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MODELOVANIE KOUAJISKA

A VYPOCET NAJKRATSE] JAZDNEJ CESTY

TRACKAGE MODELLING

AND ALGORITHMS FOR FINDING THE SHORTEST TRAIN ROUTE

Cldnok popisuje dva modely kolajovej siete v Zeleznicnej stanici
a na nich zaloZené algoritmy vypoctu najkratsej jazdnej cesty. Prvy
model - ohodnoteny digraf - reprezentuje kaZdu kolaj a vyhybkovii
kolaj pomocou dvoch vrcholov. Hrany predstavujii pripustné prechody
medzi kolajami. Druhy model - hranovo ohodnoteny neorientovany
graf - modeluje kolaje a vyhybkové kolaje pomocou hrdn. Vicholy
v fiom predstavujii spojenia medzi kolajami. Pre obidva modely boli
navrhnuté a overené algoritmy hladania jazdnej cesty, ktoré respek-
tujii pravidld pre pohyb kolajovych vozidiel, ako aj dizku viaku
a obsadenie kolaji inymi kolajovymi vozidlami.

1. Uvod

Jednym z problémov rieSenych na Katedre dopravnych sieti
FRI ZU je poéitacova simulacia prevadzky na zeleznici [1, 2, 4, 5,
6, 7]. Podarilo sa nam vytvorit a v praxi overit simulaény model
zriadovacej stanice.

Zakladnou tulohou zriadovacej stanice je prijimanie, rozpus-
tanie a tvorba nakladnych vlakov, ako aj obsluha vlakov tranzit-
nych a skupinovych. Vozne, ktoré prisli do stanice vo vlakoch zo
zaustujucich trati alebo zo zataze z vlastného uzla, sa triedia
podla miesta alebo podla smeru urCenia a vytvaraju sa z nich nové
nakladné vlaky, odvazajuce zataz do miesta urcenia alebo do inej
vlakotvornej stanice. Doba pobytu vozna v zriadovacich stani-
ciach tvori vyznamnu ¢ast doby obehu voziia v rimci Zelezni¢nej
siete. Aby sluzby poskytované Zelezni¢nou nakladnou dopravou
boli ¢o najkvalitnejSie, snaZime sa dobu obehu voziia minimalizo-
vat. Jednou z ciest, ako to dosiahnuf, je znizZit pocet stanic,
v ktorych je vozen prepravovany na jeho ceste z vychodiskovej do
cielovej stanice. Je teda nutné koncentrovat vlakotvorbu do
velkych triediacich stanic a menSie stanice rusit. Vo velkych sta-
niciach v§ak potom stupaju poziadavky na dokonald organizaciu
prace a efektivne vyuzitie vSetkych zdrojov. Na§ simulacny model
poskytuje informacie o kapacitnych moznostiach triediacich
stanic, o dosledkoch ich pripadnej rekonstrukcie a o vyuZiti tech-
nickych a [udskych zdrojov. Perspektivne by mohol tiez sluzit ako
podporny prostriedok pre rozhodovanie dispecera v realnom case.

* Ing. Antonin Kavicka, PhD., Ing. Ludmila Janosikova, CSc.

This paper deals with two models of track network in a railway
station and algorithms for finding the shortest train route. In the first
model - a weighted digraph - two vertices represent a track or a switch
track. Edges of a digraph are understood as the possible transitions
between tracks. In the second model - a non-oriented edge weighted
graph - the edges represent tracks and the vertices match the
connections between tracks. Algorithms for finding a shortest route
were designed and verified for both models. These algorithms respect
rules for the movement of rail vehicles, as well as their length and the
occupation of tracks by other rolling stock.

1. Introduction

The Department of Transport Networks (University of
Zilina) has been working in the field of computer simulation
applied to the operation of railway systems for many years [1, 2,
4,5, 6, 7]. We have been developing a complex simulation model
of a marshalling yard operation in recent years. The mentioned
model has been verified and already applied within the frame of
several real projects.

The basic task of a marshalling yard is to receive, sort and
form freight trains, as well as to attend transit trains and group
trains. The train cars coming from railway tracks, which flow into
or originate from the station, are sorted according to the place or
the direction of destination. New goods trains transport the freight
to the station of destination or to an intermediate station. The
sojourn time of a train car in a station represents an important part
of the circulation time of a train car on the railway network. To
improve the services of railway freight traffic, the circulation time
of a train car should be as short as possible. One of the possible
solutions of this task is to reduce the number of stations in which
the train car is handled on its way from the station of origin to the
station of destination. Trains should be formed in big marshalling
yards and small marshalling yards should be cancelled. However,
the requirements for perfect organisation of operation in big
stations then increase. Our simulation model gives information
about the utilisation of service means of the marshalling yard
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Dalsou oblastou, v ktorej mozno vyuZzit pocitacovy simulacny
model, je laboratorna vyucba studentov - buducich dispecerov.

Pri tvorbe pocitacového simulacného modelu (dalej len simu-
lacného modelu) sa uplathuju poznatky z roznych vednych
odvetvi, ako su pocitacova simulacia, teoria pravdepodobnosti,
tedria hromadnej obsluhy, tedria databaz, programovacie tech-
niky. Tieto vedné odbory maji v simuldcii vS§eobecné uplatnenie.
Okrem toho su vsak pri tvorbe modelu nevyhnutné vedomosti zo
Specifickych oblasti suvisiacich so simulovanym procesom. Pri
simulacii prevadzky ZelezniCnej stanice potrebujeme nastroje
a metody matematickej teorie dopravy a teorie grafov. Avsak Casto
pristupy a metody z prave menovanych oblasti nemozno v simu-
lacnom modeli aplikovat priamo, ale je potrebné ich upravit podla
potrieb simulaéného modelu.

Otazka vhodného modelovania ZelezniCnej kolajovej siete
v stanici je jednou z prvych, na ktoré musime pri tvorbe simulac-
ného modelu stanice odpovedat. Zelezniénu kolajovi siet
v stanici (kolajisko) chapeme ako dopravnu sief, po ktorej sa
pohybuju kolajové vozidla. Pohyb kolajovych vozidiel v kolajisku
je limitovany jednak istymi technickymi obmedzeniami (napr.
vlaky sa na kolaji nemézu predbiehat, dalej nie je mozné, aby kola-
jové vozidlo, ktoré pride na vyhybku, z nej dalej pokracovalo
v pohybe po I[ubovolnej kolaji, ktord je s nou spojena a pod.),
a jednak Zelezni¢nymi technologickymi predpismi (napr. pri pre-
miestiovani posunovacej lokomotivy z vchodovej skupiny kolaji
na odchodovu skupinu nemdze lokomotiva prechadzat po kolaji
na zvaznom pahorku).

Pri modelovani kolajiska (podobne ako pri modelovani inych
dopravnych sieti) je vhodné pouZzit nastroje teorie grafov. Pri
navrhu modelu kolajiska sa navySe musi zohladnit:

o Specificky charakter Zelezni¢nej kolajovej siete (s jej vyssie uve-
denymi technickymi a technologickymi obmedzeniami),

e miera podrobnosti, s ktorou chceme sledovat infrastruktiru
kolajiska,

e Specificky charakter pohybu kolajovych vozidiel v kolajisku a

® pozadovana miera presnosti, s ktorou chceme pohyby kolajo-
vych vozidiel sledovat.

Ked modelujeme pohyb kolajovych vozidiel, nemdzZeme zane-
dbat ich dizku, tzn. nemodzeme ich povazovaf za hmotné body
o nulovych dizkach. Dalej si musime uvedomit, Ze presun kolajo-
vého vozidla z jeho vychodiskovej do danej cielovej pozicie
nemozno vZdy uskutoCnit bez zmeny smeru pohybu (niekedy je
nutné pohyb v jednom smere zastavit a potom nechat kolajové
vozidlo pokracovat v jeho pohybe opaénym smerom nez pred
zastavenim).

Tvorca modelu kolajiska stoji teda pred problémom, aky typ
grafu a aku jeho implementaciu na pocitaci zvolit, aby boli zohlad-
nené vysSie uvedené skutocnosti. Pri navrhu modelu musime,
samozrejme, vziat do uUvahy aj to, aké ulohy chceme riesit. Pri
riadeni prevadzky v Zeleznicnej stanici je jednou z najcastejSie rie-
Senych uloh vyhladanie pripustnej, a pokial moZno najkratSej
trasy pre premiestnenie vozidiel v kolajisku. V simulaénom modeli
je nevyhnutné automatické riesenie tejto tlohy pocitacom.

(tracks, shunting locomotives, working gangs) as well as
information about the consequences of changes in trackage
infrastructure, work schedule and technological procedures. The
model could also serve as a support tool for dispatcher’s decisions
or as a training tool for future student dispatchers.

In creating a computer simulation model, knowledge of
various branches such as computer simulation, probability theory,
queuing theory, database theory and programming techniques is
valuable. Simulation uses these branches of science. In addition,
other specific knowledge connected with the simulated processes
is needed for the process of model creation. For simulation of the
operation of a marshalling yard, we need the tools and methods of
mathematical transport theory and graph theory. However, the
approaches and the methods of the mentioned branches often
cannot be applied to a simulation model directly. They have to be
settled according to needs of a model.

One of the first questions we are supposed to answer when
simulating a marshalling yard operation is how to model track
network (trackage) in a station. The track network in a station is
a transport network where the rolling stock move. The rail
vehicles movements are limited by certain technical restrictions
(e.g. trains cannot outrun each other on the same track, a rail
vehicle that comes to a switch cannot go on using an arbitrary
track connected with a switch, etc.). Further, the movement has
to respect railway technological rules (e.g. a shunting locomotive
cannot pass a hump track transferring from reception tracks to
departure tracks).

To model a trackage (like other transport networks) we can
use the tools of graph theory. In addition, we have to take into
account:

e The specific character of the railway track network (with its
above mentioned technical and technological restrictions),

o The level of details which we want to investigate on a trackage
infrastructure,

e The specific character of the movement of rail vehicles on
a trackage, and

e The required precise degree of rail vehicles movements.

When modelling the movement of rail vehicles we cannot
neglect their length. They cannot be regarded as objects with zero
lengths. Further, we should realise that sometimes a rail vehicle
cannot transfer from its original position to the certain destination
position without changing the direction of its movement.
Sometimes it is necessary to stop the movement in one direction
and then to let the rail vehicle go on in the opposite direction.

The designer has to choose such a graph and its computer
implementation in order to take this into consideration. Model
design must be adjusted to the problems which need to be solved.
One of the most often solved problems (managing a marshalling
yard operation) is to find the shortest admissible route for
a transfer of the rail vehicle on a trackage. In a computer
simulation model, it is necessary to solve this problem
automatically with a convenient algorithm.

1) © KOMUNIKACIE / COMMUNICATIONS 2/99



S ohladom na $pecificky charakter Zelezni¢nej kolajove;j siete,
$pecificky charakter pohybu kolajovych vozidiel a s cielom poskyt-
nut podporu pre automaticky vypocet najkratSej jazdnej cesty
v kolajisku sme navrhli dva r6zne sposoby modelovania kolajiska.
Prvym z nich je ohodnoteny digraf (orientovany graf), v ktorom je
kazda kolaj reprezentovana pomocou dvoch vrcholov a hrany
predstavuju pripustné prechody medzi kolajami. Druhy model -
hranovo ohodnoteny neorientovany graf - modeluje kolaje
pomocou hran. Vrcholy v iom predstavuju spojenia medzi kola-
jami. Pre kazdy model sme vypracovali algoritmus pre vypocet
najkratSej jazdnej cesty. Obidva modely a principy algoritmov su
ukazané v nasledujucich kapitolach.

2. Ohodnoteny digraf ako model kolajiska

Ohodnoteny digraf predstavuje dost zlozity model kolajiska.
Vyhodou vsak je, Ze optimalnou trasou na premiestnenie vlaku
z jednej kolaje na druhu je v tomto modeli najkratSia cesta
z jedného vrcholu do druhého, ktori mozno vyhladat pomocou
znamych metod, napr. Dijkstrovym algoritmom.

Model budeme ilustrovat na Casti kolajiska podla obr. 2.1.
Plan na obr. 2.1 bol zostrojeny pomocou grafického editora
AutoCAD LT. Su v nom znazornené kolaje, vyhybky a navestidla.
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With regard to the specific character of a railway track
network, the specific character of the movement of rail vehicles,
and the aim of giving support for automatic calculation of the
shortest route on a trackage, two different methods of trackage
modelling were designed. The first model is represented by
a weighted digraph. Two vertices of a digraph represent a track.
The edges reflect the possible transitions between the tracks. The
second model is a non-oriented edge weighted graph whose edges
represent tracks and vertices match the connections between
tracks. For both models, algorithms for finding the shortest route
were designed. The mentioned models and the principles of
algorithms are presented in the following chapters.

2. A weighted digraph as a trackage model

A weighted digraph is a rather complex model of a trackage.
However, this model also presents an advantage. The shortest
path between a pair of vertices represents an optimal route for
train transfer from one track to another. The shortest path can be
calculated by well-known methods ( e.g. Dijkstra’s algorithm).

The model will be illustrated on a part of a trackage shown in
Fig. 2.1. The plan in Fig. 2.1 was drawn using a graphic editor
AutoCAD LT. The tracks, switches and signals can be seen on the
plan.

Obr. 2.1. Cast kolajiska
Fig. 2.1 A part of a trackage

Pri zostavovani modelu sa uplatnia niektoré myslienky
Zelinku, ktory sa zaoberal polarnymi grafmi [7]. Postup navrhu
modelu mozeme zhrnut do Styroch krokov:

1. Vytvorime graf G, v ktorom hrany reprezentuju kolaje
a vrcholy predstavuji spojenia medzi kolajami (obr. 2.2).
Kolaje, ktoré tvoria vyhybku, s reprezentované samostat-
nymi hranami. V tejto faze navrhu este nie s definované pra-

The ideas of B. Zelinka are used [8] concerning polar graphs
within the frame of model design process. That process can be
summarised into four steps:

1. Construct graph G, whose edges represent the tracks and the
vertices represent the connections between tracks (Fig. 2.2).
The switch tracks are represented by independent edges. In
this step, the rules for passing through switches have not yet
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vidla pre prejazd cez vyhybky. NajkratSou trasou pre pre-
miestnenie vlaku je v grafe G, sled medzi dvoma hranami.

Vi

been defined. The shortest walk between the pair of edges in
graph G, represents the shortest route for train transfer.

V23

€6

Vig €23 Vig

Obr. 2.2. Graf G,
Fig. 2.2 Graph G,

Opaéné konce hran grafu G, ozna¢ime opacnymi znamien-
kami. Pomdzeme si pritom tak, Ze si predstavime umiestnenie
grafu G, v suradnicovom systéme (obr. 2.3). Kazdy vrchol
grafu potom moZeme stotoznit s koncami hran, ktoré su s nim
incidentné, napr. v; = e] = e},.

Label the opposite endpoints of each edge of graph G, with
opposite signs. We can imagine that graph G, is placed in
a two-dimensional co-ordinate system (Fig. 2.3). The edge
endpoint with a lesser x-coordinate gets the sign (+) and the
opposite one (-). Each vertex can be then identified with the
endpoints of incident edges, e.g. v; = e = e},.

(0,0)

Obr. 2.3. Graf G, - oznacenie opacnych koncov hrdn
Fig. 2.3 Graph G, - labelling of the opposite endpoints of edges

Vykoname transformaciu grafu G, na polarny graf G,
(obr. 2.4). KazZdej hrane grafu G, odpoveda v grafe G, vrchol
s dvoma pélmi. Poly vrcholu reprezentuju opacné konce
hrany. V grafe G, vrcholy reprezentuji kolaje a vyhybkové
kolaje. Dva vrcholy grafu G, su spojené hranou vtedy, ked su
odpovedajuce hrany v grafe G, susedné. Napr. v grafe G, su
susedné hrany e, a e,,, preto v grafe G, bude hrana [v], v}, ],
ktora je incidentnd s pélom — vrcholu v, a s pélom + vrcholu
vy,. Pri ur€ovani pdlov krajnych vrcholo v hrany v grafe G,
vyuZijeme oznacenie vrcholov grafu G, pomocou koncov
hran, ako bolo naznaCené v predchddzajuicom odseku
(v;=e| =e},). Hrana v grafe existuje vtedy, ked je technicky
pripustné, aby kolajové vozidlo preslo priamo z kolaje mode-

Transform graph G, into the polar graph G, (Fig. 2.4). Each
edge of graph G, corresponds to a vertex with two poles in
graph G,. Vertex poles represent opposite endpoints of the
edge. The vertices of graph G, represent tracks and switch
tracks. Two vertices of G, are connected with an edge if the
corresponding edges of G, are adjacent. For example, the
edges e, and e,, are adjacent in G, thus the edge [v7, v],] that
is incident with the — pole of vertex vl and the + pole of
vertex v, will be in G,. In addition, an edge exists in G| only
if it is technically allowed for a rail vehicle to transit from the
track modelled by the first vertex to the track modelled by the
second one. For example, on the single-slip switch, which is
composed of tracks e,, e,3, ;4 and e,s, a rail vehicle can go
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lovanej prvym vrcholom na kolaj modelovanu druhym vrcho-
lom. Napr. na polovicnej anglickej vyhybke tvorenej kolajami
€12 €13, €14 @ €5 mOZeme prejst z kolaje e}, len na kolaj e,s.
Pretoze typ vyhybky neumoziuje prechod ze;, naej;anize;,
na ey, nie je v grafe G, hrana medzi vrcholmi v, a v,3 ani
medzi v;, a vy, ale len hrana [v7],, vis].

4. Vyslednym modelom je digraf G, (obr. 2.5), ktory dostaneme
transformdaciou polarneho grafu G,.
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from track e, just to track e s. It means that we can construct
the edge [v],, v}s]. It is not allowed on this type of switch to
transit either from e, to ;5 or from e, to e;,. Therefore, the
edges between vertices v,,, v;; and between v, ,v;, do not
exist.

4. Transform polar graph G, to digraph G, (Fig. 2.5), which
represents the final model.

Obr. 2.4. Poldarny graf G,
Fig. 2.4 Polar graph G,

Kazdy vrchol v, grafu G, je v grafe G, reprezentovany dvojicou
vrcholov v,-(l), v,-(z), ¢o znamena, Ze kolaj mozno prechadzaf
dvoma opacnymi smermi. Hrany grafu G, mdzZeme rozdelif na
tranzitné (znazornené plnou Ciarou) a reverzné (znazornené Ciar-
kovanou Ciarou). Tranzitné hrany vyjadruji moznost prejazdu
(tranzitu) kolaje modelovanej vrcholom, z ktorého hrana
vychadza, s cielom dosiahnuf dalSiu kolaj. Reverzné hrany vyjad-
ruju skutocnost, ze vlak moze zmenit smer pohybu (vykonat rever-
ziu) na kolaji, ktora je modelovana pociatoénym vrcholom hrany.

Kazdej hrane grafu G, odpoveda dvojica tranzitnych hran
v grafe G,. Otazkou zostava, ktoré z vrcholov v, v?, vj“), vj(z),
grafu G, budu po€iatocnymi a ktoré koncovymi vrcholmi tranzit-
nych hran, ked v grafe G, existuje hrana medzi v; a v, Odpoved
najdeme v tabulke 2.1. V prvom stlpci tabulky je zaznamenané,
s ktorymi polmi vrcholov v; a v; grafu G, je hrana incidentna.
V druhom stlpci tabulky je potom pre kazdy variant uvedena
odpovedajuca dvojica tranzitnych hran v G,. Treti stipec tabulky
ukazuje sposob konStrukci e reverznych hran. Reverzné hrany
mozu vychadzat len z vrcholov, ktoré reprezentuji kolaje (nie
vyhybkové kolaje). Pritom sa predpoklada, Ze cely vlak stoji pri
reverzii na jednej kolaji. V grafe G, nie je modelovana situacia, Ze
vlak moze pri reverzii obsadit viacej kolaji. Pre kazdu tranzitni

Each vertex v; of graph G, is in graph G, represented by
a couple of vertices v, v»). Tt means that a track can be passed
in two opposite directions. Edges of G, can be divided into transit
edges (drawn by solid lines) and reverse edges (drawn by dotted
lines). A transit edge expresses the possibility of a train transit
through the track (modelled by the initial vertex of the edge) with
the aim of reaching the next track. A reverse edge enables a train
to change the direction of its movement (to make a reverse) on
the track that is modelled by the initial vertex of the edge.

Each edge of G, corresponds to a couple of transit edges of
G,. However, there is a problem. Let us consider an edge between
v; and v; in G,. Which vertex v, v, v/»(l), 1{,.(2) of graph G, will
be the initial and terminal vertices of transit edges? The table 2.1
gives the answer. The poles of vertices v; and v; of graph G, to
which the edge is incident, are shown in the first column of the
table. For each variant, a corresponding coupling of transit edges
of G, is written in the second column. The third column of
the table shows the reverse edge construction. A reverse edge can
just come out from the vertex, which represents the track (not
switch track) on which the whole train can reverse. Graph G, does
not model the situation where a train can occupy more tracks
making a reverse. For each transit edge with a terminal vertex vj“)
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2 2
V6(2) V23( ) Vi 1( )

Obr. 2.5. Digraf G,
Fig. 2.5 Digraph G,

hranu, ktorej koncovym vrcholom je alebo vj(l), vj(z) vytvorime | or 1{/-(2), we construct a reverse edge according to the rule given in
reverznu hranu podla pravidla v tab. 2.1. Napr. k tranzitnej hrane | Tab. 2.1. For example, we construct the reverse edge (v5(2), v 17“))
2, v5?) zostrojime reverznu hranu (v;?, v, D). which is based on the existence of transit edge (v,,'?, vs?).
Transformacia hran grafu G, na hrany grafu G, Tab. 2.1 Transformation of edges of G, to edges of G, Tab. 2.1
Graf G, Tranzitné hrany Reverzné hrany Graph G, Transit edges Reverse edges
v; v; v digrafe G, v digrafe G, v; v of digraph G, of digraph G,
+ . y D oy D o @ + _ y O oy O
V/(Z) N Vi(2) V/‘(Z) N vi(2)
_ + @ S @ @ = 0 _ + O 3@ =y
D = O D S 0
+ N NUNEaWE O N + NONEWE MO
V/(l) - @ vj(l) - @
_ _ OIS 1{/_(U vj(l) - y® _ _ OIEN v/(l) Vi(l) — D
MO @ = 0
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V grafe G, st ohodnotené vrcholy i hrany. Ohodnotenie
vrcholu odpoveda dizke kolaje, ktorti dany vrchol reprezentuje,
priCom plati, Ze ohodnotenie vrcholov v,-(” a v,-(z) je zhodné.
Ohodnotenie hran je nasledujuce:

e ohodnotenie tranzitnej hrany odpoveda dizke kolaje, ktora je
modelovana po€iatoénym vrcholom hrany;

e ohodnotenie vSetkych reverznych hran je zhodné a odpoveda
dizke objektu premiestnenia. (Ohodnotenie reverznych hran
teda nie je hranam trvalo priradené v modeli kolajiska, ale urci
sa aZ na zaciatku algoritmu pre vyhladanie najkratsej cesty.)

NajkratSiu trasu pre premiestnenie vlaku z poc€iato¢nej na
cielovi kolaj chapeme v grafe ako najkratSiu cestu medzi dvoma
vrcholmi. Na jej vypocet mdézeme pouZzit po malych upravach
Iubovol'ny algoritmus, ktory vyhlada najkratSiu cestu z pociatoc-
ného do koncového vrcholu. Mozeme pouzif napr. Dijkstrov algo-
ritmus, ktory vSak treba upravit tak, aby respektoval
1. dizku vlaku, ktory chceme premiestnit,

2. aktudlne obsadenie kolajiska.

Obidve poziadavky si parametrami algoritmu a v priebehu
vypoctu sa neaktualizuju. Ako uz bolo uvedené vyssie, podla dizky
vlaku sa ohodnotia reverzné hrany, takze dizka najkratsej cesty
bude potom odpovedat skutocnej vzdialenosti, ktort vlak prejde.
Obsadenie kolajiska sa reprezentuje ako vektor realnych Cisiel o.
Kazdy prvok vektora odpoveda jednému vrcholu grafu G, a udava,
aka je vol'na kapacita kolaje reprezentovanej danym vrcholom (od
prislusného konca kolaje). Ak je kolaj cela volna, su prvky
v ektora o; a o, odpovedajuce vrcholom v" a v/? zhodné
a rovné dizke kolaje. Ak je cela kolaj obsadena, st prvky 0,120
rovné nule. Ak uz na kolaji stoji vlak, ale Cast kolaje je volna, maju
prvky vektora o, a 0,, hodnotu odpovedajticu volnej dizke kolaje
(pozti obr. 2.6). Dizka vlaku a volna kapacita kolaji ovplyvni
znackovanie naslednikov aktualneho vrcholu: naslednik aktual-
neho vrcholu sa moze zaradit do mnoziny doCasne oznacenych
vrcholov len vtedy, ak je jeho volna kapacita véacSia alebo rovna
diz ke vlaku (vlak sa vojde na nasledujucu kolaj). Navyse, ak je
naslednik koncovym vrcholom tranzitnej hrany, musi byt volna
kapacita aktualneho vrcholu rovna ohodnoteniu danej tranzitnej
hrany, ¢o znamena, Ze vlak moze prejst cez kolaj, na ktorej sa
prave nachadza.

O najkratSej ceste z jedného
pociatocného do jedného cielo-
vého vrcholu hovorime vtedy,
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All vertices and edges of G, are weighted. The vertex weight
corresponds to the length of the track represented by the vertex.
The weight of vertex v,-(” equals to the weight of vertex v,-(z). The
edge weights are as follows:

e The transit edge weight corresponds to the length of the track
represented by the initial vertex of the edge;

o All reverse edge weights are the same and correspond to the
length of the object of transfer. (Therefore, the reverse edge
weights are not permanent, but they are determined at the
beginning of the procedure for finding the shortest path.)

The shortest route for a train transfer from an initial to a ter-
minal track is understood as the shortest path between a pair of
vertices of graph G,. An arbitrary algorithm (after a little modifi-
cation) that finds the shortest path from an initial to a terminal
vertex can calculate it. For example, Dijkstra’s algorithm can be
used supposing it is modified to respect
1. the length of a train to be transferred,

2. the actual trackage occupation.

Both requirements are parameters of the algorithm and they are
not actualised during the calculation. As was stated in the preceding
section, reverse edges are weighted according to the length of the
train. Therefore, the length of the shortest path corresponds to the
real distance passed by the train. The trackage occupation is
represented by a vector o of real numbers. Each element of
o corresponds to one vertex of graph G, and explains the free
capacity of the track represented by this vertex (regarding the
appropriate end of the track). If the whole track is free, the vector
elements o,, and o,, corresponding to v " and v® are identical and
equal to the length of the track. If the whole track is occupied, o,
and o,, equal zero. If a train occupies the track, but a part of the track
is free, values o,; and o,, correspond to the lengths of the free parts
of the track (see Fig. 2.6). The length of the train and the free
capacities of tracks influence the labelling of successors of the actual
vertex . A successor of the actual vertex can be labelled and then
added to a search tree if its free capacity is greater or equal to the
length of the train (the train fits in at the next track). In addition, if
a successor is a terminal vertex of a transit edge, the free capacity of
the actual vertex has to equal the weight of that transit edge, which
means that a train can pass through the track on which it stands.

The shortest path from one
O defined initial vertex to one
defined terminal vertex is comput-

ak je presne urceny koniec O
kolaje, ktorym ma vlak pocia-

O ed, if it is precisely determined
the endpoint of the track through

tocnu kolaj opustit, a tiez je
presne urCeny koniec cielovej
kolaje, cez ktory ma vlak na
cielovi kolaj prist. Tieto situa-
cie je dolezité rozliSovat najma
v pripadoch, kedy premiestiovanym objektom nie je vlak, ale len
lokomotiva. Ked je na pociatocnej kolaji lokomotiva pripojena
k vlaku, nemdze z pociatocnej kolaje odist cez jej lubovolny
koniec. Podobne, ak na cielovej kolaji stoji siprava a chceme k nej
prisunut lokomotivu, musime Specifikovat, ku ktorému koncu

Obr. 2.6. Volnd kapacita obsadenej kolaje K;
Fig. 2.6 Free capacity of occupied track K;

which a train shall leave the initial
track, as well as it is precisely
determined the endpoint of the
terminal track, through which
a train shall come to the terminal
track. It is important to specify the endpoints of the tracks espe-
cially in the case where the object of transfer is not a train, but
a locomotive. If a locomotive joins a train on the initial track, it
cannot leave the initial track through its arbitrary endpoint.
Likewise, if the train cars stand on the terminal track and we want
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vlaku ju chceme pripojit, tzn. z ktorého konca ma na cielovu kolaj
prist. Naviac moze mat zmysel aj situacia, kedy ma lokomotiva
prist na rovnaku kolaj, na ktorej stoji, ale z opa¢ného konca. Ak
nepotrebujeme rozliSovat jednotlivé konce pociatocnej kolaje,
potom nehladame cestu z jedného pociato¢ného vrcholu, ale
z mnoziny poc€iatoénych vrcholov tvorenej vrcholmi v,-(l) a v,.(z).
Podobne, ak neSpecifikujeme koniec cielovej kolaje, uvazujeme
dvojprvkovii mnoZzinu cielovych vrcholov.

NajkratSiu cestu medzi dvoma vrcholmi grafu G, moZno
lahko pretransformovat na najkratsi sled medzi dvoma hranami
grafu G,

3. Model kolajiska zalozeny
na hranovo ohodnotenom grafe

Hranovo ohodnoteny graf predstavuje prirodzeny model kola-
jiska, v ktorom hrany reprezentuju kolaje a vyhybkové kolaje
a vrcholy predstavuju spojenia medzi kolajami. Ohodnotenie
hrany odpoveda dizke kolaje. Na obr. 3.1 je graf G modelujuci
kolajisko z obr. 2.1. Polovi¢na kriZzovatkova (anglicka) vyhybka sa
modeluje bez deliaceho vrcholu v strede vyhybky. Hrany, ktoré
modeluju vyhybku, definuju technicky mozné prechody medzi
kolajami, ktoré vyhybka spaja. Poloviéna anglicka vyhybka na obr.
2.1 neumoZiu je priamu jazdu z kolaje (hrany) e, na kolaj e,
preto v grafe G neexistuje hrana medzi vrcholmi v; a vg.

to shunt a locomotive to them, we have to determine which endpoint
of a train we want it to join (i.e. from which endpoint it shall come
to on the terminal track). It might even be the case that a locomotive
has to come to the same track on which it stands, but through the
opposite endpoint. If the individual endpoints of the initial track
need not be distinguished, then we do not search for a path from one
initial vertex, but from a set of initial vertices consisting of vertices
v and v, Likewise, if the endpoint of the terminal track is not
determined, a set of two terminal vertices is taken into account.

The shortest path between a pair of vertices of graph G, can
be easily transformed to the shortest walk between a pair of edges
of graph G,.

3. A trackage model based upon
an edge weighted graph

An edge weighted graph stands for a natural model of
a trackage. The edges represent the tracks and the switch tracks.
The vertices represent the connections between tracks. The edge
weight corresponds to the length of the track. In Fig. 3.1 graph
G models the trackage from Fig. 2.1. A singleslip switch is
modelled without a divided vertex in the middle of a switch. The
edges modelling a switch define technically allowed transits
between tracks connected by a switch. The single-slip switch in
Fig. 2.1 does not allow direct transit from track (edge) e, to track
e5, that’s why an edge between v; and v, does not exist in graph G.

\Z V23
€1 €
V3 e]6V9 €4 Vi1
€12 €
\‘2 ) ey €3V 18,5
Ve € Vi2€ €
V4 e 17V10 €5 1219 7
V7
° €
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Obr. 3.1 Graf G
Fig. 3.1 Graph G

Uvedeny sposob modelovania vyhybiek vSak nedefinuje uplne
pravidla prejazdu cez vyhybku. Musime eSte definovat, Ze vlak
nemdze prejst priamo z jednej vyhybkovej kolaje na druhu, ale Ze
musi urobit reverziu, t. j. prejst cez vyhybku v jednom smere,
zastavif na nasledujucej kolaji (alebo viacerych kolajach) a az
potom sa na vyhybku vratit. Napr. pri jazde z kolaje e, cez vrchol
v,; na kolaj es cez vrchol v, by vlak musel prechadzat cez kolaje
s, €7 2 €;9. Preto definujeme mnoZinu zakazanych odboceni. Jej
prvkami su neusporiadané dvojice hran. Hrany z jednej dvojice
modeluju kolaje jednej vyhybky. Kazda dvojica teda udava, Ze nie
je mozny priamy prechod z jednej vyhybkovej kolaje na druhu,
ktora je sucasfou rovnakej vyhybky. Pre jednoduchu vyhybku
vysta¢ime s jednou neusporiadanou dvojicou, napr. [eys, eq].
U polovicnej anglickej vyhybky musime definovat dve neusporia-

This way of a switch modelling does not completely define the
rules of transit through a switch. We have to define that a train
cannot transit directly from one switch track to another, but it has
to make a reverse. It means, in fact, that it has to transit through
a switch in one direction, to stop on the next track (on more
tracks, respectively) and after that return back to a switch. For
example, moving from track e, through vertex v, to track es
through vertex v,,, a train has to transit through tracks eq, e; and
e1o- That is the reason to define a ser of forbidden turns. The
elements of the set are represented by unordered pairs of edges.
The edges of one pair model tracks of one switch. Therefore, each
pair expresses the fact that a direct transit between two tracks
which belong to the same switch is not possible. For a simple
switch, one pair is sufficient, e.g. [e;5, €;9]. For a single-slip
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dané dvojice, napr. pre poloviénu kriZovatkovu vyhybku na grafe
G by to boli dvojice [e,,, e13] a [e}3, €14]. Pre celu anglicku vyhybku
by sme potom definovali styri neusporiadané dvojice hran.
NajkratSou cestou pre premiestnenie vlaku z jednej kolaje na
druhu je v grafe G najkratsi pripustny sled z pociatocnej na cielovu
hranu. Pripustnym sledom rozumieme sled, v ktorom
a) ziadne dve po sebe iduce hrany netvoria zakazané odbocenie;
b) sucet ohodnoteni hran, ktoré sa v slede opakuju a predstavuju
kolaje, na ktorych vlak vykona reverziu, je vacsi alebo rovny
dizke vlaku.

NajkratS$i pripustny sled mozeme vyhladat pomocou
Dijkstrovho algoritmu [1, 3], ale musime ho modifikovat tak, aby
respektoval zakazané odbogenia na vyhybkach, dizku premiestiio-
vaného objektu a aktualne obsadenie kolajiska.

Pretoze Dijkstrov algoritmus je vrcholovo orientovany (hlada
vzdialenosti do vrcholov grafu), musime definovat, ako sa zaka-
zané odbocCenia prejavia vo vrcholovom okoli kazdého vrcholu.
Predovsetkym, vrcholové okolie vrcholu definujeme vzhladom na
kazdu hranu, s ktorou je vrchol incidentny. Ak teda hrana e, ma
krajné vrcholy v, a v., potom vrcholové okolie vrcholu v, vzhladom
ku hrane e, bude mnoZina obsahujuca vsetky jeho susedné vrcholy
okrem vrcholu v,. Vrcholové okolie vrcholu v, vzhladom na
hranu e¢; moZeme dalej rozdelit na tranzitné a reverzné vrcholové
okolie. V tranzitnom vrcholovom okoli vrcholu v, sa nachadzaju
také jeho susedné vrcholy v, Ze hrany incidentné s tymito
vrcholmi a s vrcholom v, netvoria s hranou e, zakazané odbocenie.
Reverzné vrcholové okolie vrcholu vk je bud prazdne, alebo je
tvorené jednym vrcholom v, ktory je susedny s vrcholom v,
a hrana incidentna s vrcholom v, a s vrcholom v, je v zakdzanom
odboceni s hranou e, Pre ilustraciu sa vratme k obr. 3.1 a defi-
nujme vrcholové okolie vrcholu vy vzhladom na hranu e,.
Vrcholové okolie vrcholu vg vzhladom na hranu e,; je mnoZina
[ve, vol, pricom {v¢} tvori tranzitné a {v,]} reverzné vrcholové
okolie vrcholu vg vzhladom na hranu e;.

Rozdelenie vrcholového okolia vrcholu v, na tranzitné
a reverzné ma vyznam pre znaCkovanie naslednikov aktualneho
vrcholu. Ak naslednik aktudlneho vrcholu v, je z reverzného
vrcholového okolia, méZeme ho oznackovat len vtedy, ak za
vrcholom v, existuje dostatocne dlha cesta v pévodnom smere pre
zastavenie vlaku. Ak takdto cesta existuje, hovorime, Ze vrchol v,
je dostupny, v opaénom pripade je vrchol v, nedostupny
a nemdzZeme z neho pokracovat po hrane, ktora je v zakazanom
odboceni s hranou, po ktorej sme sa do vrcholu v, dostali. V ini-
cializacnej faze algoritmu su vSetky vrcholy oznacené ako nedo-
stupné. Po najdeni trasy T,, = {v,, u;, u,, ..., y, u} Z poCiatocného
vrcholu v; do vrcholu u oznacime za dostupné vSetky vrcholy #; na
tejto ceste, pre ktoré plati d, — d,; = [, kde d,, resp. je vzdiale-
nost z po€iatoéného vrcholu vi do vrcholu u, resp. &, do vrcholu
u, a I, je dizka vlaku (objektu premiestnenia).

Nislednika aktualneho vrcholu v, z jeho reverzného vrcholo-
vého okolia nemoZeme teda oznackovat, ak vrchol v, nie je
dostupny. Vrchol, ktory je nedostupny z dovodu ukoncenia alebo
obsadenia kolajiska, musime vratit do mnoziny neoznacenych
vrcholov, aby ho algoritmus mohol v dalSich krokoch oznacit
z iného smeru. Situacia je ilustrovana na obr. 3.2.
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switch, two unordered pairs have to be defined, e.g. [}, €3] and
[e,3, €14]. For a double-s lip switch, four unordered pairs of edges
are defined.

The shortest admissible walk from an initial to a terminal edge
of graph G represents the shortest route for train transfer from an
initial to a terminal track. An admissible walk is a walk in which
a) none of two successive edges belongs to the set of forbidden

turns;

b) the sum of the weights of edges repeated in a walk and
representing tracks, on which a train makes a reverse, is
greater or equal to the train length.

The shortest admissible walk can be found by
Dijkstra’s algorithm [1, 3] which is supposed to be modified so
that it could respect forbidden turns on switches as well as the
length of an object of transfer and the actual trackage occupation.

The Dijkstra’s algorithm uses a vertex-oriented approach (it
searches paths to vertices of a graph), therefore, we have to define
how to express the forbidden turns in a vertex neighbourhood.
First, we define a vertex neighbourhood with regard to every edge
incident to the vertex. Therefore, if edge ¢, has endpoints v, and v,
then a neighbourhood of v, with regard to edge e, is a set of its
neighbours with the exception of vertex v,. A neighbourhood of v,
with regard to edge ¢, can be divided into a transit and a reverse
neighbourhood. A transit neighbourhood of v, consists of those of
its neighbours v, that the edges with endpoints v, and v, do not
constitute forbidden turns with edge e;. A reverse neighbourhood
of v, is either empty or consists of one vertex v, that is a neighbour
of v, and the edge with endpoints v, and v, constitutes a forbidden
turn with edge e,. For an illustration, let us go back to Fig. 3.1 and
define the neighbourhood of vertex vg with regard to edge e,;. The
neighbourhood of vertex vg with regard to edge e,; is set {vq, Vo),
whereby {v,] stands for the transit and {v,} stands for the reverse
neighbourhood of vertex vg with regard to edge e;;.

The division of a neighbourhood of vertex v, to a transit and
a reverse one is important for the labelling of successors of the
actual vertex. If a successor of the actual vertex v, belongs to its
reverse neighbourhood, it can be labelled only if a route (behind
the vertex v, in the original direction) is long enough for a train
stop. If the required route exists, the vertex v, is said to be
accessible. Otherwise, the vertex v, is inaccessible and the route
cannot go on using an edge, which constitutes a forbidden turn
with the edge coming into vertex v,. During the initialisation
phase of the algorithm, all vertices are indicated as inaccessible.
When the route 7, = { v;, uy, u,, ..., uy, u} from initial vertex v, to
vertex u was found, all vertices ui on this path which holds
d, —d,; =1, are indicated as accessible. We denoted the
distance from the initial vertex v, to the vertices « and u; by d,, and
d,,; respectively and the length of an object of transfer by /.

Therefore, a successor of the actual vertex v, from its reverse
neighbourhood cannot be labelled until v, is accessible. A vertex
that is inaccessible due to the end of trackage or the track
occupation has to be deleted from a search tree so that the
algorithm could label it in the next search process through
another predecessor. The situation is illustrated in Fig. 3.2.
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Obr. 3.2. Hladanie alternativnej cesty pri obmedzenej dizke kolajiska
Fig. 3.2 Searching of an alternative path in a restricted trackage

Vlak, ktory stoji na kolaji es, chceme premiestnit na kolaj e,,
pricom poZadujeme, aby vlak priSiel na kolaj e, zlava. Dizka
kolaje e, je mensia nez dizka vlaku a neumoZiuje reverziu pohybu,
preto vlak nemoZe prist na kolaj e, najkratSou cestou cez kolaje
e, €}, €g, €5 2 ey;. Scet dizok kolaji e,, eg a e, je naopak dosta-
to€ny a cesta cez kolaj e; s reverziou na kolajach e,, eg a e je pri-
pustna. Aby algoritmus toto pripustné rieSenie naSiel, musi po
neuspeSnom pokuse o reverziu vo vrchole v, (pri ceste z kolaje es)
nedostupné vrcholy v, a v, uvolnit pre hladanie cesty z iného
smeru. To znamena, Ze oznacCenie vrcholov sa nastavi na pocCia-
to¢nu hodnotu (d; = e a d, = e0). Okrem toho, po preznaceni
nedostupného vrcholu sa do mnoziny docasne oznacenych vrcho-
lov musi zaradit taky jeho susedny vrchol, ktory nie je jeho pred-
chodcom, ale ma znacku < oo, pretoze tento vrchol sa moze staf
predchodcom nedostupného vrcholu na novej ceste.

Algoritmus musi dalej reSpektovat aktualne obsadenie kola-
jiska. Obsadenie kolajiska je vyjadrené ako volna kapacita kolaji
vztiahnuta ku kazdému koncu kolaje (obr. 2.6). Podobne ako
v predchadzajucom modeli, dizka vlaku a obsadenie kolajiska su
vstupnymi parametrami algoritmu.

4. Vypoctové experimenty

Obidva sposoby modelovania kolajiska a na nich zalozené
algoritmy pre vypocet najkratSej jazdnej cesty sme testovali na
ilustracnom kolajisku z obr. 2.1 a na realnom kolajisku zriadova-
cej stanice Zilina - Teplicka nad Vahom (obr. 4.1). Cielom vypoé-
tovych experimentov bolo porovnat obidva sposoby modelovania
kolajiska z hladiska rychlosti vypoCtu najkratSej jazdnej cesty.

Na digrafe z obr. 2.5 sme nechali algoritmus vypocitat naj-
kratsie cesty medzi vSetkymi dvojicami vrcholov, a to pre rozne
dizky vlaku (v rozsahu od 0 do 500 m). Pre kazdu dizku vlaku sme
potom vypocitali priemerny ¢as pre vyhladanie jednej cesty.

Digraf modelujuci kolajisko zriadovacej stanice Zilina -
Teplicka nad Vahom ma 1178 vrcholov a 1095 hran. Na takom
rozsiahlom modeli by bolo ¢asovo narocné (a asi aj zbytocné)
pocitat vSetky najkratsie cesty, preto algoritmus pocital najkratsie
cesty len medzi prvymi 200 vrcholmi.

Vsetky vypocty prebiehali za predpokladu, Ze kolajisko je
prazdne (vSetky kolaje st volné).

Vysledky experimentov na oboch kolajiskach su zhrnuté
v tab. 4.1. V prvych dvoch stipcoch tabulky je pocet vrcholov,
resp. pocet hran digrafu modelujuceho dané kolajisko. Treti stipec

A train standing on track es shall be transferred to track e,.
We want it to come to the terminal track through its left endpoint.
The length of track e, is less than the length of the train and it
does not allow for making a reverse. That’s why the train cannot
come to e4 using the shortest route through tracks e, e, eg, €, and
e};. On the other hand, the sum of the lengths of tracks e, eg and
e, is sufficient and the route through track e; (with reversion on
tracks e,, eg and e,) is admissible. So that the algorithm could find
this admissible solution, it has to remove inaccessible vertices v,
and v, from a search tree after an unsuccessful reversion behind
vertex v, (on a path from es). It means that the labels of v, and v,
are set again to their initial values (d, = o a d, = o). In addition,
when an inaccessible vertex v, was re-labelled, its neighbour
having a label and not being a predecessor of v, has to be
indicated as the temporary labelled vertex in order so that it could
become a predecessor of v, on a new path.

The algorithm has to respect the actual trackage occupation.
The trackage occupation is expressed as the free capacity of each
track related to the endpoint of the track (Fig. 2.6). As in the
preceding model, the length of the train and the trackage
occupation represent input parameters of the algorithm.

4. Computational experiments

Both methods of trackage modelling and algorithms for
finding the shortest train route based upon them were tested on
the illustrative trackage in Fig. 2.1, as well as on the real trackage
of marshalling yard Zilina - Teplicka nad Vahom (Fig. 4.1). The
goal of computational experiments was to compare both methods
of trackage modelling in terms of the time performance of the
algorithms.

On the digraph in Fig. 2.5 the algorithm was run for all pairs
of vertices and for various train lengths (ranging from 0 to 500
m). Then for each train length an average algorithm calculation
time was measured.

The digraph, modelling the trackage of marshalling yard
Zilina - Teplicka nad Vahom, is composed of 1178 vertices and
1095 edges. It would be time-consuming (and probably useless) to
find all the shortest paths on such a large model. That’s why the
algorithm was run just for pairs of the first 200 vertices.

All computations were done supposing the trackage is empty
(all tracks are free).

The computational results for both track infrastructures are
summarised in Table 4.1. The number of vertices and the number
of edges of the digraph (modelling the given trackage) are in the
first two columns of the table. The third column labelled N,
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tabulky oznaceny symbolom N, udava pocet vrcholov, medzi
ktorymi by sme chceli vypocitat najkratSie cesty. Pred spustenim
vypoctu sa najprv skontroluje, ¢i vypodet ma zmysel, t. j. &i dizka
kolaji modelovanych pociatoénym a cielovym vrcholom je vacsia
alebo rovna dizke vlaku. Pocet ciest, ktoré algoritmus poéita, teda
zavisi od dizky vlaku a plati pren vztah podet ciest < N f — N..Do
tohto poCtu su zahrnuté aj také cesty, ktoré algoritmus zacal
pocitat, ale nedopocital, pretoZe zistil, Ze poZadovana cesta ne-
existuje.

Dalsi stipec tabulky obsahuje celkovy Gas vypoctu vietkych
ciest. V poslednom stipci je priemerny ¢as vypoétu jednej cesty.
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involves the number of vertices, between which we would like to
find shortest paths. Before the algorithm starts running, it is
checked to see if the lengths of tracks modelled by the initial and
the terminal vertices are greater or equal to the length of the train.
Therefore, the number of paths the algorithm searches depends
on the length of the train and the following relation holds: number
of paths = N% — N,. The number of paths includes also those
paths, which the algorithm started to search, but it fails due to the
fact that the required path did not exist.

The next column of the table involves the total computation
time of all the paths. There is an average time of one algorithm
run in the last column.

Vysledky vypoctovych experimentov pre ohodnoteny digraf Tab. 4.1 Computational results for a weighted digraph Tab. 4.1
N M Nc Dizka Pocet Celkovy |Priemerny N M N¢ Train Number Total Averange
vlaku [m] ciest Cas [s] | Cas [ms] lenght [m]| of walks | time [s] |time [ms]
50 78 50 0 2450 1.10 0.45 50 78 50 0 2450 1.10 0.45
50 78 50 50 380 0.22 0.58 50 78 50 50 380 0.22 0.58
50 78 50 100 306 0.17 0.56 50 78 50 100 306 0.17 0.56
50 78 50 200 132 0.11 0.83 50 78 50 200 132 0.11 0.83
50 78 50 300 30 0.06 2.00 50 78 50 300 30 0.06 2.00
50 78 50 400 12 0.05 417 50 78 50 400 12 0.05 4.17
50 78 50 500 12 0.06 5.00 50 78 50 500 12 0.06 5.00
1178 | 1905 200 0 39800 578.64 14.54 1178 | 1905 200 0 39800 578.64 14.54
1178 | 1905 200 50 5402 90.24 16.70 1178 | 1905 200 50 5402 90.24 16.70
1178 | 1905 200 100 2450 38.56 15.74 1178 | 1905 200 100 2450 38.56 15.74
1178 | 1905 200 200 1560 24.66 15.81 1178 | 1905 200 200 1560 24.66 15.81
1178 | 1905 200 300 1122 18.90 16.84 1178 | 1905 200 300 1122 18.90 16.84
1178 | 1905 200 400 756 13.02 17.22 1178 | 1905 200 400 756 13.02 17.22
1178 | 1905 200 500 756 12.31 16.28 1178 | 1905 200 500 756 12.31 16.28
Vysledky vypoctovych experimentov pre neorientovany Tab. 4.2 | Computational results for a non-oriented Tab. 4.2
hranovo ohodnoteny graf edge weighted graph
N M Mc Dizka Pocet Celkovy |Priemerny N M Mq Train Number Total Averange
vlaku [m] | sledov Cas [s] | cas [ms] lenght [m]| of walks | time [s] |time [ms]
22 24 24 0 2256 1.65 0.73 22 24 24 0 2256 1.65 0.73
22 24 24 50 650 0.49 0.75 22 24 24 50 650 0.49 0.75
22 24 24 100 306 0.28 0.92 22 24 24 100 306 0.28 0.92
22 24 24 200 132 0.11 0.83 22 24 24 200 132 0.11 0.83
22 24 24 300 30 0.06 2.00 22 24 24 300 30 0.06 2.00
22 24 24 400 12 0.05 4.17 22 24 24 400 12 0.05 4.17
22 24 24 500 12 0.05 417 22 24 24 500 12 0.05 4.17
690 571 100 0 39800 452.64 11.37 690 577 100 0 39800 452.64 11.37
690 | 577 100 50 5402 72.56 | 13.43 690 | 577 100 50 5402 72.56 | 13.43
690 571 100 100 2450 41.31 16.86 690 571 100 100 2450 41.31 16.86
690 | 577 100 200 1560 31.80 | 20.38 690 | 577 100 200 1560 31.80 | 20.38
690 | 577 100 300 1122 27.85 | 24.82 690 | 577 100 300 1122 2785 | 24.82
690 | 577 100 400 756 24.01 31.76 690 | 577 100 400 756 24.01 31.76
690 | 577 100 500 756 24.44 | 32.33 690 | 577 100 500 756 24.44 | 32.33
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Rovnakym sposobom bol testovany aj druhy model - neorien-
tovany hranovo ohodnoteny graf. Na modeli ilustracného kola-
jiska (graf na obr. 3.1) sme pre rozne dizky vlaku vypoéitali vietky
pripustné sledy. Na modeli kolajiska zriadovacej stanice Zilina -
Teplicka nad Vahom sme vypocitali vSetky pripustné sledy medzi
prvymi 100 hranami.

Vysledky testov st zhrnuté v tab. 4.2. Horna polovica tabul'ky
plati pre ilustracné kolajisko, dolna polovica pre kolajisko zriado-
vacej stanice Zilina - Teplicka nad Vahom. V prvych dvoch stip-
coch tabulky je pocet vrcholov, resp. pocet hran grafu
modelujuceho dané kolajisko. Treti stipec tabulky oznageny sym-
bolom M, udava pocet hran, medzi ktorymi by sme chceli vypoci-
tat najkratSie sledy. Pre pocet sledov, ktoré algoritmus pocita
(piaty stipec), plati vztah pocer sledov < 4Mf — 2M,. Pre vlak
dizky 0 m plati v tomto vzfahu rovnost a algoritmus vyhlada
vlastne najkratsie cesty. V poslednych dvoch stipcoch tabulky je
celkovy Cas vypoctu vSetkych sledov a priemerny ¢as vypoCtu
jedného sledu.

Vypoctové experimenty boli vykonané na osobnom pocitaci
s procesorom 180486DX/100MHz.

Porovnanim vysledkov v tabulkach 4.1 a 4.2 zistime, Ze prie-
merna doba vypoctu najkratSej jazdnej cesty je pri oboch sposo-
boch modelovania kolajiska radovo rovnaka. Na realnom
kolajisku pre vlak dlhsi ako 100 m je vypocet na digrafe o nieco
rychlejsi nez vypocet na neorientovanom grafe, pricom rozdiel
v rychlosti stiipa so zvicsujucou sa dizkou viaku.

5. Zaver

Navrhnuté modely kolajiska a algoritmy vypoctu najkratSej
jazdnej cesty respektuju Specificky charakter kolajovej siete
v ZelezniCnej stanici a pravidla, ktorymi sa riadi pohyb kolajovych
vozidiel. Algoritmy dokazu vypocitat optimalnu trasu pre pre-
miestnenie vlaku (o zadanej dizke) za plnej prevadzky na stanici,
kedy sa v kolajisku nachadzaju sucasne iné vlaky, ktoré obsadzuju
alebo blokuju kolaje. Na druhej strane sa algoritmy daju vyuzit na
vytvorenie databazy ciest, ktoré boli vypoéitané pre nulovi dizku
vlaku a na prazdnom kolajisku. V takto vytvorenej databaze vyhla-
dame cestu v pripadoch, kedy Casto pouZivame rovnaku cestu,
nezalezi na dizke vlaku a je zarudené, Ze vietky kolaje su volné.
Typickym prikladom takej situacie je triedenie vlakov na zvaznom
pahorku. Vsetky vozne, ktoré patria do jednej relacie, smeruju zo
zvazineho pahorku na rovnaku smerovi kolaj. Prechadzaju teda
cez rovnaké kolaje, ktoré musia byt volné. Vyhladanim cesty
v databaze sa vyhneme opakovanému vypoctu rovnakej ces ty.

Prvy model - ohodnoteny digraf - je v porovnani s druhym
modelom - hranovo ohodnotenym neorientovanym grafom -
menej presny. Je preto pouzitelny v takych ulohach, kde vysta-
¢ime so zjednodusenym modelovanim pohybu kolajovych vozidiel
(nemodelujeme Uplne presne obsadenie kolaji pri reverzii). Tento
pristup mdZeme uplatnit napriklad v simulaénom modeli pre-
vadzky Zelezniénej zriadovacej stanice, ktory skiima len kapacitné
moZnosti stanice a nezaujima sa o presné obsadenie vSetkych
kolaji [7]. Druhy model je velmi podrobny. Umoznuje detailné

The second model - a non-oriented edge weighted graph - was
tested in the same way. All admissible walks for various train
lengths were searched on the model of the illustrative trackage
(the graph in Fig. 3.1). On the trackage model of marshalling yard
Zilina - Teplicka nad Vahom, the admissible walks between the
first 100 edges were searched.

The computational results are summarised in Table 4.2. The
upper half of the table demonstrates the illustrative trackage, the
bottom half the trackage of marshalling yard Zilina - Teplicka nad
Vahom. The number of vertices and the number of edges of the
graph modelling the given trackage are in the first two columns of
the table. The third column labelled M, involves the number of
edges, between which we would like to find shortest walks. For the
number of walks the algorithm searches the following relation
holds: number of walks < 4M* — 2M... For a train of zero length
the equality holds in the mentioned relationship and the
algorithm finds in fact the shortest paths. The total computation
time of all the walks and an average time of one walk are in last
two columns of the table.

Computational experiments were done using a personal
computer with processor 180486DX/100MHz.

Comparing results in tables 4.1 and 4.2, we find out that an
average time for finding the shortest train route is of the same
order for both methods of trackage modelling. The algorithm on
a digraph outperforms slightly the algorithm on a graph for train
length greater than 100 m. The distinction in performance
increases with an increase in train length.

5. Conclusions

The designed trackage models and the algorithms for finding
the shortest train route respect a specific character of the track
network in a railway node, as well as the rules for the movement
of rail vehicles. The algorithms are able to find an optimal route
for a transfer of a train (not neglecting its length) under the
complex marshalling yard operation when a lot of other railway
vehicles occupy or block the trackage. On the other hand, the
algorithms can be used to create a database of routes being
calculated for a train of zero length and for an empty trackage.
Then we can query this database in case the same route is often
needed when it does not depend upon the length of the train and
all tracks are free. A typical example of this situation is a train
sorting on a hump. All train cars of one direction move from
a hump to the same sorting track. They pass the same tracks and
switches which must be free. Finding such routes in the database,
we do not need to repeat the calculation of the same route.

The first model - a weighted digraph - is less precise compared
to the second model - a non-oriented edge weighted graph. It is
useful in those problems where simplified model of the movement
of rail vehicles is sufficient (we do not need to model absolutely
precisely the occupation of tracks during the reverse). This
approach can be applied, for example, in a simulation model of
marshalling yard operation which investigates capacity possibilities
of a marshalling yard and is not interested in the precise
occupation of all tracks [7]. The second model is very detailed. It
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sledovanie pohybu vlaku a verne odraza situaciu v realnom kola-
jisku. Na druhej strane, vysledky vypoctovych experimentov na
realnom kolajisku ukazali, Ze algoritmus na digrafe vyhlada naj-
kratsiu trasu pre premiestnenie vlaku dlhsieho ako 100 m rychlej-
Sie nez upraveny Dijkstrov algoritmus na neorientovanom grafe,
a to aj napriek tomu, Ze digraf ma oproti neorientovanému grafu
zhruba dvojnasobny pocet vrcholov a trojnasobny pocet hran.
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allows for investigating the movement of a train in detail and
faithfully reflects the situation in a real trackage. On the other
hand, the computational results on the real trackage showed that
the algorithm based upon a digraph outperforms modified
Dijkstra’s algorithm on a non-oriented graph for train length
greater than 100 m, although a digraph has double the number of
vertices and triple the number of edges than a non-oriented graph.

Obr. 4.1. Plin zeleznicnej zriadovacej stanice Zilina - Teplicka nad Vihom
Fig. 4.1 Plan of marshalling yard Zilina - Teplicka nad Vihom
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