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Abstract: The main strategic goal of EU transport polictoisupport public passenger transport and railnaysport as
a key transport mode. It is also very importardéwelop and improve logistic processes in passergesport. To meet
these goals it is necessary to use professionat@edtific methods, for example gravitational noeth These methods
can be included among progressive empirical methadsnodels that are used to generalize specdidtseand offer a
general solution to the problem, from practical ktemige to theoretical formulation. These methodsuditised in the
natural sciences but their using in transport pgseg is very important too. One of the best knawpigcal methods are
Nyvig's and Lill’s gravitational methods. They aspecially used in transport planning and orgagijziletermining of
the traffic potential, optimization and rationalipa of timetables and traffic service. In the adnition the authors deals
with using of the current and new progressive gaéiginal methods in the context of rail passengerdgport logistics.
The first chapter comprises narrow connection efltiyistics and rail passenger transport includiregexplanation of
their function in rail passenger transport. Thetrmdmapter contains an analysis the current resednatised issues. The
most important scientific part conssists of theoattconcept of the gravitational methods in rajvpassenger transport
and its various modifications. Theoretical prinegpbf the new progressive Lill's gravitational mddem including its
practical application at the chosen railway passetrgnsport routes are explained and analyzedeirfdurth and the
fifth chapter.

1 Introduction practical application is mostly in railway passeange

Gravitational models and methods are generally irsedtransport. The methods can be used in order taleddc
activities that show certain facts and produce ifipec optimal number of journeys, return trips, numbetrains
results. They are based on conceptual thinkingesys and so on. Current gravitational methods and the ne
approach and exact features. They are engagethierijy  Proposed methods can improve and optimize tradficise
materials, constantly observing and investigatifigient  in railway passenger transport. Finally, it shohklp to
processes. Subsequently, the measurement phasstgonglake railway passenger transport more attractivé an
of a phase of counting and scaling, and finallye theffective and to increse the quality of logistiogesses.
experimental phase in which the process under
investigationis carried out in its basic conditiamsl at the 2 Logistics and its functions in railway
same time is isolated from other unimportant transport

circumstances. Within the experiment, the process i The relationship between transport and logistiseiy
changed based on the measurements, surveyed oosditinarrow and. Transport ensures the physical retocaf
and other selected criteria. Gravitational methmeng to  the product from the place of production to thenpaif
the empirical methods. These methods should help ¢@nsumption and logistics try to find optimal saat of
generalize specific results and offer a generalt&ml to  the transport process. Transport is an importastbfan
the problem, from practical knowledge to theordticaime benefit, it is the carrier of reliability argpeed of
formulation. The main instruments used in the it&orsto  product relocation. It is one of the most substanti
general theoretical knowledge is induction. _elements in the logistic system. It has irrecovieraind
The widely applied application of the methods iginsubstitutable place in the logistical chain fromaterial
especially in the field of transport processes #&mffic  supplier to customer.
planning. Basic principles of gravitational methaatsd When choosing the optimum kind of transport and the
models are mentioned in publication [1]. An impatta transport mode, it is very important to take inte@unt, in
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particular, the characteristics and type of thedparted 3 Current research in the field of
good, the weight, the volume, the packing methdias, gravitational methods and models

legislative rulebs anlii othferhcorrl]dltlons.llq thlsf/e:nn, Logistic problems in rail passenger transport and
account must be taken of the characteristics oVaeus e cially optimization of rail passenger transposing

modes of transport: various methods and models of transport plannirg ar

* ability to maximize transport safety, including the,yyressed by a large number of transport expexds an
elimination of shocks and possible damage to

t&ientists. Our target is focused to researchaioekhip

goods, between transport planning alternatively traffio/gze and
* ability to minimize the transport costs, logistics in rail passenger transport in the frawfe
 the ability to provide traffic to any destination, sustainable transport system.
+ ability to transport a certain number of materiael Using of the optimization methods Monte carlo is
goods, described in the article [3]. This method was used
+ ability to provide the optimal degree of time sétyur optimize the fleet capacity. In [4,5] the autharsifs on the
and reliability, quality of the service provided. As the intervatvibeen

+ ability to provide the maximum degree of comfort.  connections on individual lines is one of the datilie
indicators, such an assessment can be usedoksgfe to
Rail transport do not provide such high level otonnect innovative ideas in the field of transpostng
availability, manoeuvrability and flexibility as ad ontology. Optimisation of train traffic logisticsften
transport, but in logistics, however its functionvery depends on various types of data storage and data
important. It can provide transport in much largerepresentation. Many public transport providere mow
guantities, in the case of freight transport offéh® connected to open data sets and various information
possibility to transport also heavy loads, shipmesith systems beyond the field of rail traffic. Such dama
specific properties, etc. Thus, it can offer a nfav@urable interconnection needs smart ways of data storage fo
transport price per unit of consignment (e.g., tém)the further processing and analysis. Solution describd@]
field of passenger rail transport, logistics dealth proposes using ontology as a modeling tool withia t
planning, organization, management and control Ibf anformation system architecture proposal. This apph
activities between operators entering the trangpoxtess. could be an inspiration in a further storage aralyais of
The main goal is to create optimal conditions foswing passenger traffic data.
safe, reliable, sufficiently fast and conveniensgemnger For example the Czech authors JanosS aftid Heal
transport at the optimum price level. Very impottaralso  with issue of the gravitational methods and models
synergy effect and cooperation with other types dgjublications [7] and [8] where are explained basic
transport. The basic strategic objective is to enghe principles and theoretical basis of the Lill's gtational
maximum quality, speed and comfort of the transport models and subsequently its practical application i
regions and their economic development. To achileige transport planning and determination of development
goal, the most appropriate solution is the intraiduoof an ~ forecast in Usti nad labem region. Author Turner in
integrated transport system, integrating transaodttariff  publication [9] applies the principles of gravitatal
conditions, increasing the coordination of transpoodes methods to air transport using several modificatiand
and co-operation between individual carriers. Theran extended forms of the Lill's gravitational modelewh is
integrated the transport system is better for theeting analyzed impact of aggregated and non-aggregatddimo
public and the logistics of public passenger trartsat a to the issues. Within the proposal of the extenuedel
higher level. The main tasks of logistics in pagserrail deals with proposal of the new formula for model
transport are [2]: determination where are proposed several variakhes,
» review of passenger transport flows at certain sitne values of which are determined by expert estimation
transport routes using marketing methods or other

survey methods, 4 Current theoretical concept of the
+ optimization and control of the transport streams, gravitational methods and models
* improving of the majority transport process factors This method is often used to calculate the directib
« improving of the relationship with customers, traffic flows in a four-stage traffic model. Ita important

* ensuring quality services and optimal travel celter synthetic method that uses knowledge from anotieét f
cleanliness and comfort of the means of transpoif science (especially physics), taking into ac¢oun

seating, technical condition of the vehicle, Newton's law of gravitation, whose definition isfaiows:
* ensuring optimal costs, “Consider two bodies of masses and m. The distance
» solving the complex logistics chain — road from $®mu between the centers of masses is r. Accordingettath of
to house. gravitation, the gravitational force of attractibr(1) with

which the two massesi;mrand m separated by a distance r
attract each other is given by”:
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F=(Cx*21™2 (1) y —travel value, number of trips [piece],
M — attractiveness of monitored areas due to thiei,
economic level and other characteristics,

X — transport distance [km].

r2

After the application of the law of gravitation the
direction of transport flows, the formula (2) idléov:

DZ#DC; The above formulation of the relationship expresises
Dyj = ki *w—g (@) direct proportionality of the number of people witie
where: attractiveness of the area and the indirect prapality
Dj - the number of journeys between areas i ang¢gd, With the transport distance between them. This séaat
kj - gravitational constant [-], the number of passengers between two areas (seftigim
DZi - transport attractiveness of the area i, decreases with increasing distance according to the
DG, - transport attractiveness of the area j, hyperbolic curve 1/x. The hypothesis from whichsthi
w; - transport distance between areas i and j [km], formulation arose was subsequently confirmed anthen
o - empirical value approaching 2 [-]. basis of further Lill's research new relationshipere

formed expressing the given issue [10].

It is possible to take into account the more ativathe . .
two monitoregravityd areas (i, j) and the lowertiamsport 4.2 Current modified forms of the Lill's
distance between them, thus higher traffic flows ba gravitational model
expected and higher number of journeys between.them For example, research based on determining the
The mentioned problem is expressed graphicallyginlf number of passengers leaving an area with an tinald
One of the most important gravitational methodkiiiés (i) to an area with an attraction M (j) at a distarx (j) by
gravitational model. The Lill's gravitational modaid its comparing the probability P (j-1) that passengenifarea
various modifications are described in other suptdra i will be transported to area j with stop and ptuibiy P (j
[10]. + 1) that passengers will be transported from atearea
j without stop. The total probability will then lexpressed
as their difference - P (j) = P (j-1) - P (j + $ubsequently,
it will be possible to work on a modified relatids for
b g determining the number of passengers going fromjj t
which additionally contains the variable L (j), whi
expresses the interval between individual connestio
between areas i and j. The modified form of the
relationship is as follows (4):

D,

Dz

Figure 1.Basic principles of gravitational methdd4] M(@) M@  M®=L() (4)

x(D-LGY/2 x(DHL(D/2  x()?

y(i,j) =

4.1 Basic form of the Lill's gravitational model - )

Lill's gravitational model represents the most imaot ~ Another modified form of the model is based on
source of motivation and inspiration for authors identical principles and similar indicators as the
scientific research. This model was created orbasis of 9dravitational method itself. This is the followifigrm (5):
the research activities of the Austrian railwayiaagr and 0z
transport modeling expert Eduard Lill, who alread$891 vij =k * f (5)
presented the main principles and laws of trav&liémna. . Y

. ) . o ; where:
Given the growing importance of his ideas, it was ) o
. : ST Vi - traffic flows between areas i a j,
considered appropriate to apply the principlesisftavel K o
. . ; : . — gravitational constant, [-]

law to rail transport. Lill considered his obserwas to be . ial he i-th .
a natural law analogous to Newton's law of graiatatn Qi — attractiveness (poten.t|a) of t e I-th star@nga,
physics, but he had a fundamentally different tagcal Z; - attractiveness (po_tent|al)_of thg i-th finalare
approach. The original formulation was based on thei - variable expressing traffic resistance.
hypothesis that there is a certain relationshipveeh
traffic flows between certain areas (settlementhg
attractiveness of these areas and their distanbheser
traffic flows or the number of trips (passengerghin a
given area is also called the “"travel value" and ba
expressed as follows (3) [10]:

The stated form of the model is based on the
assumption that the traffic relationship betwees dheas
(Qi and Zj) increases with their size and attraoiass and
decreases with increasing so-called traffic rescsta
(usually represented by travel time or transpostagice
between areas). The gravitational constant wasrdited
M on the basis of research and expert estimates tand i
y=7 ®) expresses a certain territorial characteristic givan area
where: and within this model it takes values from 0.7 18.0’he
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result of the calculation is then a numerical valvhich
after the transfer expresses the "relative size"thef
transport flow. This form of the model was alsodusethe
research activities of the authors Jano$ akid K their
publications focused on transport planning in regiaail
passenger transport.

Another modification differs in addition to the fifent

K — gravitational constant (depends on the natumg a
connection of the selected settlements),

n — variable approaching 2.
4.3 New progressive form of the Lil's
gravitational model

Gravitational models are the inspiration for theation

designations of the variables in the numerator he&f t of the following relationship, which can be consitbas a

relationship, but their meaning
Denominator variable expresses traffic resistahoaugh
the transport distance between areas i and j\tjich is
raised to the second power. This form of the fomnsilas
follows (6):

Zi*C]'

vy =k
An alternative to the above modification is to eqw

the transport resistance through the general toanspsts
(cij) instead of the transport distance (7):

Zi*C]'
(cij)?

vi]' =

(6)

is not changethew progressive gravitational method applicable in

regional rail transport. The resulting form of {fr®posed
formula for the calculation of the transport potainKp)
can be marked as a further modification of Lill's

gravitational model. Its form is as follows (9) [12
D

Ky ==+ ©)
where:

K, — traffic potential coefficient [population/iip

An— the number of inhabitants of the n-th seat of the
monitored area [piece],

Dn— availability of the n-th railway station and stepts

(7) distance from the centre or from its middle [piece]

The best known and the most widespread modificatida length of the railway passenger transport rékitg.

of the Lill model, which is currently the most wideised,
is the form used to determine the optimal numbeetfrn
journeys of all public passenger transport modésdzn
two selected transport points. It takes into actabe

The most significant benefit of the proposed
relationship is the assessment of traffict poténdiad
subsequent more efficient identification of botédeks on

popu|ation of these transport points and the deanindiVidual regional rail routes, while it is pOS@bO assess

between them. The calculated optimal number ofrjeys
(8) is directly proportional to the number of initahts of
both transport points, the gravitational coeffiti&nand
indirectly proportional to the distance of thesansport
points. The model has the following shape, theltésu
always rounded up [10]:

. _ Agx4p
J12 =~ @

* K (8)

where:

whether the line has low transport potential dudot@
population density or the problem is accessibility
railway stations. and their longer distance from
settlements. It is also possible to assess theteaess of
investments in railway infrastructure on these dine
whether, based on the transport potential, morenskte
construction and reconstruction measures will @&yoo
operational and organizational measures will bécseifit,

etc. Based on the calculated values of Kp on skvera
transport routes, it is possible to better comphese

juz - optimal number of return journeys (connections)oytes and then assess their importance on the titie

between chosen traffic points,

A1, 2 — number of inhabitants (in thousands) of thefitraf ,5qernization.

points,
d — transport distance between traffic points [km],

resulting hierarchy and thus the prioritizationpofssible
Based on scientific opinions and
brainstorming methods, the width of the intervalsas
follows [12,13].

Table 1 Determination of the modified intervals tidf particular traffic service rangd42]

Traffic
service range

The interval of the
resulting K, value

Recommended number of pairs of
all regional trains

Recommended number of seats for all train
connections in both directions

. 0-700 4 up to 500 seats

1. 701-1 000 56 250-1 500

M1l 1 001-1 200 710 350- 3 000

V. 1201-1 400 1+ 15 550- 6 000

V. 1401-1 600 16- 20 1 00C- 8 000
VI. 1 601-1 800 2125 2 000- 10 000
VILI. 1801 -2000 26 30 4 000- 12 000
VIIL. 2 001 -2 500 3% 39 5 000- 15 000
IX. 2 501 - 3 000 406 49 7 000- 20 000

X. 3 001 and more 50 and more 8 000 and more
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5 Practical application of the
progressive Lill's gravitational model
The 3rd chapter contains a practical applicatiothe
new progressive Lill’s gravitational model. On thble 2

new

and table 3 are four model Slovak railway traspoutes
(Bratislava—Trnava, Zilina&=adca, Puchov—Horni Lide

¢ PleSivec—SlavoSovce).

Table 2 K calculation on Slovak railway transport routes Bstava — Trnava and Zilina€adca

Kp calculation on Bratislava—Trnava railway line

Tariff point: A D A/D

Svaty Jur 5 700.00 1 5 700.00
Pezinok 23002.00 0.8 28 752.50
Senkvice 5026.00 0.65 773231
Bahai 1857.00 0.5%5 3 376.36
Cifer 4 321.00 1 4 321.00
Trnava 65 207.00 1 65 207.00
Total value (A/D) 115 089.17
Transport distance (km) 46.00
Final Kp value 2 501.94

Kp calculation on Zilina—Cadca railway line

Tariff point: A D A/D
Brodno 131.,00 1.8 31,11
Vranie 736.00 22 4,58
Rudina 1831.00 0.82 288.75

Kys. N. Mesto 15 073.00 0.721 532.86

Ochodnica 1 933.00 1.1 757027

K. Lieskovec 2 354.001.3 1810.77
Dunajov 1163.00 0.23 5 056.52
Krasno n. Kys. 6 790.00 2 3 395.00
O&iadnica 5 700.00 1.7 3352.94
Cadca 23 941.00 3 18 416.15
Total value (A/D) 58 675.92
Transport distance (km) 30.00
Final Kp value 1 955.86

Table 3 K calculation on Slovak railway transport routes R@e — Horni Lidé€ and PleSivec — SlavoSovce

Kp calculation on Puchowv-Horni Lide¢ line

Tariff point: A D A/D
Dohiany 1815.00 0.25 7 260.00
Zéarigtie 698.00 0.7 997.14
Mest&ko 531.00 0.5 1 062.00
Laky p. M. 928.00 0.3 3093.33
Lysa p. M. 2093.00 0.35 5980.00
Strelenka 439.00 0.4 1 097.50
Strelna 596.00 0.35 1702.86
Horni Lide 1388.00 0.85 1632.94
Total value (A/D) 22 825.77
Transport distance (km) 28.00
Final Kp value 815.21

Kp calculation on PleSiveeSlavoSovce line

Tariff point: A D A/D
PleSivec 2 282.00 0.9 535256
Paskova 349.00 0.35 997.14
Kunova Teplica 708.00 0.6 180.00
Stitnik mesto 1880. 0.55 2818.18
Rostar 627.00 1.7 368.82
Ochtina 544.00 0.4 360100
Rochovce 333.00 0.4 832.5
SlavoSovce 1877.00 0.4 92456
Total value (A/D) 14 7870
Transport distance (k) 24.00
Final Kp value 616.03

Within each specified transport route, the traffiancrease it. Optimal traffic service range on ZilinCadca

potential is calculated in particular tariff poirgscording
to the formula stated in subchapter 2.3. Eachftpaint
includes the population (A), distance of the rajveiop
from the town/village centre (D) and finally paftand
final value of traffic potential (Kp).

Final Kp values including optimal traffic servicange
(according to table 1) compared with actual tragevice
range is situated in table 3. It follows from thecalated
data that optimal traffic service range is IX (4@9-pairs
of the regional trains during working day) and attraffic
service range in 2020 is VII (35 pairs) on the way
transport route Bratislava — Trnava. It followstthatual
traffic service is not sufficient and it is necays#o

railway line is VII (26 — 30 pairs of the regionahins
during working day) and actual traffic service rang

2020 is V (20 pairs). It also follows that it ispmppriate to
introduce 6 - 10 new pairs of passenger trainsin@pbt
traffic service range on the railway transport eoBtichov
— Horni Lide is Il (5-6 pairs of regional trains during
working day) and actual traffic service range i2Q@@s Il|

(7 pairs). It follows that it is appropriate torimtluce 6 new
pairs of passenger trains to meet the basic transpeds
of passengers. And finally optimal traffic servisel (4

pairs of regional trains during working day) on the
transport routes PleSivec — SlavoSovce, but abptekere
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is no railway passenger trains. There must bedoted a
minimum of 4 pairs of regional passenger trains.

Table 4 K calculation on four model Slovak railway transpartites

Railway transport route Final K p value Optimal traffic Actual traffic
service range service range
Bratislava—Trnava 2501.94 IX VIl
Zilina—Cadca 1341.99 Vil V
Pachov—Horni Lide¢ 815.21 I 1
PleSivec—SlavoSovce 616.03 I -
6 Conclusion FERETN :URGPSKA UNIA MINISTERSTVO
X Eurdpsky fond regiondlneho rozvoja a DOPRAVY A VYSTAVBY
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