period and to a vast extent parallel with the results
noted in the individual signal cycles.

4 Summary

The problem discussed in the article turns out to be a substantial one from the point of
view of basic measurements of traffic conditions at intersections with traffic light,
including vehicle queue lengths. It was clearly shown that with the increase of the
analyses periods, the average estimation errors become larger, and so do the discrep-
ancies in the estimation results.

The article also proves that averaging of the empiric vehicle queue lengths in
periods longer than 15 min significantly “blurs” the actual traffic conditions at the inlets
of signalized intersections (practically omitting extreme conditions whatsoever). In the
authors’ opinion, the problem of overcrowding of road networks poses a serious
challenge in the nearest future for engineers and scientists, especially in developing
countries, where the motorization indicator is constantly increasing (for example in
Poland). Hence the authors’ suggestion not to use a period of 1 h in the traffic con-
ditions analyses whatsoever. The maximum period of traffic conditions analyses at
intersections with traffic lights can be a period of 15 min, and a recommended one
should be 5-min period.

Special attention should be paid to significant errors in average vehicle lengths
estimation, based on calculation methods currently used in the world [4–9] in the states
of overcrowding. Thus, establishing a correct calculation procedure becomes an urgent
issue. Thorough establishing of remaining and maximum vehicle queue lengths at
intersection inlets with traffic lights should contribute to more precise determination of
traffic freedom degree, and in turn lead to optimal solutions from the scope of planning
and designing of road infrastructure, constructing traffic signal control programs, or
dynamic traffic management in urban areas.
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Abstract. Setting optimal scenario for traffic lights on crossroads is very
important task related to modeling of modern, ordered traffic in smart cities. In
this article modifications of traffic lights phases control algorithms on crossroads
with different densities have been presented. Comparative analysis of chosen
algorithms effectiveness for defined area has been also made. Particularly
strategies based on traffic detectors placed in front or behind a crossroad and
algorithm “injecting” cars have been compared. The second solution is dedi-
cated to situation with autonomous (driverless) vehicles working with high time
accuracy. Solutions developed using traffic simulation allowed to prove that
proposed modifications of traffic lights control algorithms can improve effec-
tiveness in specified cases.

Keywords: Intelligent � Transportation systems � Traffic efficiency � Traffic
simulators � Adaptive traffic signal control

1 Introduction

The essential problem in cities is growing traffic density. The system effectiveness
improvement is possible to achieve by road network development or by improving
traffic patency. This subject, known as effective traffic management, including for
example traffic lights control, is a part of Intelligent Transportation Systems (ITS) [1].
Nowadays there are three main strategies of traffic lights control: constant in time,
actuated and adaptive [2].

When establishing the schedule for constant time based traffic lights, historical data
on traffic in different time of the day is being used. However the settings are not always
suitable for current needs. To deal with real time traffic lights control, adaptive
strategies were introduced. They usually base on signals from parts of road infras-
tructure called detectors – video cameras, induction loops, etc. The well known
adaptive strategies are: ACS-Lite [3], Scats [4], Scoot [5], OPAC [6], UTOPIA [7].

The goal of this article is to analyze and compare efficiency of selected algorithms
and proposal of change in existing traffic light control algorithms. Literature analysis
was made; the area of simulated environment was defined and evaluated chosen
strategies and algorithms performance.
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2 Related Work

The literature presents different methods and technologies, which allow managing
traffic lights more efficiently. Generally it can be said that the essence of controlling
traffic lights are algorithms switch traffic lights depending on traffic density [8].
However it should be noted that it is very common to use sensors such as induction
loops and video cameras to collect data and pass it to algorithms dedicated to traffic
light control. In [9] authors suggested using Simultaneous Perturbation Stochastic
Algorithm (SPSA) to compute in real time the best setting of signals in order to
minimize the time of passing the crossroad. Some research concerns about signal
control using video cameras. In [10] authors uses video stream from cameras on the
crossroad to compute current traffic density in real time. Obtained results feed the
algorithm switching traffic lights according to cars density, which is supposed to
decrease traffic jams, thereby decreasing number of accidents. In [11] authors devel-
oped new controller (EOM-ANN Controller) of traffic lights based on neural networks.
In this area of research, also the idea of self-organizing traffic lights has been described.
In [12] authors presented distributed algorithm for traffic lights control. Hybrid algo-
rithms [13] that combines Fuzzy Logic Controller (FLC) and Genetic Algorithms
(GA) have been developed and tested for effectiveness. Distributed scheduling strategy
based on Lagrangian relaxation and subgradient method have been presented in [14].
The next proposal is applying warning lights supporting traffic lights to avoid traffic
jams [15]. As in constant time based traffic lights, as well in adaptive genetic algo-
rithms are used. In this case they are not used to set duration of each phase, but for
example for finding weights to apply in artificial neural network [16]. The issues of
traffic control algorithms and modelling were also discussed in [17–26].

3 Theoretical Background

This section describes three approaches for optimization of adaptive traffic lights. All
the solutions are similar, in the idea to activities, to the policeman controlling traffic at
the intersection and drawing attention to the length of the vehicles queue waiting to
enter the intersection or lack of place after the crossroad.

3.1 Evaluating the Length of Queue Before the Crossroad

Authors of [27] focus on providing optimal local solutions, which means that it is going
to work in the area of one crossroad. Traffic light phase duration adjustment algorithm
was shown on example of road network, which consist only of one-way roads from
south to north and from west to east and distances between all adjacent crossroads are
equal. Algorithm works for traffic lights cycle containing two phases and whole cycle
duration, which is the sum of both phases’ durations, is constant. First step of the
algorithm is the initialization of phase’s duration, which is set to half of cycle duration.
Afterwards next steps of simulation are being run in a loop and in each iteration queue
length in each direction is being kept in memory. Alter some time (called decision
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time), in case of queue lengths in intersecting directions differing by more than 10%,
phases duration are being changed as follows: it is being increased for direction with
longer queue and decreased for perpendicular direction.

3.2 Using Induction Loops Behind Crossroads

Research published in [28] concerns about placing induction loops behind the cross-
road to measure cars density there and make green light phase shorter if there is no
possibility to drive after passing the crossroad. Different options of placing induction
loops behind the crossroad have been tested using cellular automata based simulator.
Presented solutions have been compared to the situation which could occur without
switching traffic lights state basing on data collected from sensors in both cases: when
drivers obey the law in term of not entering the crossroad when there is no place behind
to leave it and when they break this rule. When the traffic was intense, higher
throughput was achieved on crossroads with induction loops.

3.3 CarInjection

The main assumption of the CarInjection algorithm [29] was to allow passing the
crossroad by the cars, when there are no cars approaching on perpendicular direction.
When traffic density on one of intersecting roads, for which traffic light is green, is so
low that there is a gap between cars (which means that there is a free space of given
length between traffic light and next approaching car), the algorithm forces earlier lights
change. This behavior leads to allowing the cars waiting on red light on perpendicular
road to receive green light and pass the crossroad, and the signal for road with free space
becomes red. In case of high traffic density, when it is not possible to find free space on
any road, lights are controlled by previously set constant time program.

4 Research Finding

In this section the research environment and simulation scenario are presented. Then
effectiveness measures for comparing algorithms are defined.

4.1 Research Environment

To do the research SUMO (Simulation of Urban MObility) [30] traffic simulator was
used. The main reason was the popularity of SUMO in similar research, for example in
[31–34]. To do the research described in this article the software written in Python
language was developed. It was integrated with SUMO using interface named TraCI
(Traffic Control Interface) [35], which allows getting information about current state of
objects and changing their state. It’s capabilities include for example getting data from
detectors, getting vehicles data, getting and setting state of traffic lights.
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SUMO allows placing on roads three different traffic detectors: induction loops,
lane area detectors and multi-entry multi-exit detectors.

4.2 Simulation Scenario and Effectiveness Measures

To test the effectiveness of traffic lights control algorithms, the simulation scenario
containing the map of roads network (Fig. 1), placement of detectors and vehicles
generation setup has been developed, according to [36]. Traffic lights on each inter-
section is working using two-phase program: the first phase allows movement of
vehicles on roads from north to south and from south to north, and the second phase –
from west to ease and from east to west.

Vehicles movement has been set up to ensure appropriate traffic density, depending
on configuration file that has been used. Depending on needs, we have used following
types of files with density configuration: cars can drive straight or turn right once; cars
can only drive straight; cars can drive straight and density is constant and has a high
value for west-east direction, but density for north-south direction is being set for each
configuration file. The effectiveness of given algorithm can be measured using fol-
lowing criteria: throughput, probability of congestion relieve, etc.

In this work two criteria have been used to compare tested algorithms: number of
vehicles which drove through the whole network of roads and accumulated time when
cars are stopped in front of traffic light or another car.

5 Test Methods of Algorithms for Adaptive Traffic Lights

To test the effectiveness of presented solutions for adaptive traffic lights, traffic sim-
ulations using each of presented methods have been run with different traffic densities.
Data on the total time to stop vehicles are the average of a number of simulations for
each case. The final simulation results are the average of the results for the total time to
stop vehicles compared with the corresponding average of the results obtained using
fixed traffic lights. Duration of each simulation has been set up to 1500 steps.

Fig. 1. Screenshot of map of the tested area opened in SUMO with crossroads identifiers added
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Algorithm of phase duration modification has been adjusted to simulation scenario
in the following way: queue length on one-way road has been replaced with sum of
queues lengths on two opposite lanes of two-way road. Initial phases durations for each
traffic light have been set to values obtained as a result of constant time based traffic
lights optimization. The threshold value of difference between queues lengths have
been set to 10%, exactly as in original solution and time between making decisions
have been set to 100 steps instead of 300 to make it possible for control algorithm to
adjust traffic lights phases duration to traffic density before the end of whole simulation
(1500 steps).

To determine length of queue, lane area detectors available in SUMO have been
used. They have been placed on every entry of every crossroad. Length of each detector
has been set to 50 meters. Placement of detectors for example of one crossroad is
shown on Fig. 2a.

From presented cases of placing detectors behind the crossroad, the following two
strategies have been chosen:

1. setting red light for direction, for which stopped cars were detected on lanes in both
sides – to allow this solution to work properly, inductions loops have been moved
further from crossroad comparing to original solution (they are placed not directly
behind crossroad, but about 10 meters from it) – Fig. 2b,

2. setting red light for direction, for which queue behind crossroad is longer (com-
parison is made between sum of queues lengths on both opposite sides of crossroad)
– Fig. 2c.

The CarInjection algorithm has been implemented according to description in
Theoretical background section. The condition of existence of free space in front of
crossroad is fulfilled, if on values gathered from detectors on both sides of crossroad
allows finding out that there is no car in this place. To detect free space, lane area
detectors have been used. They have been places as shown on Fig. 2a, but the length
has been limited to 20 m. Detectors length have been chosen basing on several
experiments, which showed that if the car approaching the crossroad is more than 20 m

Fig. 2. Arrangement of the road detectors (a) lane area at the crossroad - in the solution with the
modification of the length of the phases based on the queue length (b) induction loops; (c) area
detectors
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away, then it can receive red light to give way to car from perpendicular direction and
traffic light will switch back to green until that car stops. We assume that car is
autonomous and there is not human factor (the driver), whose reaction can include
changing of vehicle speed.

5.1 New Solutions Proposals

Two new solutions for choosing current traffic light phase, based on solutions described
above, are developed. They use values gathered from lane area detectors.

Determining length of queue before crossroad - method based on [17], but in this
case, algorithm is controlling traffic light “live”, not using data gathered in several
hundred of simulation steps. This can cause faster reaction of controller to changing
traffic density. Algorithm presented as list of steps:

1. Sum queues lengths from both sides of crossroad for each direction, assume that
queue length equals 0 if there is no car.

2. If green light is set for north-south direction and both queues lengths are non-zero:
a. if lWE > a � lNS, switch traffic light to next phase,
b. if lNS > a � lWE, leave current phase active.

3. If green light is set for west-east direction and both queues lengths are non-zero:
a. if lNS > a � lWE, switch traffic light to next phase,
b. if lWE > a � lNS, leave current phase active.

4. If none of the above conditions led to select phase, continue to control traffic light
according to constant time based program.

In formulas in algorithm description the following symbols have been used: lNS -
sum of queue lengths for north-south direction, lWE- sum of queue lenghts for west-east
direction, a - constant factor.

This method has been tested for different values of factor a, which goal is to
decrease sensitivity of controller, to disallow too frequent phase changes.

Occupied road ratio indicated by lane area detectors - the second strategy is based
on ration of occupied space gathered from lane area detectors (what part of detector
area is occupied by vehicles). It consist of following steps:

1. Compute sum of occupation ratio on both crossroad sides for each direction.
2. If green light is set for north-south direction:

a. if oWE > b � oNS, switch traffic light to next phase,
b. if oNS > b � oWE, leave current phase active.

3. If green light is set for west-east direction:
a. if oNS > b � oWE, switch traffic light to next phase,
b. if oWE > b � oNS, leave current phase active.

4. If none of the above conditions led to select phase, continue to control traffic light
according to constant time based program.

The following symbols have been used: oNS - sum of occupation ratio in front of
crossroad on north-south direction; oWE - sum of occupation ratio in front of crossroad
on west-east direction; b - constant factor. Using these factors disallows changing lights
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too often, what has been identified as a problem on the beginning of this algorithms
development.

6 Research Results

Values presented in tables are results obtained when testing given algorithm as a
percent of result of constant time based traffic lights control. The 100 value means there
is no change, higher value means worse result and lower value means better result.
Algorithms in tables are marked as follows: ql – phase duration change based on queue
length in defined time; b1, b2- application of induction loops behind crossroads; ci –
CarInjection algorithm; jl – method based on queue length in front of crossroad, with a
factor presented in table; occ – method based on space occupancy in front of crossroad,
b factor values are presented in Table 1.

The best solution when traffic density is very low is CarInjection algorithm, It is
caused by the case when density is low, car approaching the crossroad on one road can
cause immediate switching of its direction light to green, because it is very unlikely that
there is a car approaching this intersection on the perpendicular direction at the same time.

The worst result has been achieved for one of methods using detectors placed
behind crossroad. The cause of it is that algorithm is checking what is happening
behind the crossroad and if there is a jam for cars driving strait through the crossroad, it
switches traffic light phase. If the car waiting in front of traffic light has set route to turn
right on this crossroad and it receives green light, the traffic jam on perpendicular
causes blocking cars on this intersection (Table 2).

For each of tested configurations, it turns out that the best methods are CarInjection
and algorithm using occupied space evaluation. First of them is better for lower traffic
densities, but the second is proved to be more effective fro higher densities. The rest of
algorithms gave us better results in some cases, but it was not meaningful and

Table 1. Changing the sum of times to stop vehicles using different algorithms for the
configuration of the defined values of the traffic (identical for all roads) that have the option turn
right.

Algorithm Intensity

0.010 0.064 0.119 0.173 0.228 0.282 0.337 0.391 0.446 0.500

ql 98.15 475.2 158.33 298.11 348.36 540.84 239.35 343.85 194.33 134.44
b1 100 100.27 216.56 69.85 99.63 97.88 100.05 99.52 100.51 99.96
b2 100 1597 1556 784.58 1493 1672 1673 1426 1476 1566
ci 0.05 101.81 92.14 127.73 314.91 83.59 95.71 88.43 227.1 92.96
jl(a = 8) 100 91.91 115.36 50.37 90.17 86.31 91.58 94.29 94.4 96.59
jl(a = 11) 100 96.1 91.94 80.98 87.36 184.07 96.29 99.99 99.38 97.47
jl(a = 14) 100 98.54 93.27 52.43 207.59 91.68 99.97 100.93 100.6 101.12
occ(b = 3) 1.83 92.43 574.72 46.86 116.09 132.71 90.05 204.44 85.2 250.13
occ(b = 4.3) 1.62 120.01 239.98 150.06 85.77 81.26 89.6 100.08 176.77 302.83
occ(b = 5.6) 1.55 87.28 222.47 175.29 88.13 99.68 89.51 91.78 210.68 109.78
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sometimes results were significantly worse. Worst results have been observed for
application of detectors behind crossroads, but in case of high density of cars moving
straight through crossroad it showed some effectiveness improvement, which lets us to
say that this solution could be used not instead other algorithms, but as a method which
supports them.

7 Summary

This article focuses on current problem of modelling effective traffic lights control. The
goal of the research was to propose changes in adaptive traffic light control algorithms
and tries to achieve chosen algorithms effectiveness. Two algorithms changes have
been proposed and tested using simulator named SUMO extended with software
developed during this research. Methods based on comparing selected data gathered
from detectors placed on every crossroad on entries and exits have been used. Deci-
sions have been made based on cars existence and speed data collected from induction
loops, as well as queues lengths and space occupancy collected from lane area detectors
available in simulator. Conducted Experiments proved that developing algorithm,
which would be common for different traffic types is a very hard task to solve. However
during the research, best results have been achieved using CarInjection algorithm and
one of proposed strategies, which based on space in front of crossroad occupancy.
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Abstract. In recent years, there has been a large increase in individual trans-
portation due to rising living standard and systematic economic preference of
individual car transportation and a road network in terms of capacity and per-
meability ceases to satisfy. Traffic collapses, congestions, accidents and a further
negative impact on the environment are gradually becoming a common part of our
lives. In spite of large investments into the infrastructure development, the traffic
situation is constantly getting worse. In our contribution, we analyze the inter-
section of roads n. I/65 and III/2144 near the city ofMartin, which is very busy and
we propose possible solutions using microscopic simulation in software Aimsun.

Keywords: Traffic survey � Basic capacity � Safety � Microscopic simulation

1 Introduction

Transportation is a phenomenon consists of a large amount of particular features, which
create a comprehensive unit. Human activity is always primary within transportation
because manages and controls movement of transport modes in time and space (except
planning and organizing).

In recent years, there has been a large increase in individual transportation due to
rising living standard and systematic economic preference of individual car trans-
portation. Road network in terms of capacity and permeability ceases to satisfy. Traffic
collapses, congestions, accidents and further negative impact on the environment are
gradually becoming a common part of our lives. In this case, new communications and
interchanges are building.

In spite of large investments into the infrastructure development, the traffic situation
is constantly getting worse. An intersection is a point where traffic flows are meet,
connect, disconnect and intersect from all intersecting roads. It is a point where in
ground plan road communications meet or intersect and they are connected to each
other. [1] Because of these facts, an intersection has to have sufficient permeability.
Otherwise, all traffic flows could stagnate on the intersection or in front of it. When we
are making decision about type, shape and location of an intersection we have to take
into account the requirement to ensure safety and smoothness of traffic flows.

© Springer International Publishing AG 2018
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2 Characteristic of the Chosen Intersection

The chosen intersection of roads I/65 and III/2144 is situated near the city of Martin,
about 4 km of Bystrička village. Most of active working population commute to work
to Martin. The chosen intersection is very problematic and the main road is overloaded.
Figure 1 shows the intersection highlighted in the circle. The intersection entrance from
Bystrička- left turn is very hard to drive through and also there are high delays on the
entrance to the village especially in the morning peak hour.

2.1 Realization and Evaluation of Junction’s Transport Survey

Our task was to analyze and solve delays on the intersection entrances D and C. We
have performed a transport survey on the chosen intersection (Fig. 2). The survey was
focused on traffic intensity on each enter to intersection and also routing of traffic. After
that, we evaluated this transport survey, analyzed transport situation and identified
possible solutions.

Junction counting is a special type of direction transport survey, where traffic
routing is determine on small area. It is used to detect the movement of vehicles in the
intersection, and thus to determine the intensity of traffic in each direction in the
observed time interval. Accuracy of traffic peak hour depends on the chosen time
interval. The previous surveys have shown that survey of intensity of individual
transportation should be made in an average day of week (Tuesday, Wednesday or

Fig. 1. Location of the chosen intersection (Source [5])
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Thursday) and in months from March to June, September and October. The minimum
duration of survey should be 4 h.

We have performed this transport survey on Thursday 2nd of June 2016. The first
part we were performing in time from 6:00 a.m. to 10:00 a.m. and the second one from
1:00 p.m. to 5:00 p.m.

Vehicles which entranced to junction we have recorded to census form in the
chosen time intervals and divided according to type of vehicle and direction. Location
of each standpoints are shown on Fig. 2.

2.2 Evaluation of Transport Survey

The total number of real vehicles, which entered the intersection, is:

• from 6:00 a.m. to 10:00 a.m. - 6 106 vehicles,
• from 1:00 p.m. to 5:00 p.m. - 6 701 vehicles,
• during 8 h of survey the sum of vehicles was 12 807.

The morning peak hour was from 7:15 a.m. to 8:15 a.m. when 1 724 vehicles
entered intersection. The morning peak quarter-hour was from 7:45 a.m. to 8:00 a.m.
when 493 vehicles entered the intersection. The cartogram of intensity on each entrance
during traffic peak hour in the morning is on Fig. 3.

Fig. 2. Location of the chosen intersection and marking of standpoints (Source own study
according [5])
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The afternoon peak hour was from 3:00 p.m. to 4:00 p.m. when 1 872 vehicles
entered the intersection. The afternoon peak quarter - hour was from 3:45 p.m. to 4:00
a.m. when 520 vehicles entered the intersection. The cartogram of intensity on each
entrance during traffic peak hour in the afternoon is on Fig. 3.

3 Capacity Calculations of the Chosen Intersection

We have used obtained information from transport survey to capacity calculations
according to technical conditions TC 16/2015. Individual calculating procedures serve
as a base for a documentation, which considers a fact that the chosen intersection
permeability is sufficient for traffic volume with the movement in required quality. The
intersection is uncontrolled. Calculations are based on data which were obtained from
transport survey. The permeability of the intersection is approximately 600–800 vehi-
cles per hour. Pedestrians and cyclists are not taking into account in calculations [2]. The
actual traffic volume of all allowed traffic movements at the intersection is a prerequisite
for using the following methods of calculation. It is necessary to define levels of traffic
flows (Fig. 4).

Fig. 3. Cartogram of intensity in the morning and afternoon peak hour

Fig. 4. Traffic flows marking on the chosen intersection (Source [2])
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Traffic flows are divided into four levels depending on the duty to give way
(Table 1):

• 1st level - main flows in forward direction from main direction, right turn from main
direction,

• 2nd level - once subordinated flows left turn from main direction, right turn from
side road,

• 3rd level - twice subordinated flows forward direction from side road,
• 4th level - triple subordinated flows left turn from side road.

Particular levels of quality mean:

• level A: Most of road users can pass the intersection without any affect. The delay
time is very short,

• level B: Vehicles on the entrance to the intersection are partly affected. The delay
time is short,

• level C: The delay time is longer but acceptable. Isolated short queues occur,
• level D: Significant time delays. State of traffic flow is stable, although temporary

queues occur on entrances,
• level E: Congestion occurs and does not reduce within existing load. Time delays

are very high. Sensitive dependence is characteristic. Small changes of a traffic load
will trigger a rapid increase of time delays,

• level F: number of vehicles which enter intersection in time unit is bigger than
capacity of intersection. Long queues of vehicles are made, time delays becoming
unsustainable, intersection is overloaded.

Table 1. Evaluation of traffic flows quality.

Evaluation of traffic flows quality

Traffic flow Reserve of capacity Ri and Rm

[pcu/h]
The average time
delay wi and wm

[s] or QSV

Comparison with the required
time delay

1 526 < 10 A Acceptable

7 486 < 10 A Acceptable
6 403.5 < 10 A Acceptable
12 442.5 < 10 A Acceptable

5 1.2 > 45 E Inappropriate
11 25.6 > 45 E Inappropriate
4 16 > 45 E Inappropriate

10 −70.9 – F Exceeded capacity
1 + (2 + 3) 995.5 < 10 A Acceptable

7 + (8 + 9) 368.9 < 10 A Acceptable
4 + 5+6 −89.3 – F Exceeded capacity
10 + 11 + 12 −162.8 – F Exceeded capacity
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4 Modelling of the Chosen Intersection in the City of Martin

We have created a traffic model in the software tool Aimsun. Aimsun is traffic mod-
elling software designed by Spanish company TSS - Transport Simulation Systems.
Software allows making microscopic and macroscopic simulations. In Aimsun it is
possible to simulate a variety of road networks: city networks, highways, expressways,
bypass of the city and their combinations.

Software Aimsun generates several types of outputs during the whole simulation,
which are divided into several groups: statistics of whole network, statistics of the
chosen groups of road sections, statistics of an every section and an every turn,
statistics of the chosen road, statistics of an origin/destination matrix, and statistics of
public passenger transport. For an every chosen group the following results are gen-
erated: intensity, density, an average speed, delay times, a number of stops, stop times,
speed and travel time, total distance and total travel time, a fuel consumption and an
amount of produced emissions [3, 4].

4.1 Model Creation in Software Aimsun

The process of model creation consists of several steps. The first one was to import a
base map. Next step was to define a road network, traffic flows and signal plans.
Figure 5 shows the sequence of steps.

Fig. 5. The sequence of steps - creating model
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Base map design - the fisrt step of base map design was to import a communication
network of the chosen road network. We used OpenStreetMap due to the right scale.
Then, pictures of the chosen part was imported.

Design of the chosen road network - using functions of Aimsun there were step by
step created and edited each entrances of the intersection. We edited width of lanes,
organising of lanes and also length of each sections and maximum speed [8].

4.2 Modelling Results

Based on the measured peak and saddle values, we made a simulation using the
Aimsun. The results for entrance D (direction from Bystrička) are in the following
tables (Table 2).

From the tables you can see:

• right turn from direction of Bystrička is the least problematic. The average delay in
the morning peak hour is 113.73 s/vehicle and in the afternoon peak hour is
65.42 s/vehicle. Saddle hours are negligible,

• left turn from direction of Bystrička to Martin is very difficult. The average delay in
the morning peak hour is 138.04 s/vehicle, even in some interval about 7:55 a.m. is
delay 163.6 s/vehicle. This is very high value of delay, therefore it is necessary to
solve this direction. In the afternoon peak hour the average delay is 84.8 s/vehicle.
Saddle hours achieved the average delay 19.64 s/vehicle,

• pass through intersection forward from Bystrička has the average delay in the
morning peak hour about 121.9 s/vehicle and in the afternoon peak hour it is
76.97 s/vehicle. Saddle hours achieved the average delay 18.96 s/vehicle.

On Fig. 6, there is visualization of traffic situation of left turn from the direction of
Bystrička to Martin. You can see on this picture long queue of vehicles from the side
direction.

Fig. 6. Visualization of vehicle queue on Entrance D in the morning peak hour
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5 The Possibilities to Increase Safety on the Chosen
Intersection

We have designed two solutions to increase safety on the chosen intersection. The first
one is to make a new horizontal marking shown on the Fig. 7. The second one is to
change the organization on the intersection and build road traffic signalization with
dynamic controlling. Both solutions were simulated in Aimsun. Calibration of traffic
model was made based on the transport survey data and origin/destination matrices.

New marking - this intersection is marking very inappropriately and forces drivers
to break traffic regulations. The engaging lane on the entrance B from direction of
Martin is created and marking in wrong way. The combination of forward direction and
left turn into the one lane is very inappropriate. On the Fig. 7, there is a current
horizontal road marking in white color and in grey color, we design a new correct road

Table 2. The evaluation of traffic flows quality during the morning peak hour.

Entrance D - right turn (D - A)

Morning peak hour 7:15–8:15
Simulation time Time delay [s] Speed [km/h]

7:25:00 105.47 24.92
7:35:00 162.88 17.19
7:45:00 89.11 26.84
7:55:00 136.07 21.06
8:05:00 103.21 26.14
8:15:00 83.94 23.64
Weighted average 113.73 23.27

Entrance D - left turn (D - B)
Simulation time Time delay [s] Speed [km/h]

7:25:00 79.02 26.54
7:35:00 160.71 18.29
7:45:00 147.07 21.09
7:55:00 163.60 19.84
8:05:00 154.14 21.92
8:15:00 105.06 21.53
Weighted average 138.04 21.25

Entrance D - forward (D - C)
Simulation time Time delay [s] Speed [km/h]

7:25:00 92.10 23.81
7:35:00 176.33 16.48
7:45:00 93.07 24.38
7:55:00 161.37 19.47
8:05:00 104.93 24.26
8:15:00 103.82 21.23
Weighted average 121.90 21.63
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markings. In this case would be appropriate to reduce speed to 50 km/h on the main
road [6, 7]. These changes were implemented to the basic traffic model and some
simulations were made.

These changes will solve the biggest problem of the intersection (entrance D) only
partial, where time delays will be shorten especially in left turn from side direction
(from Bystrička to Martin). Capacity evaluation shows that left turn needs to be solved
immediately. Intensity of left turn exceeds the capacity of lane and achieves quality
level F. The most suitable solution would be to change whole organization on the
intersection, f. e. to build road traffic signalization with dynamic control. The aim of
this measure is to increase safety of all road users, especially pedestrians. In the basic
model, we have changed the uncontrolled junction to controlled junction with traffic
signalization and made new simulations. The results of this simulated solutions are
shown in the Table 3 [9].

Based on the comparison of each solutions (new marking and dynamic traffic
controlling), we can say that it is possible to achieve savings over than 50% of time
delay on entrance D. In case of building traffic signalization with dynamic control, it is
possible to achieve savings, almost 80% of time delay on entrance D.

Fig. 7. Current horizontal road marking and design of new marking
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Table 3. Comparison of time delays - current state and possible solutions according to Aimsun
simulations

Time delays [s]

Current State Change of lanes on
entrance B

Built Traffic Light
Signalization

Entrance Direction Morning
peak hour

Afternoon
peak hour

Morning
peak hour

Afternoon
peak hour

Morning
peak hour

Afternoon
peak hour

A A-B 3.69 2.97 3.40 2.85 15.89 12.49
A-C 2.35 1.74 2.09 1.60 13.31 10.89
A-D 7.86 10.79 5.76 9.09 21.53 22.40

B B-A 12.02 7.79 5.23 3.44 14.92 12.49
B-C 16.62 11.92 12.70 9.77 32.37 20.96
B-D 5.97 3.74 5.86 3.97 14.51 12.03

C C-A 60.41 60.23 43.17 39.33 43.50 38.87
C-B 13.25 12.99 6.68 6.85 8.26 6.55
C-D 43.57 37.18 24.90 22.96 35.47 34.19

D D-A 113.73 65.42 51.13 28.91 28.91 29.44
D-B 138.04 84.80 61.94 48.21 32.21 29.87
D-C 121.90 76.97 63.08 43.26 31.07 30.48

Whole intersection 11.28 5.58 12.63 8.31 18.92 14.94
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Abstract. The paper deals with the problem of simultaneous consideration of
transport lines construction and decision on vehicle’s depots location problems
in the public transport system. The authors have proposed a cost oriented
mathematical model for solving a complex problem and application of macro-
simulation based modified four-stage procedure for defining transportation tasks
on the network. The proposed methodology is verified on a medium size testing
transport network and conclusions have been finally formulated.
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1 Introduction

1.1 Transport System Design

Public transport offers many advantages over individual ways of moving by private
transport means, including: lower transportation costs, lower utilization of space per
person travelled, lower energy consumption and lower pollution. Public transport
increases overall mobility of the local community, especially of its part that does not
possess private cars. It also improves accessibility to different destinations, including:
places of employment, business activities centres, points of interests and/or recreational
areas. For these reasons, local authorities especially in metropolitan areas are vividly
interested in providing satisfactory level of public transport services, resulting in the
overall increase of the urban life standard. Thus, designing of the mass transit system is
crucial issue in urban management.

Public transport system design may be considered from different points of view
depending of managing entity, i.e.:

• mass transit operator – operational management,
• public transportation board – tactical management,
• city authorities – strategic management.

On above mentioned levels appear such problems as crew scheduling, vehicle
scheduling and line route planning with timetable design. Many authors confirm this
statement, e.g. Ceder [1] and Schobel [2] claim that the most common is division of
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planning process in public transportation for several phases such as line route planning,
timetabling, and vehicle and crew scheduling.

From methodological point of view different approaches are used to solve above
mentioned problems. Lownes and Machemehl [3] proposed mixed integer model for a
single-route circulator design problem, while Szeto and Wu [4] used metaheuristic
algorithms (hybrid genetic algorithm) to solve simultaneously both the route design and
frequency setting problems. Cancela et al. [5] propose to solve the problem of calcu-
lating the number and itinerary of bus routes and their frequencies for a public trans-
portation system, using mathematical programming.

In this paper, the authors consider the line route planning allied with location of
vehicle’s depots. This approach is quite novel and has not been discussed in the
literature yet. The problem of depots in the transport network is considered only
through the deadheading context. Eberlein et al. [6] have considered a problem for
deadheaded vehicles starting their trip empty until a station to be determined, and from
that stop, these buses start their normal service until the end of their route.

1.2 Objective of the Paper

The paper is concentrated on the problem of simultaneous consideration of public
transport lines construction and decision on vehicle’s depots location problems. The
authors defined a single criterion optimization model for simultaneous solving both
considered problems. In the proposed methodology a modified macro-simulation based
four-stage procedure for defining transport tasks on the network is involved [7]. This
approach is verified on testing transport network composed of around 500 arcs and
above 280 nodes.

The proposed methodology is an extension of a series of previous publications on
solving vehicle’s depot location problem (in fact tram depot location problem) with an
application of combine optimization and multiple criteria decision aiding, e.g. [8–10].
All those works are performed with the principle assumption that a network of transport
lines is given (redefined) and constant during problem solving.

2 The Proposed Methodology of Solving Combined Lines
Construction and Depots Location Problems

2.1 General Assumptions

The essence of combining two strategic problems of the public transport system, i.e.
lines construction and depots location, is to find a solution that guarantee the lowest
operating costs for the operator, while keeping all the required standards for passengers.
The nature of each decision problems is contradictory while are considered together.
The problem of transport lines construction is strongly linked to the passengers’ demand
on movement, while depots location is dictated by searching the least expensive
land costs, which means a location of depots on the suburbs. From the economical
point of view it should be located as closed to each transport line as possible.
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The combined solution of these two problems is primarily driven by the demand for
mass transit and the location of the depots closest to the concentration points of a highly
frequently utilized transport lines.

In the proposed methodology of simultaneous solving the combined lines con-
struction and depots location problems, the authors have defined the following
assumptions:

• lines construction is based on detailed analysis of trips performed on the considered
area with rejection of any prior modal split,

• all the considered lines should be symmetric,
• a fleet size to handle each line is homogeneous, i.e. the capacity of each vehicle is

equal,
• a capacity of the planned depots is unconstrained, i.e. the depot size results from

optimal-based distribution of the fleet, due to the constructed route lines.

2.2 Principles of the Methodology

A General Scheme of the Methodology: The proposed methodology is composed of six
consecutive steps (see Fig. 1). In the step 1, trips on the considered area are generated. The
basis for this purpose is knowledge of the inhabitants’ transport behaviour, typical for the
analysed area. The result of step 1 is the amount of production and attraction established
for each of the elementary parts of the considered area (so called traffic analysis zones). On
that basis, in step 2, travel potentials are distributed between pairs of zones (origin and
destination), and then a draft version of trips assignment to the individual arcs of the
network is performed. Next, in the step 3 the lines structure is constructed (see step 3.1) in
conjunction with a fleet sizing defined for each line (see step 3.2).

Fig. 1. The concept of the methodology of combined solving transport lines construction and
depots location problems
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At the same time, the fleet needed to perform a transport service is deployed to the
most suitable depots. The basis for the implementation of steps 3.1–3.3 is the opti-
mization model (see the following sub-sections).

As a result of the combined optimization of the transport lines construction and
depots location (step 3), the volume of supply is defined. The supply volume in step 4
is the basis for determining the modal split, i.e. the division into private and public
transport. In step 5, all the trips performed by inhabitants are assigned according to the
defined modal split, and during step 6 transport model is calibrated. If the result of
calibration is satisfactory, the calculation procedure is terminated, otherwise the pre-
vious steps (1 or 2 or 4) are performed again and the subsequent steps of the procedure
are repeated until the result is satisfactory.

Realization of steps 1, 2 and 4 to 6 is performed using a dedicated macro-simulation
tool for traffic modelling. Overview of these types of tools in the context of their key
functionalities is presented in [11]. Step 3 (i.e. 3.1–3.3) is run in an optimization tool
with a dedicated engine for linear programming problems.

Mathematical Model Overview: Since, in the defined methodology a simultaneous
solving a complex decision problem (mixed transport lines and depot location prob-
lems) is assumed, in this section a construction of the mathematical model is suggested.

The objective function is formulated as an operational cost C of transport network
operations, which is composed of both, transportation tasks performance costs TP and
losses L with respect to the empty runs between depots and transportation lines.

Notations and Nomenclature: In the considered problem a following notations are
assumed:

• indexes: i - transport line (i = 1,…, I), j - a number of starting node on trans-
portation network (j = 1,…, J) and j 6¼ k, k - a number of end node on transport
network (k = 1,…, K) and k 6¼ j, l - location of a depot (l = 1,…, L), m - vehicle to
perform transport task (m = 1,…, M), t - time interval (t = 1,…, T),

• decision variables: yit - a number of routes on i-th line performed during t interval
[1/hour], yit 2C; xijkt - an assignment of arc (j, k) to the i-th transport line during t
interval [-]; xijkt 2{0,1}; zl - allocation of l-th depot [-], zl 2{0,1}; zilm - an
assignment of m-th vehicle operating on i-th transport line to a l-th location of depot
[-], zilm 2{0,1},

• parameters: cijk - unit transport cost on arc (j, k) of i-th line [PLN/km], djk - length of
arc (j, k) [km], qi - capacity of a vehicle assigned to i-th line [pas.], ki - passenger
comfort factor [-], ql - capacity of l-th depot [veh.], Pjkt - passenger load on arc (j,
k) in t-th time interval [pas./h], dil

p - distance between l-th depot location and a first
stop of i-th transport line [km], dil

k - distance between l-th depot location and a last
stop of i-th transport line [km], N - maximum number of depots in a transport
system [-], rit - number of vehicles assigned to i-th transport line during t-th period
of time [veh./h], vit - velocity of the vehicles at i-th transport line during t-th period
of time, upon given traffic conditions [km/h].

Objective Function: The objective function in this problem is a minimized cost func-
tion, expressed as:
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C ¼ minðTPþ LÞ ð1Þ

where:

TP ¼
XI

i¼1

XJ

j¼1

XK

k¼1

cijk � djk �
XT

t¼1

xijkt � yit; [PLN/24 h] ð2Þ

L ¼
XL

l¼1

zl
XI

i¼1

XM

m¼1

zilm � dpil þ dkil
� �

; [PLN/24 h] ð3Þ

Constraints: The set of feasible solutions is constructed with the following
formulations:

• a total capacity of the fleet of vehicles and its operational frequency are fundamental
parameters for serving passenger volume on arc (j, k) of i-th transport line (see
exp. 4),

• a total number of depots in transport system is limited to N (see exp. 5),
• all the vehicles in a transport system, i.e., assigned to all transport lines, have to be

assigned strictly to available depots (see exp. 6) and a maximum number of vehicles
available at i-th transport line is resulted from exp. (7).

XI

i¼1

ki � qi � xijkt � yit �Pjkt; 8 j ¼ 1; . . .; J; k ¼ 1; . . .;K; j 6¼ k; t ¼ 1; . . .; T ð4Þ

XL

l¼1

zl �N ð5Þ

XI

i¼1

XL

l¼1

XM

m¼1

zilm �
XL

l¼1

zl � ql ð6Þ

max
1\t�T

rit ¼ max
1\t� T

yit
XJ

j¼1

XK

k¼1

xijkt � 2djk
 !,

vit

" #
; 8 i ¼ 1; . . .; I ð7Þ

3 Verification of the Methodology

3.1 Computational Experiments

A verification of the methodology of combined public transport lines construction and
vehicle’s depots location problems is performed on the basis of testing transport system
(TTS) of a medium sized city in Poland. In the computational experiments, the authors
have utilized transport demand modelling software - PTV Visum and optimisation
engine for MS Excel - Solver.
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In the step 1 (Trip generation) several actions have been carried out. One group is
focused on transport infrastructure definition (see Fig. 2.), i.e. all the nodes are enu-
merated (total number of nodes is 210), active arcs (j, k) are identified (381 arcs) and
length of each arc djk is measured (see the result in Table 1). The second group of
actions is focused on trip description, i.e. traffic zones are extracted and their travel
potential (production and attraction for each zone) are defined. It is based on economic
and demographic characteristics of each traffic zone.

Step 2 (Trip distribution) is featured by determination of all trips between any pair
of origin and destination zones on the considered area. The result is a complete overall
O-D matrix and a draft of traffic assignment on the network Pjkt is performed. A sample
result of the draft trip distribution is presented in Table 1.

During step 3 an optimisation model has been applied and parameterised first. The
complete list of parameter values is presented in Table 2.

Table 1. A sample of draft trip distribution

Nodes Volume
[pas./24 h]

djk [km] vjk [km/h] Nodes Volume
[pas./24 h]

djk [km] vjk [km/h]

j k Pjkt Pkjt j k Pjkt Pkjt

1 2 95 35 .11 30 140 133 1143 720 1.61 11
1 6 811 889 .80 17 140 139 2868 4439 3.31 7
1 115 816 799 .58 17 140 142 2907 1662 .98 7
2 6 851 931 .74 17 141 133 480 645 .80 21
3 62 1620 1675 .87 11 141 138 1119 1021 .40 17
… … … … … … … … … … … …

70 71 614 600 .20 18 207 52 1638 1731 .32 11
70 116 913 894 .17 16 207 60 639 639 .11 18
70 200 280 313 .40 26 208 207 999 1091 .06 17
71 67 473 400 .30 22 209 204 891 713 .17 17
71 197 141 200 .35 29 209 208 999 1091 .17 17
72 2 42 173 1.02 52 209 210 201 286 .20 25
72 5 2207 2260 .24 8 210 205 536 333 .15 20
72 206 2242 2057 .28 8 210 206 73 360 .06 48

Table 2. A set of parameters of optimization model

Parameter Comments
Notation Unit Value

cijk [PLN/km] 5.2 Unit cost in medium sized transport operator
qi [pas.] 105 A total capacity of exemplary city bus - Solaris Urbino12
ki [-] .75 A passenger comfort factor, i.e. at most 75% of available

capacity should be utilised
N [-] 1 A limited number of depots in transportation system
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Fig. 2. Simplification of considered transportation network with possible localization of depots
(red triangle: D1–D6). More detail network is in the background (grey links and nodes)
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During step 3.1, a structure of the transport lines has been constructed as a result of
searching for minimal number of lines that are able to handle a significant part of the
traffic assigned to the individual arcs of the network, at the lowest cost.

As a result in Table 3 a set of 10 selected lines and their one-direction total length is
presented. In step 3.2 a number of vehicles required to handle the traffic assigned to the
network arcs is determined. The basis for that purpose is: velocity resulting from traffic
conditions (see Table 1 for each arc), capacity of the vehicle and comfort factor (see
Table 2) and line length (see Table 3).

Table 3. A set of lines, line-depot distances and vehicle allocation to each line

No Lines (node sequence) Length
[km]

Vehicles
assigned
[veh.]

Line-depot distance [km]
for l:=
1 2 3 4 5 6

1 111, 194, 74, 192,191, 34, 145, 37, 10,
11, 118, 14, 15, 92, 20, 177, 73, 142,
140, 139

6.3 26 4.0 3.1 .2 .2 1.8 .2

2 149, 138, 8, 62, 61, 30, 5, 72, 206, 60,
207, 52, 93, 21, 33, 19, 15, 18, 17, 45,
16, 122

10.2 7 2.9 .2 6.6 2.1 .2 4.0

3 111, 194, 196, 143, 144, 32, 127, 163,
31, 69, 30, 61, 62, 8, 138, 149

8.0 14 1.2 .2 6.6 2.1 5.4 .2

4 149, 138, 8, 172, 171, 170, 137, 176,
73, 142, 140, 139

2.7 6 4.4 .2 .2 .2 4.9 7.4

5 129, 167, 161, 162, 31, 115, 1, 6, 23,
86, 85, 88, 87, 26, 22, 24, 51, 43, 181,
19, 15, 18, 17, 45, 16, 112

8.4 25 .2 4.4 8.0 3.5 .2 4.0

6 129, 167, 161, 162, 31, 115, 116, 66,
56, 5, 57, 4, 137, 134, 133

6.0 17 .2 1.9 5.7 1.2 4.6 4.0

7 112, 16, 45, 17, 18, 44, 101, 20, 177,
73, 176, 137, 170, 171, 172, 8, 138,
149

8.1 21 4.4 .2 4.6 .2 .2 4.3

8 139, 140, 142, 73, 176, 137, 170, 171,
172, 8, 62, 61, 30, 5, 72, 206, 60, 207,
52, 93, 21, 33, 19, 15, 18, 17, 45, 16,
112

13.3 8 2.9 1.1 .2 .2 .2 4.0

9 111, 194, 74, 192, 191, 34, 145, 37, 38,
107, 54, 51, 91, 21, 93, 52, 207, 60,
206, 72, 5, 30, 61, 62, 8, 138, 149

11.0 34 4.0 .2 6.6 2.1 2.9 .2

10 111, 194, 196, 143, 144, 32, 127, 163,
31, 69, 30, 5, 72, 206, 60, 207, 52, 93,
21, 33, 19, 15, 18, 17, 45, 16, 112

12.7 24 .2 2.6 8.1 3.6 .2 .2
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The resulted total number of 182 vehicles distributed to 10 lines is shown in Table 3.
Finally, during step 3.3 all the vehicles resulted from step 3.2 are allocated to one of the
potential depot (N = 1). Based on the global optimisation model (step 3.1-3.3 are linked
each other and computation is performed simultaneously) a minimum cost objective
function has been achieved: C = 20,630.0 PLN, with TP = 17,426.3 PLN and
L = 3,203.7 PLN, respectively. As a result a D4 (see Fig. 2) vehicle’s depot is selected
(l = 4) and all 182 vehicles should be served by that location.

In the step 4 (modal split) calculation of shares of trips made by public as well as
private transportation means was performed. These computations were made based on

Table 4. A traffic allocation to arcs of the network for morning rush hours (7 am–8 am) for
public transport only

Nodes Volume
[pas./h]

djk [km] vjk [km/h] Nodes Volume
[pas./h]

djk [km] vjk [km/h]

j k Pjkt Pkjt j k Pjkt Pkjt

1 2 0 0 .11 35 140 133 47 0 1.61 35
1 6 1 47 .80 35 140 139 371 573 3.31 43
1 115 47 1 .58 45 140 142 475 475 .98 47
2 6 0 0 .74 35 141 133 0 47 .80 35
3 62 77 84 .87 44 141 138 109 100 .40 31
… … … … … … … … … … … …

70 71 0 0 .20 45 207 52 411 .32 32
70 116 0 0 .17 45 207 60 287 .11 37
70 200 0 0 .40 45 208 207 135 167 .06 29
71 67 0 0 .30 45 209 204 167 135 .17 27
71 197 0 0 .35 35 209 208 135 167 .17 29
72 2 0 0 1.02 35 209 210 0 0 .20 35
72 5 329 390 .24 32 210 205 17 0 .15 35
72 206 390 329 .28 32 210 206 0 17 .06 35

Table 5. Line structure, line-depot distances, vehicle allocation to each line and to the depot

No Lines (node sequence) Length
[km]

Vehicles assigned
[veh.]

Line-depot distance [km]
for l:=
1 2 3 4 5 6

1 111, 194, …, 140, 139 6.3 6 4.0 3.1 .2 .2 1.8 .2
3 111, 194, …, 138, 149 8.0 2 1.2 .2 6.6 2.1 5.4 .2
4 149, 138, …, 140, 139 2.7 1 4.4 .2 .2 .2 4.9 7.4
5 129, 167, …, 16, 112 8.4 3 .2 4.4 8.0 3.5 .2 4.0
6 129, 167, …, 134, 133 6.0 3 .2 1.9 5.7 1.2 4.6 4.0
7 112, 16, …, 138, 149 8.1 2 4.4 .2 4.6 .2 .2 4.3
8 139, 140, …, 16, 112 13.3 1 2.9 1.1 .2 .2 .2 4.0
9 111, 194, …, 138, 149 11.0 5 4.0 .2 6.6 2.1 2.9 .2
10 111, 194, …, 16, 112 12.7 3 .2 2.6 8.1 3.6 .2 .2

Mixed Public Transport Lines Construction and Vehicle’s Depots Location Problems 221



the skim matrix consists of journey time (between particular zones). Thus the trans-
portation supply (transportation network, public transportation line routes with timeta-
bles etc.) and traffic conditions as well are crucial components. The result of this step is a
set of O-D matrices separate for each transportation mode. In the considered situation,
the ratio of trips made by public and private transportation is 42% to 58% respectively.

Fig. 3. A sample of final results - traffic volumes (blue bars and values – private transportation
flows, red bars and values – public transportation flows)
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Finally, in the last step 5 (traffic assignment), allocation of demand to supply has been
carried out.

Since the first iteration assumed a traffic assignment in step 2 without modal split
structure, further iterations are necessary to determine the final line construction and
base location. As a result in Table 4 traffic allocation to the arcs of a considered
network with modal split from the first iteration is presented. In fact traffic allocation
during morning rush hour (7am–8am) is presented; it is 12.9% of 24-hour traffic.

During the second iteration, as a result of application the optimization model, the
network structure is constructed with 9 (see Table 5) lines, i.e. line no 2 available in
Table 3 is rejected here.

The fleet is constructed with 14 vehicles (see Table 5) and it is minimum number to
provide line’s operation during morning rush hour (7 am to 8 pm). For such a network,
the best depot location is D2 (l = 2). The total operating cost for the morning rush hour
plus cost of reaching the line and returning to the depot in this case is 2,824.3 PLN
(TP = 2,567.3 PLN and L = 257.0 PLN).

Based on this result it is allowed to interpret a final results i.e. the volumes of
passengers’ and vehicles’ flows on particular arc of the considered network (see
Fig. 3).

4 Conclusions

4.1 Discussion on Results

The problem discussed in the paper consists in simultaneous optimization of the
transport line system and the location of the depot in the urban transport system. The
methodology proposed by the authors utilise a synergy of macroscopic traffic mod-
elling and optimization methods. As a result of the iterative application of the
methodology, a traffic allocation to the network determines both the structure of the
lines and the location of the depot to handle all the utilised transport means, at the
minimum global operating cost.

Since the traffic allocation to the network is resulted from real mobility pattern of
the inhabitants, the final solution is characterized by a high level of supply matching
(line configuration and its maintenance) to the real demand (mobility and inhabitants’
behaviour).

4.2 Further Steps

At the present stage of the research three potential directions of a development of the
proposed methodology can be formulated. First, it is proposed to reflect at the step 1
expected changes of transport behaviour in the long-term horizon, e.g. 5, 10 and 15
years perspective. The obtained results should allow determining the extent of the
necessary changes in both considered problems, i.e. the lines structure and the depots
location, taking into account predicted changes in mobility.

Another direction of the research is the extension of the scope of both combined
problems with regard to the fleet composition problem. It means different capacity of
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transport means and sizing of each type should be additionally taking into account.
This problem has been extensively analysed by one of the author in his previous
research. Incorporating fleet composition should allow a better matching of supply to
demand, and could directly result in better utilization of available transport capacity
while reducing fleet operating costs at the same time.

The last potential direction of development concerns the application of the
methodology into different types and real-life transport systems, including tram and bus
transport. As a result the universality of the methodology and the measurable benefits
of its practical application should be validated. The application of the proposed
methodology into the real-life transport network should also result in carrying out step
6 of the methodology, i.e. calibration. In the problem considered in the paper a real
traffic condition is not available, thus a calibration of the traffic model is inapplicable.
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Abstract. The article presents selected aspects of the problem of supporting the
planning of freight wagons on the rail network. It has been pointed out that one of
the problems in freight transport is the proper planning of operational activities of
rail carriers. The problem is difficult because of its complexity. Planning the
movement of freight wagons should take into account the need not only to
transport loaded wagons, but also empty ones. The complexity of the problem
stems from a number of factors, which should be considered during transport
planning. These factors can be divided into technical, organizational or economic.
The analysis allowed to develop amathematical model for planning themovement
of loaded and empty wagons, which includes: data schemes, decision variables,
boundary conditions and constraints, criterion functions, as well as traffic dis-
ruptions in the rail network. Consequently, it was possible to develop a heuristic
algorithm and a simulation tool, in the form of the ModPCar application. The
subject matter is connected mainly with business needs of railway carriers. The
effect, in the form of an IT tool, facilitating the process of decision support in the
organization of rail transport, may be used, among others, by rail freight carriers.
This paper describes the stages of the ant algorithm i.e. the stage of designating the
probability of transition of ants to the other points of the route, update pheromone.
In this paper the process of calibration of this algorithmwas presented. The results
of the ant algorithm were compared with the random results.

Keywords: Railway transport planning � Compact system � Railway
operational service � Wagons rotation

1 Introduction

Planning for the displacement of full and empty wagons, being one of the elements of
railway freight organization, requires prior assessment of transport requirements. Hence,
transportation tasks are closely related to the transport needs of customers, which for a
given period can be expressed in the amount of freight intended for transport between
particular railway stations, or in the number of wagons needed to meet the transport
demand. Determining the volume of transport tasks (transport needs) is necessary to
develop freight traffic plans. Demand for transportation reported by customers is the
transport system feed stream and is reported by the surrounding environment [1, 2].
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The process of planning the movement of full and empty wagons is a complex
decision problem. First of all, it is necessary to take into account the efficient realization
of the set objectives, meaning the fulfillment of requested transport needs. The
decision-making complexity of planning is a result of the multitude of problems and a
number of factors, which should be considered. These factors can be divided into
technical, organizational or economic. Compact system of transport is connected with
different problems than dispersed transport. The transportation technology used
depends on the size of the batch of goods requested by customers to be transported. For
large batches, transport is carried out in a compact system, and for small batches a
dispersed system is rather used.

Compact system is the most cost-efficient system for freight. The identifying fea-
ture of this system is that the entire group of wagons is moved as one train, essentially
using one motor unit, without the need for costly shunting at intermediate stations. In
Fig. 1 red color indicates the process of compact transportation.

Fig. 1. Technology of moving wagons on the railway network
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Such a system of transport increases its quality and speeds up the delivery. This
means that it is the most efficient form of freight, and thus is most desirable from the
point of view of the carrier.

Another way of moving wagons is a dispersed system. The transportation of dis-
persed goods is most often carried out according to the following scheme: sending
station - shunting station in the area of the sending station - marshalling station in the
area of the sending station - marshalling station in the area of the destination station -
shunting station in the area of the destination station - the destination station. Shunting
staff and locomotives for delivering and picking up wagons between loading points in
the station’s area are concentrated on each shunting station. In Fig. 1 green color
indicates the process of dispersed transport.

Dispersed shipments may also be transported in the system of linear trains. This
type of transport technology assumes launching a train designed to collect cargo in one
relation, when a compact train cannot be started due to insufficient volume of goods.
The organization of this type of transport is based on a study of the potential demand
for transport and running regular train connections according to a published timetable.
Customers provide loads to stations along the way of the train, according to the
pre-arranged timetable. Assuming that the starting station is also the end station of a
given train connection, it is possible to talk about trains running in closed logistic
loops. Adopting such an organization of transport of dispersed batches of goods allows
to designate the rolling stock for this operation.

2 Research Matter in Literature

Dispersed shipments may also be transported in the system of linear trains. This type of
transport technology assumes launching a train designed to collect cargo in one rela-
tion, when a compact train cannot be started due to insufficient volume of goods.

Legal regulations in the field of rail transport in Poland impact the behavior of
entities such as: Railway Transport Authority (UTK), infrastructure managers (PKP
Polish Railway Lines) and railway carriers. The most important act is the Railway
Transport Act [3], which defines the rights and obligations of the listed market par-
ticipants. Traffic on the railway network is determined by various conditions. In order
to make rail transport work properly, the Railway Transport Act [3] identifies the
activities that make up the management of rail infrastructure.

The essential element of organizing railway traffic is to plan the timetable [4–7].
The train scheduling process can be divided into two stages. The first is the preparation
of transport offer and the second - creating the timetable itself. Preparation of the
transport offer requires extensive consultation between infrastructure manager and the
carriers. Furthermore, the carriers are consulting their needs with the customers. The
aim of each railway carrier is to meet customer expectations at the lowest possible cost.
A decision problem arises of how to organize your work to achieve the goals which
were set. Due to the complexity of the processes of transporting full and empty wagons
in the transport network, especially the strong dependency between their location and a
point in time, a simulation model was used to solve the problem. The model of the
system [8, 9] is a quantitative and qualitative representation of the system under
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consideration, capturing those characteristics that are relevant to the research being
conducted. The construction of the model requires a number of assumptions con-
cerning, among others, the railway infrastructure, its characteristics and the relation-
ships that describe the transport process.

In the literature, a lot of research regarding modelling transport systems can be
found: [1, 8]. The problems of modeling rail transport systems can be divided into the
following areas [8–13]:

• analysis and evaluation of the technology of operation used in the marshalling
station and the holding station, as well as investigating the fluency of train move-
ment and organizing traffic on the railway network,

• analysis and evaluation of cargo and passenger handling in the context of infras-
tructure being used,

• study of the dependence of the efficiency of transport processes on the parameters of
line and point infrastructure, analysis of the capacity of infrastructure elements,
analysis of timetables, etc.

When building a simulation model, it is important to remember that this is the end
result of a series of activities of identifying and formalizing the characteristics of the
real system, and of determining the relationships between these features over time to
find their counterparts in the system model [10]. A crucial element in creating a
simulation model is to reflect the relationships, dependencies and behavior of objects
and their characteristics from the real system into the behavior of the modelled system.
To solve the problem, it is necessary to use appropriate methods (algorithms), which
can be divided into traditional algorithms and meta-heuristic algorithms.

Thanks to continuous advancements of IT solutions, numerical methods are cur-
rently often used to solve problems of high complexity or lacking available analytical
methods [1, 11]. Linear and nonlinear problems are most commonly solved using these
methods. In addition, multi-variant optimization methods are becoming increasingly
popular [2, 9, 11, 14–18]. These methods use multiple sub-criteria when establishing
the optimal solution.

Another group of optimization methods are heuristic methods [19–23], basing on
expert approach to the problem, where experience in solving the optimization task is
important. Analysis of existing literature proves that the research problem of opti-
mizing the planning of the transport of full and empty wagons cannot be solved by
classical numerical methods due to its complex character. Therefore, it was decided to
use approximate heuristic algorithms to solve the problem.

3 The Model Movement of Full and Empty Wagons

3.1 Assumptions

Starting from the assumption that empty wagons should be moved in such a way that
they arrive at the destination station, being the station where they are needed, in the
shortest possible time and with the lowest cost, a suitable model for this problem
should be formulated. The approach to modeling the organization of relocating full and
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empty wagons on the rail network presented in this paper is based on the approach to
modeling transport systems presented in [1, 2]. The research problem concerns the
organization of the movement of full and empty wagons.

Criteria for the evaluation of the movement of empty and full wagons - the criterion
of the cost of executing the relocation plan was selected to assess the quality of the
solution of the movement plan for empty and full wagons.

Based on the data held by the carriers, it is assumed that the quantities and types of
wagons on the entire railway network are known, and whether they are loaded or empty
in particular areas at the moment t, t 2 T. The main assumptions for the mathematical
model was presented in the form of algorithm, Fig. 2.

It is therefore possible to define the set of wagons on the particular elements of the
rail network at any given time t ¼ t0.

3.2 The Input Data

The example data input essential to describe the mathematical model was presented
below:

(a) railway stations:

• the set of Z numbers of transport orders will be a set of elements:
Z ¼ f1; . . .; z; . . .Zg;

Fig. 2. Empty wagons on particular elements of the railway network
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• the set of NW wagon series numbers is a set in the form of: NW ¼ f1; . . .;
nw; . . .NWg,

• the set of SK number of forwarding station and receiving station of wagons
loaded and empty: SK ¼ f1; . . .; sk,. . .SKg;

• the set of SN number of forwarding station: SN ¼ fsk � sn: a(sk) ¼ 0 :
sk 2 SKg a(v) = {0} - the mapping which assigns the number of elements of
the railway network to object type,

• the set of the T number of equal time periods (e.g. hours) T ¼ f1; . . .; t; . . .Tg;
• the set of the numer L(nw) of wagons nw-th series,
• the set of LK number of sections of the railway line, b - the mapping in set

{0,1}: LK ¼ fðsk,sk0Þ : bðsk,sk0Þ ¼ 1 : sk, sk0 2 SK ^ sk 6¼ sk0g
• vector of the average cost of unforming or forming a train, in the form of

KFSK ¼ [kf(sk) : kf(sk) 2 Rþ , sk 2 SK];
• matrix of the average cost of relocating wagons in a compact system in the

form of: KZLK ¼ ½kzððsk; sk0ÞÞ : kzððsk; sk0ÞÞ 2 Rþ ; ðsk; sk0Þ 2 LK�;
• matrix of distances between the stations:

D ¼ ½dðsk,sk0Þ : dðsk,sk0Þ 2 Rþ ; ðsk,sk0Þ 2 LK�;

• vector station codes, in the form of: KODSK ¼ ½kodðskÞ : sk 2 SK�;
• station name vector, in the form of: NSK¼ ½nðskÞ : sk 2 SK�;
• vector of station capacity, in the form of: PSK¼ ½pðskÞ : pðskÞ 2 Cþ sk 2 SK�;
• vector of the average time of loading or unloading a train, in the form of:

TZSK¼ ½tzwðskÞ : tzwðskÞ 2 Rþ ; sk 2 SK�;
• vector of the average cost of loading or unloading a train, in the form of:

KZSK¼ ½kzwðskÞ : kzwðskÞ 2 Rþ ; sk 2 SK�;
• vector of the average time of unforming or forming a train, in the form of:

TFSK¼ ½tf ðskÞ : tf ðskÞ 2 Rþ ; sk 2 SK�;

(b) costs and times of relocating wagons:

• matrix of the average cost of relocating wagons in a dispersed system in the form of:
KRLK ¼ ½krððsk; sk0ÞÞ : krððsk; sk0ÞÞ 2 Rþ ; ðsk; sk0Þ 2 LK�;

• matrix of the average time of relocating wagons in a compact system in the form of:
TZLK ¼ ½tzððsk; sk0ÞÞ : tzððsk; sk0ÞÞ 2 Rþ ; ðsk; sk0Þ 2 LK�;

• matrix of the average time of relocating wagons in a dispersed system in the form
of: TRLK ¼ ½trððsk; sk0ÞÞ : trððsk; sk0ÞÞ 2 Rþ ; ðsk; sk0Þ 2 LK�;
(c). transport orders and wagon series:

• vector of the requested wagon providing dates in the form of: TPZ ¼
½tpzðz; nwÞ : tpzðz; nwÞ 2 Rþ ; z 2 Z; nw 2 NW�;

• vector of the requested sending dates of full wagons, in the form of:
TNZ ¼ ½tnzðz,nwÞ : tnzðz,nwÞ 2 Rþ ; z 2 Z; nw 2 NW�:
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3.3 Decision Variables

In case of the problem covered by this research, the decision variable is a number of
wagons that will be used to complete the order. Therefore, the developed model
includes 4 types of binary decision variables:

• binary variables describing, whether the empty wagon number l of series nw, which
is at the sk station, will be used to complete the order z. In a matrix form:

X1 ¼ x1ðlðnwÞ; t0; sk; zÞ : x1ðlðnwÞ; t0; sk; zÞ 2 0; 1f g
nw 2 NW, sk 2 SN,z 2 Z, l(nw) 2 LðnwÞ, t0 2 T

� �

where:
x1ðlðnwÞ; t0; sk; zÞ ¼ 1 - when the empty wagon l of series nw, which is at the sk

station, will be used to complete the order z, otherwise x1ðlðnwÞ; t0; sk; zÞ ¼ 0,

• binary variables describing whether the loaded wagon l from series nw, present at sk
station, will be used to complete an order number z. In a matrix form:

X2 ¼ x2ðlðnwÞ; t0; sk; zÞ : x2ðlðnwÞ; t0; sk; zÞ 2 0; 1f g
nw 2 NW, sk 2 SN,z 2 Z, l(nw) 2 LðnwÞ, t0 2 T

� �

where:
x2ðlðnwÞ; t0; sk; zÞ ¼ 1 - when the loaded wagon l of series nw, which is at the sk

station, will be used to complete the order z otherwise x2ðlðnwÞ; t0; sk; zÞ ¼ 0,

• binary variables describing whether the empty wagon l of series nw, which is on the
railway line sk, sk’ will be used to complete the order z. In a matrix form:

Y1 ¼ y1ðlðnwÞ; t0; nðsk; sk0 Þ; zÞ : y1ðlðnwÞ; t0; nðsk; sk0 Þ; zÞ 2 0; 1f g
nw 2 NW, (sk; sk

0 Þ 2 LK, z 2 Z, l(nw) 2 LðnwÞ, t0 2 T

� �

where:
y1ðlðnwÞ; t0; nðsk; sk0 Þ; zÞ ¼ 1 - when the empty wagon l of series nw, which is on

the railway line sk, sk’ will be used to complete the order z otherwise y1ðlðnwÞ; t0;
nðsk; sk0 Þ; zÞ ¼ 0.

• binary variables describing whether the loaded wagon number l of series nw, which
is on the railway line sk, sk’ will be used to complete the order z. In a matrix form:

Y2 ¼ y2ðlðnwÞ; t0; nðsk; sk0 Þ; zÞ : y2ðlðnwÞ; t0; nðsk; sk0 Þ; zÞ 2 0; 1f g
nw 2 NW, (sk; sk

0 Þ 2 LK, z 2 Z, l(nw) 2 LðnwÞ, t0 2 T

� �

where:
y2ðlðnwÞ; t0; nðsk; sk0 Þ; zÞ ¼ 1- when the loaded wagon l of series nw, which is on

the railway line sk, sk’ will be used to complete the order z otherwise
y2ðlðnwÞ; t0; nðsk; sk0 Þ; zÞ ¼ 0.
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3.4 Constraints and Criterion Function

Model limits (boundary conditions):

• guarantee of execution of submitted and approved customer orders,
• moving wagons for a specific order may start after reserving empty wagons for this

order. Empty wagons must arrive before they can be loaded,
• the sum of empty wagons at stations, full wagons at stations, wagons at the stations

during loading and unloading, loaded wagons in route and empty wagons in route
must not exceed the maximum number of wagons owned by the carrier,

• the number of series wagons, which are used to execute the order, cannot be higher
than the total number of series wagons that are in possession of the carrier,

• the number of wagons in order z cannot exceed the maximum number of wagons
limited by technical and operational constraints,

• the sum of empty wagons at the station, full wagons at the station, the wagons being
loaded, the wagons being unloaded must not exceed the capacity of that station.

For the above mentioned it is necessary to find plans for relocation of loaded and
empty wagons which minimize the criterion function (cost minimization - simplified
formula (1)), kdp - the travel cost of empty wagons to the ordering station, kdl - the
travel cost of loaded wagons to the forwarding station. The criterion function takes into
account two situation: the first part of the pattern (1) in which the wagons (empty or
loaded) are located in the stations (decision variables: X1 for kdp and X2 for kdl) and
the second part of the pattern (1) in which the wagons (empty or loaded) are located on
the route between stations (decision variables Y1 for kdp and Y2 for kdl).

8t0 2 T

FðX1;X2;Y1;Y2Þ ¼
X
sk2SK

X
z2Z

X
sk002SK

kdpðsk; t0; sk00; zÞ � X1þ kdlðsk; t0; sk00; zÞ � X2ð Þ

þ
X

ðsk;sk0Þ2LK

X
z2Z

X
sk0002SN

kdpððsk; sk0Þ; t0; sk000; zÞ � Y1þ kdlððsk; sk0Þ; t0; sk000; zÞ � Y2ð Þ ! min

ð1Þ

4 The Algorithm of the Method

The method of relocating loaded and empty wagons, developed in this dissertation,
concerns the creation of a transport plan, i.e. the plan for the transport of loaded and
empty wagons on the rail network. It is designed for the railway companies, which
carry out transport services.

To fulfill orders submitted by customers, the carrier must allocate wagons for these
orders. The algorithm for the relocation of loaded and empty wagons is presented on
Fig. 3.

The first stage of the method - entering the data. In order to solve the task it is
necessary to prepare the input data, including data on the characteristics of the transport
network, availability of resources, data on the demand for transport of goods, as well as
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boundary conditions related to this process. The second stage is the preparation of plans
to move the loaded and empty wagons. Here the task of optimization is to be solved.

The next stage contains the results analysis. At this point, the carrier evaluates if the
solution was rational and (most importantly) whether the result provides all orders with
wagons. The method is designed to assist the carrier in making decisions.

Hence, the quality of the result and the fulfillment of expectations need to be
determined. Organizing the process of moving the loaded and empty wagons is an
iterative process and may require the carrier to modify the input data or adjust the
calculation method parameters according to the results obtained.

5 Implementation of the Model in the Form of Simulation
Package ModPCar - Case Study

The ModPCar program allows the generation of a large number of plans variants.
Relocation of full wagons is correlated with the plans for moving empty wagons. The
package is dedicated to railroad carriers operating on an extensive area with a large
wagon stock and a wide range of transport orders. ModPCar package performs tasks
which can be divided into two areas. The first group of functions is designed for
creating, saving, printing, and editing data files. The second group is related to the input
of data files, performing the simulation and presenting the results. The program was
prepared in a demo version. With production implementation, it can be used for

Fig. 3. Algorithm for transporting loaded and empty wagons
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network operation with a centralized database. Verification of the method on a real
data, using the ModPCar package, has proven its validity. A description of the resulting
tables is shown below. The results allow the user to analyze every order.

Satisfying transport needs, i.e. execution of orders, can be done according to the
following variants (Fig. 4):

• option 1 - transport wagons are located at the forwarding station and do not need to
be brought from other stations,

• option 2 - wagons for freight demand are imported from different stations which are
not a sending station,

• option 3 - wagons are imported only from one station and it is not a sending station.

Option 1 - freight wagons are located at the sending station and do not need to be
brought from other stations. Example (shipment number 15 - Fig. 4): a customer has
requested the transport of 26 Eas cars from ST_88 to ST_61. They ordered the wagons
to be provided for siding 2010-10-06 at 20.00. To execute this order, the system
reserves the wagons that will be empty at ST_88 at that time. A loaded train with 26
cars from ST_88 station should leave 2010-10-08 at 06.04 and arrive at station ST_61
2010-10-10 at 23.43.

Option 2 - wagons for transport demand are imported from different stations which
are not the sending station. Example (parcel number 23 - Fig. 4): a customer has
requested to transport 40 wagons of the Eas series in relation ST_89 to ST_94. He
ordered the wagons to be provided for siding 2010-10-06 at 08.00. To fulfill the order,
17 cars needed for loading should be departed from station ST_94 2010-10-04 at.
10.40. A train with 17 empty wagons should arrive at station ST_89 2010-10-05 at
19.16. Twenty-three missing wagons are available at ST_88. A loaded train with 40
cars from ST_89 station should leave 2010-10-07 at 19.33 and arrive to ST_94 station
2010-10-09 at 03.08.

Option 3 - wagons for transport demand are only imported from one station which
is not a sending station. Example (shipment number 25 - Fig. 4): a customer has
requested the transport of 29 wagons of the Eas series in relation ST_119 to ST_108.

Fig. 4 Excerpt from report - example of the generated data. (Source: data extracted from
ModPCar)
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He ordered the cars to be provided for the siding 2010-10-07 at 02.00. In order to
process the request, 29 empty cars should be relocated from station ST_88 and should
leave 2010-10-06 at. 21.18. A train with 29 empty cars should arrive at station ST_119
2010-10-06 at 22.00. After loading, the train should leave 2010-10-07 at 14.00 and
arrive at station ST_108 2010-10-08 at 08.13.

6 Conclusion

The ModPCar computer application facilitating the process of decision support in the
organization of railway transport may find use, among others, for rail freight carriers.

The plan of moving loaded and empty wagons is prepared based on the transport
orders submitted by the buyers of transport services. The main advantage of the pro-
posed approach for planning the movement of empty and empty wagons on the rail
network is the ability to test different variants of the plan, allowing one to reconcile,
plan, and make adjustments using one system. The quality of the input data is decisive
for the correctness of the heuristic algorithm and its practical use.

Obtaining the data required by ModPCar applications is possible in companies that
have developed rolling stock tracking systems. As a result, a new tool has been
developed to support planning the movement of full wagons together with the planning
of relocating empty wagons needed to meet transport orders demand.
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