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POROVNANIE PRISTUPOV ZALOZENYCH \A DUALNOM
VZOSTUPE PRE RIESENIE UMIESTNOVACICH ULOH

COMPARING DUAL ACCESS APPROACHES FOR EXACT SOLUTION

OF LOCATION PROBLEMS

Cldnok sa zaoberd kapacitne neobmedzenymi umiestiiovacimi
ttlohami. Umiestnovacia iiloha pozostdva z umiestniovania nejakych
zariadeni s neobmedzenou kapacitou vo vytvdranej sieti. Zariadenie
moze byt najroznejsieho druhu. MoZe to byt servisné stredisko, ktoré
moze byt umiestnené v uzle dopravnej siete. Dalsi druh zariadenia
moze byt napriklad priamy vlak umiestriovany do dopravného pldanu.
V porovhani s predchddzajiicim pripadom md toto zariadenie cha-
rakter hrany v grafe.

Zdkladom vypoctovej iispesnosti casto pouZivanej metody vetiev
a hranic je tesnost dolnej hranice. V clanku sii publikované vysledky
numerickych experimentov s metodou dudlneho vzostupu pre riesenie
uzlovej lokacnej iilohy na rozsiahlej sieti a sii tu porovhané viaceré
mozné pristupy pre vypocet dolnej hranice hranovej lokacnej iilohy.

1. Uvod

Ak sa zaoberame navrhovanim alebo riadenim siefovych systé-
mov, ako su napriklad distribucné systémy [2], [6], alebo systémy
vlakotvorby [5], Casto sa stretavame s kapacitne neobmedzenou
umiestiovacou ulohou. Umiestiovacia tloha pozostava z umiest-
novania nejakych zariadeni s neobmedzenou kapacitou vo vytvara-
nej sieti. Zariadenie mozZe byt najroznejSieho druhu. MozZe to byt
servisné stredisko alebo skladisko, ktoré moze byt umiestnené na
useku alebo v uzle danej dopravnej siete. Dalsi druh zariadenia
moze byt napriklad priamy vlak umiestnovany do dopravného
planu Zeleznicnej dopravnej sustavy. V porovnani s predchadzaju-
cim pripadom, kde zariadenie malo charakter bodu alebo uzla,
v druhom pripade ma zariadenie charakter hrany v grafe.

Oba pripady maju spolocné ¢rty. Kazdé umiestnenie / prida
pevné naklady f; k celkovym ndkladom a na druhej strane umozni
znizZit prislusné operativne naklady. Co sa vypoétovej zloZitosti
tyka, obidve ulohy su NP-fazké. Vicsina pristupov k rieSeniu
takychto uloh sa zakladd na vyuZziti metody vetiev a hranic, kde
zakladom ich vypoctovej uspeSnosti je tesnost dolnej hranice.
Kapacitne neobmedzena umiestiovacia uloha tvori vynimku
v triede Uloh 0—1 programovania. Ukdzalo sa [4], Ze dolna
hranica ziskana rieSenim LP-relaxacie je dobra dolna hranica pre
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The paper deals with exact solution of two uncapacitated location
problems. The location problem consists in placing some facilities of
unrestricted capacity in the formed network. The facility can have
various natures. It could be a service centre, whose location can be done
at a node of the network, or it can be a direct train, which can be placed
into a transport plan. In comparison with the former case, this facility
has the nature of a graph edge.

The key-stone of the computational success of the often used
branch and bound method is the lower bound tightness. This paper,
reports numerical experiments with the dual access approach used for
the solution of the node location problem in a large network and
compares several possible approaches to lower bound enumeration for
the edge location problem.

1. Introduction

When planning and managing network systems, such as
distribution systems [2], [6], or direct train systems [5], various
uncapacitated location problems are often met. The location
problem arises when some facilities of unrestricted capacity are
placed in the formed network. The facility can have various nature.
It could be a service centre or a warehouse, whose location can be
either at an edge or at a node of the given network. The next sort
of facility can be, for example, a direct train, which can be placed
into a transport plan of a railway transport system. In comparison
with the previous case, where the facility has the nature of a point
or a node, this facility has the nature of a graph edge.

Nevertheless, both cases have some common features. Each
placing of the facility / brings the fixed cost f; into the total costs.
On the other hand, it enables a decrease in the associated
operational costs. As the computational complexity is concerned,
both problems are NP-hard. Most approaches to the problem
solution are based on the branch and bound method, for which
lower bound tightness is the key-stone of the computational
success. The uncapacitated location problem forms an exclusion
of the family of 0—1 programming problems. It has been proven
[4] that the LP-relaxation lower bound is a good bound for the
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ulohy tohto typu v porovnani s inymi ulohami, kde tento typ
vypoctu dolnej hranice zlyhal [7]. To viedlo k myslienke pouzit
LP-relaxaciu pre rieSenie ulohy navrhu siete, ktora je Specialnym
pripadom umiestiiovacej tlohy, kde umiestiiované zariadenie ma
charakter useku.

V dalsich kapitolach sa pokusime porovnat dve tlohy z hla-
diska postupu rieSenia a narokov na objem vypoctov.

2. Modely lokacnych iloh

UvaZujme kapacitne neobmedzeni umiestiovaciu ulohu
s mnoZzinou / moZnych umiestneni obsluznych stredisk. Nech J je
mnozina zakaznikov, ktorych poZiadavky maji byt uspokojované
z umiestnenych zariadeni. Predpokladame, ze pre kazdé umiest-
nenie / € [ je dany pevny poplatok f; a Ze pre kazdu dvojicu (7, ),
kde i € I'aj € J, su zname naklady c; na uspokojenie poziadavky
zékaznika j z miesta i. Zavedme 0—1 premennu y; pre kazdé
mozné miesto i € I, aby sme opisali rozhodnutie o umiestneni
(»; = 1) zariadenia v tomto mieste, alebo opacné rozhodnutie
(y; = 0). Oznacme x; Cast j-tej poziadavky uspokojovanej z miesta
i. Potom s vyuzitim vysSie spomenutych konstant f; a ¢; mozeme
sformulovat nasledujici model:

minimalizujte  f(x,y) = Z Livit z z Cy Xy (1)
i€l i€l jJEJ
za podmienok Z x; =1 prej€J 2)
iel
X; =y prei€laje] 3)
x;=0 prei€laje] (4)
vi €{0,1} prei €1 (5

V modeli podmienky (2) zabezpecuju, ze kazdy zakaznik
bude obsluzeny. Podmienky (3) si vynutia umiestnenie zariadenia
na miesto i kedykolvek je lubovolna ¢ast poZziadavky [ubovolného
zakaznika uspokojovana z tohto miesta.

Dalej sa budeme zaoberat druhou z uloh, ktora je znama ako
uloha navrhu siete. Tu je pevny poplatok f; spojeny s umiestnenim
hrany (7, j) (priameho spojenia alebo priameho vlaku) a naklady
c;; vyjadruju, o stoji preprava toku za¢inajiceho v r a kon¢iaceho
v s cez hranu (i, j). Ulohou je minimalizovat celkové naklady na
prepravu n X n objemov P, z kazdého r do kazdého s, kde r = 1,
o, s=1,..,nr#s.

=

>
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problem in this case, in contradiction to the other problems where
this sort of lower bound failed [7]. It allows for the idea to use the
LP-relaxation for the network design problem, which is a special
sort of location problem where the placed facility has the nature
of edge.

In the next chapter we try to compare the two problems from
the point of view of solution procedures as well as computational
effort.

2. Location problem models

Let us consider the uncapacitated location problem, in which
service centre locations are searched over set / of possible places.
J is a set of customers, whose demands are to be satisfied from the
placed facilities. We assume that for each possible location i & I,
a fixed charge f; is given and that for each pair (7, j), where i € [ and
J € J, the cost ¢; of demand satisfaction of customer j from
location i is known. Let us introduce 0—1 variable y; for each
possible facility location i € I to describe the decision of placing
(»; = 1) afacility at the location or the opposite decision (y; = 0).
Let x; denote the fraction of j’s demand supplied from the facility
i. Then, employing the above mentioned constants f; and c; we can
form the following model:

minimize fixy) = z Livit+ z Z Cy Xy (1)
ier i€r jey
subject to Z x; =1 forjeJ 2)
=y
X; =V, fori€landjeJ (3)
x; =0 fori€landjEeJ (4)
yi €{0,1} foriel (5)

In this model, constraints (2) ensure that each customer
demand is served. Constraints (3) force placement of a facility at
location i whenever any part of the demand of any customer is
served from the location.

Now let us consider the second problem, the network design
problem. Here, fixed cost f; is associated with placing arc (i, /)
(a direct connection or a direct train) and cost cff to be paid for
the transport of the whole flow originating at r and terminating at
s along arc (i, j). The objective of the problem is to minimize the
total costs for transport of all # X n amounts P, from each r to
eachs,whenr=1,...,n,s=1,.,nr+s.

n n n n
L _ s rs
minimize faey =2 > fyvg+ D, P (6)
=1 =1 =1 s=1 =1 =1
JFEI sFEr JFEI
n n
subject to Z xff = Z x,'f forr=1,.,n,s=1,., nr+s, jE[l,..n}—{rs) @)
=1 i=1
i+ i
KOMUNIKACIE / COMMUNICATIONS 2/99 e )
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Z x;f =1 forr=1,.,n 8= 1l,.,nr#s (8)
P

Z Xy =1 forr=1,.,n,s=l,.,nr#s )
i”s

xff =y; forr=1,..n,s=1L..nr#s,i=l.,nj=1.,ni#j (10)
xf-;z 0 forr=1..ns=1..nr#si=l.,nj=l.,ni#*]j (11)
y; € {0,1} fori=l,.,nj=l.,ni#j (12)

3. Vypoctova zlozitost umiestinovacich uloh

Ak pouzijeme pre prehladdvanie stromu rieSeni schému pre-
hladavania do hibky, bude maf metoda vetiev a hranic, pouzita
pre rieSenie umiestnovacej ulohy, nasledujuci tvar:

Vetva v strome rieSeni je urena tromi disjunktnymi podmno-
Zinami, ktoré su rozkladom mnoziny vsetkych miest. Oznacme
tieto tri podmnoziny V, Z a N. PodmnoZiny obsahuju miesta, pre
ktoré bolo rozhodnuté o umiestneni (V), kde boli umiestnenia
zakazané (Z) a miesta, pre ktoré Ziadne rozhodnutie doposial
nebolo urobené (N). Vetva predstavuje mnoZinu pripustnych
rieSeni umiestiovacej ulohy, pre ktoré premenné y spliuju pod-
mienky uréené mnozinami V, Z. Ak skaimame vetvu, pre vsetky
rieSenia v nej obsiahnuté je vypocCitana dolna hranica hodnot ich
ucelovych funkcii. Ak je dolna hranica vacSia ako hodnota ucelo-
vej funkcie sucasného najlepSieho pripustného rieSenia, je vetva
prehlasena za preskimanu a uskutocni sa navrat k predchadzaju-
cej vetve (otcovi). V opa¢nom pripade je vetva skiimana s pouZzi-
tim postupu vetvenia. Postup pozostiva z vyberu miesta
z mnoziny N a z vytvorenia dvoch novych vetvi (synov) pomocou
rozhodnutia o umiestneni alebo neumiestneni zariadenia. Prva
vetva je vytvorena zakazom umiestnenia vo vybratom mieste
a druha umiestnenim zariadenia. Prehladavanie pokracuje skuma-
nim prvej vetvy a ak sa prehladavanie vrati nazad, je skumana
druha vetva. Ak je aj druha vetva preskimana a prehladavanie sa
vrati druhy raz naspat, potom je za preskimanu oznacena aj vetva-
otec a prehladavanie sa vrati k predchadzajtcej vetve. V priebehu
vypoctu dolnej hranice sa obyCajne najde pripustné rieSenie tlohy.
Toto pripustné rieSenie je porovnané so suc¢asnym najlep§im rie-
Senim a to je aktualizované. Je zrejmé, Ze pocet skiimanych vetiev
ako aj Cas prehladavania zavisi od kvality dolnej hranice. Urobili
sme vyskum [4] niekolkych typov dolnych hranic pre prva
z umiestnovacich uloh a ukazali sme, ze Erlenkotterova hranica
[3] umoznuje rieSit rozsiahle tlohy v rozumnom case. To nas
viedlo k myslienke, Ze by podobny pristup k ulohe navrhu siete
mohol tieZ priniest uspech.

4. Dolné hranice pre umiestiovacie ulohy
Erlenkotterova dolna hranica [3] je ziskana ako dolny odhad

optimalnej hodnoty ucelovej funkcie LP-relaxacie modelu (1)-(5)
vzhladom na mnoziny V¥, Z, N. V tomto pristupe ako dolny odhad

3. Computational intractability of the location problems

Having used the ,Depth first scheme® for tree search, the
procedure of branch and bound method used for the location
problem has the following form:

A node of the search tree is determined by three disjoint subsets
which cover the set of possible facility locations. Let us denote the
three subsets V, Z and N. The subsets contain locations where the
decision of facility placing was made (V), where the facility placing
was forbidden (Z), and where no decision has been made yet ().
The node represents a set of feasible solutions of the location
problem whose values of y variables satisfy constraints given by sets
V, Z. When investigating the node, a lower bound on objective
function values of all feasible solutions of the node is determined. If
the lower bound is higher than the objective function value of the
current best feasible solution, then the node is said to be fathomed
and backtracking to the previous node (father) is made. In the
opposite case, the node is investigated using branching procedure.
This procedure consists of selecting a location from set N and
forming two new nodes (sons) making a decision of the facility
placing at the location. The first of the sons has forbidden placing
at the location and the second has ordered placing. The search
continues by the first son investigation and when the search comes
back to the node, it is continued by the second son investigation.
When the second son is fathomed and the search comes back to the
node second time, then the node (father) is declared fathomed and
backtracking to the previous node is made as well. During the lower
bound computation a feasible solution of the location problem is
usually produced. This feasible solution is compared with the
current best solution and the current solution is updated.

It is obvious that the number of investigated nodes and the
time of the whole search depend on lower bound quality. We have
researched [4] several types of lower bounds for the first problem
and proved that Erlenkotter’s bound [3] enables us to solve large
problems in a sensible time. It evokes an idea that a similar
approach may be condusive to computational success when
solving network design problems.

4. Lower bounds for location problems
Erlenkotter’s lower bound [3] is obtained as a lower bound esti-

mation of an optimal objective function value of LP-relaxation of the
model (1)«(5) with respect to sets ¥, Z, N. Considering this approach,

6 © KOMUNIKACIE / COMMUNICATIONS 2/99



sluzi hodnota ucelovej funkcie dudlneho pripustného rieSenia.
Redukovana dualna uloha pre model (1)-(5) je

maximalizujte  g(v) = Z v; (13)
JEJ
za podmienok Z max{v; — ¢; 0} = f; prei €N (14)
JEJ
v = min{c;:i €V} prejeJ (15

Pre vypocet dolnej hranice je pouzity algoritmus dualneho
vzostupu [3], ktory najde dobré pripustné rieSenie ulohy (13)-
(15). Dolna hranica je dalej zlepSena algoritmom Uprav dualnych
premennych a postup sa opakuje pokial je mozné zlepSovat
hodnotu g(v).

Dolnt hranicu ulohy navrhu siete [1] je mozZné taktiez ziskat
ako dolny odhad LP-relaxacie (6)-(12). Aby sme obdrzali dobré
pripustné dualne rieSenie, bol pouzity nasledujuci model:

KOMNIKOCIe
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the objective value of a dual feasible solution serves as the lower esti-
mation, when the reduced dual problem for model (1)-(5) is:

maximize glv) = Z v; (13)
=
subject to > max{y, — ¢;, 01 <, fori €N (14
=
v < min{c;:i € V] JorjeJ  (15)

Computing the lower bound, the dual ascent algorithm [3] is
used to get a good feasible solution of (13)-(15). Then the lower
bound is improved by the dual adjustment algorithm and the
process is repeated until any improvement of g(v) is obtained.

The lower bound of the network design problem [1] can be
obtained as the lower bound of LP-relaxation (6)-(12) as well. To
get a good feasible dual solution, the following model can be used:

n n
minimize glw,v) = Z Z v (16)
=
n n
subject to SO wEsfy fori=lewnj=le,ni#j ("
=1 s=1
! i’#r
vi=vEscp A wy forr=le,n s =le,nr#si= Lo, i #rnj(1L..n={r i) (18)
Vil +wi forr=1,.,n,s=1,.,nr#s,j{L..n}—{r} (19)
- = c!’f + wff forr=1..ns=l.,nr*si=l.,ni#r (20)
wy; =0 forr=1..ns=1..nr#si=l.,nj=1..ni#+j (21

V tomto pripade, je zlepSenie pomocou dualneho vzostupu
dosiahnuté zvySenim wj; a nasledujucim rieSenim tiloh najkratsej
cesty v redukovanej dopravne;j sieti, v ktorej ohodnotenie hrany

(i, )) je rovné c; + wy;.

5. Vypoctové skiuisenosti

Aby sme rozhodli, ¢i Erlenkotterova hranica moze byt preko-
nana konstrukciou inej dolnej hranice, urobili sme experimenty
s modelom slovenskej ZelezniCnej siete s mnozinou 457 signifi-
kantnych stanic [4]. Dané per-

In this case, the dual ascent improvement is made by an
increasing of wff and by following the solution of the shortest path
problems in the reduced network, in which the cost of arc (i, j) is

equal to ¢ + wj.

5. Computational Study

To answer the question if Erlenkotter’s bound can be
improved by some other lower bound construction in some
instants, experiments were carried out on a model of the Slovak

railway network with a set of 457

cento stanic bolo povazované za Tab. 1 significant stations [4]. A given
mnoZinu moznych umiestneni Network AvgTime StdTime percentage of the stations was
(vlakotvorné stanice) I. Percenta NO2 038 0.6 taken as possible facility loca-
boli 10 %, 20 %, 30 %, 40 %, tions (train-forming stations) to
50 %, 60 % a zodpovedajuce oz- No4 108 111 form set I. The percentages were
nacenie tried loh bolo postup- NO6 76.4 119 10%, 20%, 30 %, 40 %, 50 %,
ne NO2, NO4, N06, NO8, N10 NO8 106.3 107.5 60 % and associated notation of
a N12. Kazda trieda pozostavala N10 693.6 967.4 the class of instances were N02,
z Qeviatich uloh. Experimenty N2 1050.0 1604.4 NO04, NO(), NQS, NIO and N12
boli vykonané na osobnom poci- respectively. Nine instances were

KOMUNIKACIE / COMMUNICATIONS 2/99 o 7
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¢aci Pentium 75 MHz a ukazalo sa, Ze v Ziadnom pripade neboli
iné konstrukcie dolnej hranice lepsie ako Erlenkotterova hranica.
Priemerny Cas vypoctu v sekundach a smerodajna odchylka pre
devit uloh kazdej triedy su uvedené v tabulke 1.

Aby sme porovnali rdzne typy vypoétu dolnej hranice pre
ulohu navrhu siete, testovali sme tri pristupy. Postupne sme urobili
Lagrangeovu relaxaciu a jednoduchu relaxaciu (7) a potom sme
zlepsili ziskanou dolnd hranicu

obtained for each class with the given set of facility locations. The
experiments were carried out on a personal computer with
Pentium 75 MHz and showed that no instance of other tested
bounds was better than the Erlenkotter’s one. Average time of com-
putations in seconds and standard deviations of nine instances for

each class are reported in Table 1.
To compare various types of lower bound of the network
design problem, three approaches were tested. We made
Lagrangean and simple relax-

v prvom a druhom pripade Tab. 2 4tion of (7) respectively and then
dodanim saturacnej podmienky. Network Subgradient Saturation Dual Ascent we improved the obtained lower
V prvom pripade sme pouzili Time [s]| Nodes |Time [s]| Nodes |Time [s]| Nodes | bound by additional saturation
?ubgrzdifntp;u mﬁt(’)du pre zlep- PrO5-1.dat | 11783 | 40651 3129 | 40229 3 647 consltraiﬁts fin both cases. "
senie dolnej Aramice. Pro5-2.dat| 10748 | 42175 | 3603 | 46304 | 149 | 1883 1 the first case we used the
subgradiental method to improve
V trefom pripade sme Pr05-3.dat | 19288 | 45099 3779 48518 106 1352 the lower bound.
pouzili Balakrishnanov pristup | PrO5-4.dat| 16055 | 59844 | 5050 | 64592 | 143 1308 The third tested approach
zaloZeny na dualnom vzostupe | Pr05-5.dat| 11794 | 45110 | 2780 | 35813 205 2596 was Balakrishnan’s dual ascent
[1]. P}'e vel'ké éasovélnarok}/ b'Oli Average 13934 46576 3668 47091 131 1657 procedure [1] pue to the large
e.xp,enmenty urobené na planch Std. Dev. 3624 7662 867 10991 57 19 time consymptlon of the. prob-
siefach s »n = 5. Experimenty lem solution, the experiments

boli urobené na vyssSie uvede-

nom osobnom pocitaci a ukazali, Ze ziadna ina testovana hranica
nebola lepSia ako ta, ktora bola ziskana pomocou dualneho vzo-
stupu. Cas vypoctu v sekundach a pocet preskimanych vetiev je
uvedeny v tabul'ke 2.
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were carried out only on five net-
works with # = 5 on the above mentioned personal computer and
they showed that no instant of other tested bounds was better than
the dual ascent one. The time of the computations in seconds and
the number of branching nodes are reported in Table 2.
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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

University of Zilina, Faculty of Management Science and Informatics, Department of Transport Networks
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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)
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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,

KOMNIKOCIe

C O MMUNICATION:S

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

KOMUNIKACIE / COMMUNICATIONS 2/99 o 1)



[OVINIKOCIE

C O MMUNICATION:S

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
° €
€6 Vig €23 Vig

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

2) ¢ KOMUNIKACIE / COMMUNICATIONS 2/99



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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Martin Decky *

DYNAMICKE METODY HODNOTENIA
NEROVNOSTI CESTNYCH VOZOVIEK

COMPARISON OF DYNAMIC METHODS
OF ROAD PAVEMENT EVENNESS EVALUATION

Cldnok prezentuje prehlad dynamickych metéd pouzivanych
v Slovenskej republike na hodnotenie pozdiznych nerovnosti cestnych
vozoviek. Podrobne sa tu opisujii metody hodnotenia pomocou miery
nerovnosti C a medzindrodného indexu nerovnosti (IRI).

Meracie zariadenie JP VSDS (jednokolesovy prives Zilinskej uni-
verzity), ktoré hodnoti parameter C, bolo skonstruované na dynamic-
kom principe DMS (dvojhmotovd meracia sustava). Spésob
hodnotenia pozdlznych nerovnosti pomocou tohto parametra bol
vypracovany na zdklade tedrie staciondrnych procesov.

Porovnaniu redlnych priebehov pozdZnych nerovnosti hodnote-
nych zariadeniami JP VSDS, Profilograph a pévodnou metodikou
hodnotenia IRI je venovany zdver prispevkii.

1. Analyticky popis pozdiznych nerovnosti
cestnych vozoviek

Analytické vyjadrenie priestorovej nerovnosti cestnej vozovky
je problém znacne zloZity. Preto je ucelné zjednodusit priestorovy
problém na dvojrozmerny a hodnotit samostatne priecne
a pozdizne nerovnosti.

Pri vlastnom vyjadreni pozdiznych nerovnosti je potrebné
vychadzat z najjednoduchsieho pripadu a to, Ze v smere jazdy
jednej stopy vozidla je priebeh vySok nerovnosti harmonicky
(sinusoidalny).

h(ty=h, sin<2ﬂ'%t> = h, - sin2aft) = h, - sin(wr) (1)

: h, -amplituda nerovnosti (m)

L - dizka viny nerovnosti (m)

v -rychlost (m.st)

t -cas(s)

f - casova frekvencia (s'l)

w - Casova kruhova frekvencia (rad.s™)

V skuto€nosti sa s harmonickym priebehom nerovnosti na

vozovke stretavame len vynimocne. Skutocné povrchy vozoviek

* Dr. Ing. Martin Decky

The paper presents the review of dynamic methods of road
pavement evenness evaluation used in the Slovak Republic. The
principles of assessment by parameters C and IRI (International
Roughness Index) are detailed here.

The measuring set called the Single-Wheel Vehicle of the University
of Zilina (JP VSDS), which appreciates parameter C has been designed
on the DMS (double-mass measuring set) dynamic principle. The design
of this system pavement assessment in term of longitudinal unevenness
was realised for a consideration stationary random process.

The conclusion of our paper is devoted to the comparison of
longitudinal unevenness evaluated by our equipment, measuring
vehicle , Profilograph* (IRI) and original parameter IRI.

1. Analytical description of pavement
longitudinal unevenness

An analytical description of spatial pavement unevenness is
a very complicated problem. On this account, it is advisable to
supply a spatial problem by a two-dimensional one and to evaluate
separately transversal and longitudinal unevenness. In the most
elementary case, a harmonic sinusoidal form in one trail, we can
express a longitudinal unevenness in time domain by equation (1).

h(t) = h, - sin(Zﬂ'%t) = h, - sinQ2aft) = h, - sin(wr) (1)

where: /1, - unevenness amplitude (m)
L -unevenness wavelength (m)
v - wheel velocity (m.s™)
t -time (s)
f -time frequency (s'l)
w - time angular frequency (rad.s’l)

The harmonic process of longitudinal unevenness is rare and
real pavements have an unevenness of various wavelength and

Department of Highway Engineering, Faculty of Civil Engineering, University of Zilina,

e-mail decky@fstav.utc.sk
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maju profil nerovnosti neusporiadany, kde nerovnosti o roznych
vlnovych dizkach si na seba superponované a na seba nadvézuju.
V zmysle matematickej Statistiky mozeme tieto procesy povazovat
za nahodné.

Pre technické aplikacie je dolezité, aby nahodné procesy
nerovnosti vykazovali stacionarne ergotické vlastnosti. Podmienku
stacionarity zabezpec¢ime vhodnou vol'bou posudzovaného useku -
homogénneho z hladiska stavebného a degrada¢ného.

Kazdy centrovany stacionarny ergoticky nahodny proces
mozeme charakterizovat pomocou korelacnej funkcie, resp. spek-
tralnou hustotou. Korelaénu funkciu K, (1) moZeme v linearnej
doméne pre tento typ procesov vyjadrit vo forme
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amplitude. These processes can be considered random from the
point of view of mathematical statistics.

An important requirement of technical applications is
a fulfilment of stationary and ergodic premise. This imposition
must be provided by the appropriate selection of evaluated road
sections which are homogenous with regards to construction and
degradation conditions.

Every centred stationary random process can be characterised
by a correlation function or power spectral density. Correlation
function K,(A), for this type of process, is expressed in linear
domain by equations 2:

KM =" 7 i = B Uit = 2 = Ey1 - fn, o)y - 2)

kde: A - dizkové oneskorenie (s),
E, - ocakdvana stredna hodnota nerovnosti; £, = 0,
h(l) - nahodna nerovnost,

f,(hy, hy) - zdruZena hustota pravdepodobnosti

Nahodné nerovnosti spocitané ako rozdiel teoretického a sku-
tocného profilu mézu byt kvantifikované prostrednictvom nor-
movanej korelacnej funkcie p,(A). Pre na§ sposob hodnotenia
musime poznat vysky pozdizneho profilu kazdych 25 cm.

K,(A)
A)=—— 3
pu(A) D, 3)
kde: D, - disperzia ndhodnych nerovnosti

Normovana korelaéna funkcia 500 m useku cesty v Ci¢ma-
noch je uvedena na obr. 1

where: A - linear lag (m),
E, - expected value of stochastic unevenness; £, = 0,
h(l) - stochastic unevenness,

f,(hy, h,) - combination density of expectation

Stochastic unevenness is computed as the difference between
the real and theoretical profile. We must identify elevations of the
longitudinal profile per 0.25 m. Longitudinal unevenness is
evaluated through the standardised correlation function p,(A):

K,(A)

pu(d) = D,

(3)

where: D, - dispersion of an stochastic unevenness

The standardised correlation function of 500 m road section
Ci¢many can be seen in Fig. 1.

0,5

standardised
correlation function

0 50 100

150

linear lag [m]

200 250 300

Obr. 1. Normovand korelacnd funkcia nahodnych nerovnosti
Fig. 1 The standardised correlation function of an stochastic unevenness

Pri rieSeni dynamickych uloh spojenych s pohybom vozidla
po nerovnostiach vozovky je vyhodnejSie pouzivat vykonovi
spektralnu hustotu S,(Q)), ktora je s KF viazana Viener-
Chinéinovym vztahom:

For our purpose of unevenness assessment, it is more
appropriate to use power spectral density S,({)), which we can
express from correlation function by means of the Viener-Chinc¢in
equation:
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2 e
S, Q) =— f K,(X) - cos(QN) - dA (4)
T %
kde: Q - drzkova kruhova frekvencia [rad.m™],
- 2. ) )
7

L -dizka viny [m]

2
S,(Q) =— f K,(A) - cos(QN) - dA 4)
T 0
where: () - length circular frequency [rad.m-1],
Q=—; (5

L - unevenness wavelength [m]

Log S,

'4 \

P [

Power Spectral Density
S, [mé.rad']

6 v I ! v VVW Uv
AverageUnevenness [ ( Um\
7 | Degree:C=2,11rad.m.10®
-8 3 3
o 1,5 -1 0,5 0 0,5 LogQ

Length Circular Frequency Q [rad.m™]

Obr. 2. Vy¥konovd spektrdlna hustota ndhodnych nerovnosti 500 m iiseku cesty v Cicmanoch
Fig. 2 The power spectral density of an stochastic unevenness

Na zaklade tedrie stacionarnych nahodnych procesov bol
vypracovany systém hodnotenia cestnych vozoviek z hladiska
pozdiznych nerovnosti podla parametra C, princip ktorého je
uvedeny v kap. 2.

2. Hodnotenie pozdiznych nerovnosti
prostrednictvom parametra C

Miera nerovnosti C cestného useku lubovol'nej dizky je poci-
tana podla vztahu (6), ktory bol ziskany z [1] modifikaciou pre
nas sposob merania rychlosti.

Dy

n

1’%2&-

i=1

- rozptyl vystupného signalu (m>s™®)

I - parameter dynamického prenosu (rad’.s?)

C - miera nerovnosti (rad.m)

- diskrétne hodnoty rychlosti merania,
i=1,2,..0, ... N (ms™h)

The design of a system pavement assessment from the point of
view of longitudinal unevenness was realised for a consideration
stationary random process and principle. This design is published
in section 2.

2. Assessment of unevenness measurements
by parameter C

The unevenness degree ,,C“ of the evaluated road section is
expressed from the relation according to [ 1], which was modified
for our mode of speed measurements.

D
C= —y” (6)
Vi
i

1
N

where: D, - dispersion of an output signal (m%s™)
I - parameter of a dynamic transfer (rad’.s>)
C -unevenness degree (rad.m)
- digital values of a measured velocity,
i=1,2 .,0,..N (msh
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Jednokolesovy prives Vysokej §koly dopravy a spojov v Ziline
(JP VSDS) je skonstruovany na principe DMS (dynamicka -
dvojhmotova meracia sustava) a predstavuje model §tvrtiny osob-
ného automobilu [2]. Jeho mechanicky model a zékladné Casti su
znazornené na obr. 3.

KOMNIKOCIe

C O MMUNICATION:S

Our measuring set called the Single-Wheel Vehicle of the
University of Zilina (Slovak abbr. JP VSDS) has been designed on
the DMS (double-mass measuring set) principle [2]. This
equipment represents a model of a quarter of the passenger
vehicle and its basic parts are presented in Fig 3.

= NB:

) 2 150 ) W
Vi A/D
——V T -
sz (5) ?
@ [ Q \ = EB

[ s\ +—
w2 EO/ o =

7777777 G2 F—

Obr. 3. Schéma zariadenia JP VSDS s meracou a vyhodnocovacou aparatiirou
Fig. 3 A scheme of the JP VSDS with scanning and assessment equipment

NaSa meracia zostava musi byt kalibrovana na cestnych
tisekoch dizky 50 m, u ktorych pozname vysky pozdizneho profilu
kazdych 250 mm. UrCenie miery nerovnosti vybraného kalibrac-
ného useku je prezentované v kap. 1 (rovnice 2-5, obr. 1-2)

Meracia a vyhodnocovacia zostava umoziujlica snimanie,
zaznam, vyhodnocovanie a archivaciu dynamickej odozvy pozdlz-
nych nerovnosti pozostava z nasledovnych hlavnych casti:

1 - predné koleso S 120

2 - spodny ram

3 - horny ram

4 - pruzina a teleskopicky tlmi¢

5 - vyvazovacia zataz

6 - Kardanov kib

SZ - snima¢ zrychleni

A/D - analdgovo-digitalny prevodnik
NB - notebook 386 SX

SI, ZI - snimac¢ a zapisovac impulzov
EB - energeticky blok
Al2 and A6 - akumulatory + 12 V+6 V

Kritéria pre hodnotenie pozdiZnych nerovnosti boli uréené na
zaklade teorie nahodnych funkcii a Statistickej dynamiky pri
zohladneni ich posobenia na vodicov a cestujucich. Pouzivané kri-
téria v tab. 1 su uvedené v zmysle [6] a boli odvodené v [1].

Zmena klasifikacnej stupnice, prezentovana v tab. 1, bola te-
oreticky spracovana v [3] priom jej vhodnost bola overena celym
radom experimentalnych merani.

Our measuring set must be calibrated on road sections of length
500 m which have measured profile elevations at constant interval
250 mm. Determination of an unevenness parameter of a selected
calibrated section is presented in chapter 1 (equations 2-5, Fig. 1-2).

The measuring set enables the scanning, recording,
assessment and storing of dynamic responses of longitudinal
unevenness. It consists of the following main parts:

1 - front wheel with a S 120 charge
2 - bottom frame

3 - upper frame

4 - spring and telescopic shock absorber S 120
5 - balancing load

6 - cardan joint

SZ - acceleration transducer

A/D - analog-to-digital convertor

NB - notebook 386 SX

SI, ZI - pulse amplifier and pulse counter
EB - power block

A12 and A6 - accumulator + 12V + 6 V

To determine the criteria for an unevenness assessment,
a theory of random functions and statistical dynamics is used,
paying attention to the influence on the vehicle crew and influence
on passengers ( [1] - used criteria, and [3] - our change in Tab. 1).

Results of many experimental measurements have been used
for the purpose of determining of the unevenness criteria, too.
The change of a qualification scale of the longitudinal unevenness
can be seen in Table 1.
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Klasifikacna skala pozdiznych nerovnosti Tab. 1

cestnych vozoviek - parameter C

Qualification scale of the road pavement Table 1

longitudinal unevenness - parameter C

U . Klasifika¢né rozhrania
Klasifikacny stupen .
parametra C (rad.m.10™)
Dialnice Cesta a miestne
Uroveii Nazov komunikacie
pouZivané | zmena |pouZivané| zmena
I.  |vel'mi kvalitna <2 <1 <5 <2
I |kvalitna 2-5 1-2 5-10 2-5
III.  [malo kvalitna 5-10 2-5 10-20 5-10
IV. [nekvalitna 10-20 5-10 20-50 10-20
V. |nevhodna
. >20 > 10 > 50 >20
pre premavku

3. International Roughness Index - IRI

Index IRI je ziskany matematicky pouZzitim simulacie modelu
Stvrtiny osobného vozidla uvedeného na obr. 4 [4].

Sprung mass

Unsprung mass
mu

Qualification degree Parameter C (rad.m.10)
Highways Road and urban roads
Level | Quality name| used our used our
criteria change criteria change
I. | Excellent <2 <1 <5 <2
II. | Good 2-5 1-2 5-10 2-5
II.  [Poor 5-10 2-5 10-20 5-10
IV. | Very poor 10-20 5-10 20-50 10-20
V. | Unsuitable
for traffic >20 >10 >30 > 20

l displacement

ms
of the sprung mass
Zs
Ks Cs

3. International Roughness Index - IRI

Parameter IRI is obtained using the Reference Quarter Car
Simulation (RQCS) according to [4] and Fig. 4.

ky = k/m; = 653572

ky=kJm, = 633s>
u=m,/m;= 0,15

C=CJm,=600s"

displacement
of the unsprung mass
@ ’
1 profile input

b y(x)

Obr. 4. Referencny model stvrtiny osobného vozidla
Fig. 4 The Reference Quarter Car Simulation

Tento model moZno matematicky popisat pomocou dvoch
diferencialnych rovnic druhého radu:

Zoomg+ G (4= 2,) Yk (z,—2,)=0 )
Zoomg+m, 2, +kz,=k -y (8)

Po uprave dostavame:

.Z.S+C‘(Z.S_Z.“)‘l‘kz'(ZS_Z“):O (9)
.Z.S+M'IZ.U+/{|'Z”=kl'y (10)
kde:
mg, m, - hmotnosti odpruzenej a neodpruzenej hmoty [kg]

This model is mathematically defined by two second-order
differential equations:

Zoom+Co-(G,—Z,) ki (z,—2,)=0 7

zy.ms+m11.211+kt.zu:kt.y (8)

This system we can express:

Z+C-(¢,—-2)thky (z,—2,)=0 9)
Ztu-Z,*k z,=k -y (10)
where:
mg, m, - weight of the sprung mass and the unsprung mass [kg]
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- pérové konstanty pruZiny a pneumatiky [kN.m"]
C, - suéinitel linearneho timenia timica [kN.s.m™]
z - vychylky odpruzenej a neodpruzenej hmoty [m]

i,=dzJ/d, -vertikalna rychlost neodpruZenej hmoty [m.s']]
%,=dz,/d, - vertikilna rychlost neodpruzenej hmoty [m.s']
Z,= dzzs/d, - vertikalne zrychlenie odpruZenej hmoty [m.s?]
Z,= dzzu/d,- vertikalne zrychlenie neodpruzenej hmoty [m.s’z]
(1) - vstupny profil vozovky [m]

Rovnice (7) - (10) platia pre ¢asovu doménu. Vzhladom na
rieSenia uvedeného modelu v linearnej doméne, pozname vysky
skutoéného pozdizneho profilu kazdych 25 cm, musime najst
vektor geometrickych derivacii ZT(x)(i) = (Zi1p Zop Z3p Zap)
pomocou nasledovnych vztahov:

KOMNIKOCIe

C O MMUNICATION:S

k k, - constant of the linear spring and the tire [kKN.m!]
C, - coefficient of linear damper [kN.s.m™]

Z 2, - displacement of the sprung and he unsprung mass [m]
Z,=dzJd, -vertical velocity of the sprung mass [m.s™]

s
2,=dz,/d, - vertical velocity of the unsprung mass [m.s?]

Z = dzzs/d, - vertical acceleration of the sprung mass [m.s'z]
zZ,= dzzu/d,- vertical acceleration of the unsprung mass [m.s’2]
»(1) - profile elevation input [m]

Equations (7) - (10) apply for the temporal domain. We solve
this model in linear domain, know real longitudinal profile per
0,25 m, whereupon we must find a vector of spatial derivations -
Z"x)() = (2, Zap Z3» Zs). The values of this vector are
calculated as:

Zo=sy - Zgatsn gt Z st (11)
Z,;,; =S8 Z’x,[—l + 5y Z”s,i—l + 833 Z,u,i—l + 554 Z”u,i—l +rY (12)
Z’u,i =5y 2t sy ity Dt s Lty (13)
2= D s S i S D T eV (14)

Systém rovnic (11) - (14) mdzZeme vyjadrif v maticovej forme
pomocou (15):

Z(x)y =8 Z(x)4-1,) + RV (15)

kde:
ZT(X)(i) = (215 2045 2345 Zag) = (2% Z”:,i; Z/u,i; 7)) =
= (dz, ldx; d’z, /dx; dz, |dx; d’z, ;/dx)

- vektor geometrickych derivacii (16)

S - stavova prechodova matica koeficientov 4 * 4,
R - vektor parcialnej odozvy 1 * 4,

Y - smernica vstupného profilu,

i - aktualny krok, i-1 - predchadzajtci krok

Systém diferencialnych rovnic (7) - (10) mozeme vyjadrif
nasledovnou maticovou formou:

L =4 K@+ B-y1) (7
kde:
Z't) = (2., %, 2,, 5,) = (dz/dt, dz /L, dz,dt, d’z, [dt)
- vektor ¢asovych derivacii
K'(1) = (z,. 2, z,, Z,) - pomocny vektor Gasovych derivacii
0 1 0 0
| K -cC K, C
KJu Clu —(K, +K)/u—Clu

The presented system can be expressed in the following
matrix form:

Z(X)y =S ZX)g-1y + RV, (15)

where:

” ’

ZT(X)(i) = (215 205 235 Za0) = (53275 20 27000 =
= (dz, Jdx; d’z, ] dx; dz,, Jdx; d’z,, ;] dx)
- vector of spatial derivations (16)

S - state transition matrix 4 * 4,

R - partial response matrix 1 * 4

Yo - slope input

i - present step, i-1 - previous time step

The differential equations (7) - (10) can be expressed in the
following matrix form

Zn=4-K@o+ By A7)

where:

Z't) = (2, %, 2,, £,) = (dz,Jdt, &z dt, dz,/dt, d’z,/d)
- vector of temporal derivations
K'(t) = (z,, 2, z,, Z,) - additive vector of temporal derivations

0 1 0 0
| K, —-C K, C
KJu Clu —(K,+ K))/u—Clu
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(19)

Pre konstantnu dizku kroku, na ktorom predpokladame kon-
Stantnu '), mozu byt matice S a R vypocitané z 4 a B matic:

A - dt

S=e (20)
R=4""-(S-D'B 1
kde:
dt(s) = dx(m).3600(s/h).0,001(km/m) | v(km/h) (22)

I - jednotkova matica typu 4 x 4

Na zaklade vztahov (7)-(22) bol vytvoreny v Microsoft Excel
97 program pre hodnotenie pozdiznych nerovnosti na zaklade
znameho pozdiZzneho profilu. Uvedeny program je v sulade
s povodnou metodikou [4] a pozostava z nasledovnych krokov:

- vpocet lokdlnych smernic (spddov)

Smernica vstupného profilu je pocitana pre kazdy merany
bod (musime poznaf vysky pozdizneho profilu v konitantnej
vzdialenosti - najcastejsie 25 cm)

y’(i) = (Vo1 ~Vwy) | dx, (23)
kde:

y’m - vyrovnana lokalna smernica vstupného profilu
Yay - vyska pozdiineho profilu (m)
dx -meraci interval dx =b =0,25 m

- wypocet vektora geometrickych derivdcii vstupného profilu

Pre vypocet §tvorzloZzkového vektora odozvy ZT(x)(i) = (21,3

” ”

Zyi3 2305 Z40) = (255275 20,05 27,;) sa pouziva vztah (15):
Z(X)gy =8+ Z)g-1y + RV
- urcenie opravenych lokdlnych smernic (spadov)

V kazdom kroku i sa vypoftom stanovia opravené smernice
(spady) podla vztahu:
Ti = (Z3i - Zli) )

i=2,3, ., N (24)

- vpocet parametra IRI
Index IRI podla [4] reprezentuje aritmeticky priemer

smernic T; na celom meranom Useku dizky L pri poéte odéitani
N obr. 5.

S
Il

(19)
Kilu

For a constant length of the step, on which y’(i) is a constant,
the S and R matrices can be computed from the 4 and B matrices:

S=et (20)

R=4"'-(S-D-B (21
where:

di(s) = dx(m).3600(s/h).0,001(km/m) | v(km]h) (22)

I - identity matrix 4 x 4

Originally, the program for the valuation of longitudinal was
created with Microsoft Excel 97. This program was created follow-
ing the equations (7)-(22) and it consists of the following steps:

- calculation of profile slopes

The profile slope input is computed for every measuring point
(we must known elevations of longitudinal profile per 0,25 m):

V= Damy —ye) | dx, (23)

where:

¥y - smoothed profile slope input

Yoy - elevation of longitudinal profile (m)
dx - measurement interval dx =b = 0,25 m

- computation of the vector of spatial derivations Z(x)

The computation of vector ZT(x)(i) = (21,5 2945 2355 Z4) =
(25323 205 27,) 1s realised by equation (15):

S0 “ i

Z(X)(f) =8 Z(x)(ifl) +R- J/(i)

- determination of the corrected profile slope

T = (-2, i=23,..N (24)

- calculation of the IRI parameter

IRI represents arithmetic average of the corrected slope.
Values of parameter IRI can be appreciated for a window of
a discretionary length (conveniently 1, 10, 20, 100 m - Fig. 6).
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length [m]
—Ti-0,25m — IRI - original methodics
Obr. 5. Priebeh opravenych lokdlnych smernic - Cicmany mdj 1993
Fig. 5 Corrected profile slope per 0.25 m and original parameter IRI - Cicmany May 93
1 N 1 N
1R1=m;2 T, (25) IRI = ﬁ; T, (25)

V naSom programe je mozné hodnotit parameter IRI pre
lubovolnu dizku hodnotiaceho okienka (obycajne 1, 10, 20, 100
m - obr. 6).

Na obr. 6 je uvedené hodnotenie pozdiznych nerovnosti eta-
lénového useku Ciémany pre simulovani rychlost 80
km/h a meraci interval 25 cm. Ciastkové vyhodnocovacie inter-
valy (okienka) dizky 1, 10, 20 a 100 m su teoreticky prechadzané
za €as 0,045; 0,45; 0,9 a 4,5 s.

This program evaluates the road pavement longitudinal
unevenness for the Reference Quarter Car Simulation. The
program simulates ride speed 80 km/h and the measurement
interval is 0.25m. The evaluation of longitudinal unevenness of the
road section Ci¢many can be seen in Fig. 6. The single evaluated
windows of the length 1, 10, 20, 100 m are theoretically ridden in
time 0.045, 0.45, 0,9, 4.5 s.

S
X
S~
E
o
0 T T T T 1
0 100 200 300 400 500
length [m]
—IRI-10m ——|RI-20m = ©= |RI-100m

Obr. 6. Parameter IRI - Cicmany Mdj 93
Fig. 6 Parameter IRI - Cicmany May 93
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4. Porovnavacie meranig zariadeni
Profilograph a JP VSDS

Slovenska sprava ciest vlastni meracie vozidlo Profilograph
umoznujuce presnu registraciu premennych i nepremennych para-
metrov cestne;j siete.

Profilograph hodnoti pozdizne nerovnosti indexom IRI [5]
a zariadenie JP VSDS parametrom miery nerovnosti C.

4. Comparison measurements of the equipment
Profilograph, JP VSDS

Slovak Road Administration owns a measuring vehicle
,Profilograph®, which enables an exact registration of the road
network’s profile and surface condition.

The Profilograph can evaluate longitudinal unevenness in the
form of a parameter IRI [5]. Our measuring set produces
parameter C.

parameter C and IRI

Compared section - Stre¢no

0,2 0,3 0,4

0,5 0,6 0,7 0,8 0,9 1

lenght [m]

IRI - Profilograf [mm/m]

— Parameter C [rad.m 10E®]

Obr. 7. Porovnanie parametrov C a IRI pre hodnotiace okienko 10 m - Strecno 30. 10. 96
Fig. 7 A comparison of parameters C and IRI for valuation window 10 m - Strecno 30. 10. 96

Obidve zariadenia hodnotia rovnaky premenny parameter
v roznej forme, a preto by ich vysledky mali byt porovnavané.

Both measuring equipment evaluate the same parameter in
a different form, whereupon their results should be compared.

Parameters C and IRI

0 0.1 0.2

0.3
length [km]

IRI - Profilograf [mm/m]

—— Parameter C [rad.m.10E®]

Obr. 8. Porovnanie parametrov C a IRI pre hodnotiace okienko 20 m - StrdZov 23. 3. 99
Fig. 8 A comparison of parameters C and IRI for valuation window 20 m - Strdzov 23. 3. 99
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Rozdiely hodnotenych parametrov C a IRI pre okienka dizky
10 a 20 m nie su vyznamné (obr. 6 - 8) a preto méZzeme konstato-
vat ich realnu kvantifikacni sposobilost.

Na zaklade prezentovanych skutocnosti bolo uskutocnené
porovnanie hodnot parametra IRI zisteného Profilografom
a na$im programom len pre okienko dizky 10 m.
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The differences between windows of the length 10 and 20
m are not considerable (Fig. 6), therefore, they can be used for
real valuation of the road longitudinal unevenness. Following
these presented facts, we compared measurements of road
longitudinal unevenness evaluated by the ,,Profilograph“ and the
original parameter IRI for window length 10 m- Fig. 8.

€

~N

£

£ |

& 0 -

ﬁ 0 100 200 300 400
Qualification degree length [m]
Profilograph - accerelation transducer No. 3 ——IRI - World Bank

Obr. 9. Porovnanie parametrov IRI cesty I/11 pre hodnotiace okienko 10 m - september 1996
Fig. 9 Comparison of the longitudinal unevenness of the road I/11 for window 10 m

Klasifikacna stupnica na obr. 9 bola uvazovana podla [6]. Na
zaklade uvedeného porovnania mozno predpokladat ekvipolenciu
porovnavanych parametrov IRI av§ak uvedenu premisu bude
potrebné potvrdit dal§imi meraniami.

5. Zaver

Analyzu nerovnosti cestnych vozoviek mozno povazovat za
substancialnu ulohu v oblasti inZinierskeho diagnostikovania
cestnej siete, a preto kvantifikacia pozdiznych nerovnosti cestnych
vozoviek tvori fundament uspesnej implementacie systémov hos-
podarenia s vozovkami.

Porovnavacie merania umoznili predbeznu verifikaciu ampli-
tudovej ekvipolencie dynamickych kvantifikacnych parametrov
pozdiznych nerovnosti cestnych vozoviek C a IRL. Na zaklade
hore uvedenych skuto¢nosti mozno konstatovat vhodnost pouZzi-
tia vysledkov JP VSDS pre ucely systému hospodarenia s vozov-
kami [7], [8].

Literatura:
[1] PROCHADZKA, M., SPRINC, J., KROPAC, O.: Teoretické

zaklady klasifikace nerovnosti vozovek. Silni¢ni Obzor,
7/1980.

Following Fig. 9, we can assume that compared parameters
IRI are equivalent. This premise will have to be verified by the
next measurements and comparisons. The qualification scale of
the parameter IRI in Fig. 9 was used according to [6].

5. Conclusions

Analysis of road pavement unevenness can be considered as
one of the ,first aid“ systems to the highway engineer in the
survey of road networks and maintenance diagnosis, whereupon
we can state that the quantification of the longitudinal unevenness
is an essential attribute to the implementation of any Pavement
Management System.

The comparison measurements enabled the preliminary
verification of the unification of road longitudinal unevenness
qualification scales for the parameters IRI and C. Therefore, the
results detected by the JP VSDS can be used for Pavement
Management System [7], [8].
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EFEKTIVNOST VYNALOZENYCH FINANCNYCH PROSTRIEDKOV
PRI DODATOCNOM ZATEPLENI BUDOV

THE EFFECTIVENESS OF GIVEN FINANCIAL RESOURCES
FOR THE ADDITIONAL THERMAL INSULATION OF BUILDINGS

Sticasny rozvoj materidlovej zdkladne a technologii umozriuje
réznym spésobom zlepsit tepelnoizolacné vlastnosti existujiicich oba-
lovych konstrukcii budov. Jednotlivé sposoby sa medzi sebou okrem
iného lisia i zZivotnostou. Prispevok sa zaoberd hodnotenim dodatoc-
ného zateplenia z pohladu ndvratnosti vynaloZenych financnych
ndkladov vo vztahu k jeho Zivotnosti. Uvddzajii sa tu zdkladné vypoc-
tové vztahy a ich grafické zndzornenie shiZiace pre posiidenie ekono-
mickej efektivnosti.

Uvod

Dolezitou sucastou uzitkovej hodnoty budovy, ¢i dokonca
nevyhnutnou podmienkou pre jej prevadzku je zabezpecenie tep-
lotnych pomerov vhodnych pre pobyt a pracu ludi, pripadne pre
technologické procesy prebiehajice v budove. Sucasna energe-
ticka situacia stavia uzivatelov vykurovanych budov pred nalie-
havu ulohu znizit spotrebu energie na ich vykurovanie. K splneniu
tejto poziadavky modze vyrazne pomoct zvySenie tepelnoizolac-
nych vlastnosti jestvujuceho obalového plasta budovy.

Zvysovanie tepelnoizolacnych vlastnosti tychto konstrukcii ma
okrem technickych aj ekonomické obmedzenia. Predmetom tohto
Clanku je preto snaha prispief k formovaniu nazoru na efektivne
vynakladanie finan¢nych prostriedkov sliZiacich pre realizaciu zlep-
Senia tepelnoizolacnych vlastnosti obalovych konstrukcii budovy.

1. Hranice ekonomickej efektivnosti

Zakladnou tepelno-technickou vlastnostou obvodovych kon-
strukcii je ich tepelny odpor . Velkost tepelného odporu determi-
nuje sucinitel prechodu tepla k (W. m2.K"), ktorym sa do
vypoctu tepelnych strat budov podla STN 060210 zahfna vplyv
tepelno-izolaénych vlastnosti obvodovej konStrukcie. VysSie
tepelné odpory obvodovych konStrukcii tak maji priamy dopad na
zniZenie spotreby energie na vykurovanie.

Ak budeme teda zvacSovat hrubku tepelnoizolacnej vrstvy
t. j. zlepSime tepelno-technické vlastnosti stenovych konstrukcii

* Ing. Karol Potocek, PhD.

Current development of material base and technology enables
different ways to improve heat-insulating properties of existing packing
constructions of the building. Particular ways are different among
themselves concerning the service life. This contribution deals with the
appreciation of additional thermal insulation while taking into
account the return of financial expenses in the relation to its service
life. Basic calculation formulas and their graphical illustration (which
gauges economical effectiveness) are presented.

Introduction

Securing thermal ratios suitable for the workplace or for
technological processes is an important condition for the
operation and derived value of a building . Current energy costs
are an incentive to reduce energy consumption in the heating of
buildings. The augmentation of heat-insulating properties of
existing packing covering of these buildings can help to fulfil this
requirement.

The augmentations of heat-insulating properties of these
constructions have technical and economical limitations .This
contribution aims at improving and realizing cost effective heat-
insulating properties of packing construction in a building.

1. The borders of economical effectiveness

The basic heat-insulating property of circumferential
constructions is their thermal resistance. The size of thermal
resistance determines heat thermal transmittance k (W. m2K")
which influences the heat-insulating properties of circumferential
construction in the calculation of thermal loses of the building
(according to STN 060210). Therefore, a higher thermal
resistance of circumferential constructions has a direct influence
on the decrease of the energy consumption of the heating.

It we augment the width of the heat-insulating layer (i.e. we
improve the heat-technical properties of wall constructions),
though the expense for their making increase, the expenses for the
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stipaju sice ich naklady na zhotovenie, suCasne sa vSak zniZuju
naklady na vyhotovenie vykurovacej sustavy a naklady na vykuro-
vanie. Z tepelno-ekonomického hladiska sa povazuje za najvyhod-
nejsie ta stenova konstrukcia, ktorej je sucet uvedenych nakladov
¢o najmensi.

Pri postupe podla STN 730549 sa pouZiva obvykle metdda
sucasnej hodnoty, kedy sa vSetky naklady (naklady na vyhotove-
nie konstrukcie a naklady spojené s udrzbou konstrukcie a vyku-
rovanim budovy), vztiahnuté na 1 m? vonkajSej stenovej
konstrukcie, prepocitaju k jednému ¢asovému okamziku, najca-
stejSie k obdobiu dokonéenia budovy. Prevadzkové naklady po-
zostavajuce z pravidelnych roénych vydavkov sa prepocitavaju
na sucasnu hodnotu a spolu s nadobuidacimi pociatocnymi
finanénymi nakladmi tvoria zaklad tepelno-ekonomického hod-
notenia.

Vseobecne sa teda predpoklada, Ze tie obvodové steny, ktoré
zohladnuju naklady na vyhotovenie a naklady na vykurovanie, su
tepelno-ekonomické. Takéto hodnotenie sa povazuje za rozhodu-
juce vtedy, ak tepelny odpor steny vychadza vacsi nez je pozado-
vany najmensi dovoleny odpor R (m2K.W'), uréeny
normativnym predpisom pre klimaticku oblast, v ktorej sa budova
nachadza. Predpokladajme, Ze na vyhotovenie dodato¢ného
zateplenia vynalozime finan¢né prostriedky o vyske K (Sk).

Tymto financnym nakladom budi zodpovedat uspory na
tepelnej energii dodavanej vykurovacou sustavou do budovy. Tieto
uspory nech predstavuju ro¢né zniZenie vykurovacich nakladov
0 Am (Sk). Dodatoéna uprava konstrukcii - zateplenie - je potom
ekonomicky a tepelno-energeticky efektivna, ak v Case Zivotnosti
takejto upravy konstrukcie budi dosahované uspory Am (Sk)
rovné pripadne vicSie neZ boli vynalozené finan¢né prostriedky
na jej vyhotovenie. Tuto zavislost mozno vyjadrif nasledovnym
vztahom:

K<A l_é 1
=amG i1+ 0" (0

v ktorom

i - je priemernd miera kapitdlovych nakladov na investiciu
(diskontna miera investora %)

n - je pocet rokov v ktorych ziskame rocné zniZenie nakladov
o Am (Sk).

Vztah (1) mozeme zjednodusit do tvaru:

K=Am.h (2)
v ktorom
1 1 1 1
h=——-——===1-—=—— 3)
i (D" (1+ in

Analyzujme teraz vztah Zivotnosti dodatocnej Uipravy steny zvy-
Senim jej tepelnoizolacnej schopnosti a diskontnej miery investora.

making of the heating system and the expenses for heating
decrease. We regard wall constructions (at which the sum of
noticed expenses is smallest) as the best solution for this
economical problem.

We usually use the method of current value (at the course
according to STN 730549) for all expenses (the expenses for the
making of the building and expenses connected with the
construction service and building heating) applied at 1 m? of
exterior wall construction and calculated to one instant in time
(usually the time when the building is finished).

Working expenses which consist of periodical annual outlay
are calculated at current value and together with the investment of
the initial cost make the base of thermal-economical appreciation.

Generally, we can expect that those circumferential walls
which don’t take the expenses for their making and the expenses
for the heating into account are thermal-economical. This
appreciation is regarded as crucial in the case when thermal
resistance of the wall is higher than the required smallest allowed
thermal resistance R (mz.K. W) determined by the normative
rule for climatic area in which the building is located.

Suppose , that we give financial resources K (Sk) for the
making of additional thermal insulation . The savings at thermal
energy given through heating system into the building correspond
with these financial expenses. These savings represent an annual
decrease of heating expenses of about Am (Sk). Additional
correction of the constructions - warming will be afterwards
economical and thermal-energetic effective if in the time of service
life of this construction, corrections have reached the savings
Am (Sk) equal to or higher than the given financial resources for
its making. We can express this connection as follows:

K=<A l_; 1
T ATy M

in which

i - is average rate of capital expense for the investment (discount
rate of investor %)

n - is the rate of the years in which we gain annual decrease of the
expenses about Am (Sk)

We can simplify the relation (1) to the form :
K=Am.h 2)
And now let’s analyze the relation of service life of additional

wall repair by the augmentation of its heat-insulating ability and
discount rate of the investor.

1 1 1[ 1 }
h=————=— |1 - —— (3)
i+ (1 +n
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Dolezitou skutoc¢nostou je tu potom zdroj financovania inves-
ticie, pretoze z neho sa odvija diskontna miera investora. Nie je
totiz jedno, ¢i investor financuje investiciu z vlastnych finan¢nych
zdrojov, alebo vykonava prace financnymi prostriedkami ziska-
nymi z Gveru, pripadne vynimocnych dotacii.

Predpokladajme, Ze Zivotnost stavebnych objektov je 77 rokov
od &asového okamziku ich postavenia. Zivotnost vykurovacej
sustavy sa uvazZuje asi polovicna v porovnani so Zivotnostou
budovy. Co znamena, Ze po 38 rokoch je nutné poéitat s finané-
nymi nakladmi na rekonstrukciu vykurovacej sustavy.

Z uvedeného vyplyva, ze Zivotnost vyhotovenia dodato¢nych
uprav na zlepSenie tepelnoizolacnych vlastnosti obvodovych kon-
Strukcii sa moze pohybovat v maximalnom rozsahu do 77 rokov.
Z grafického znazornenia vztahu (3), ktory je na obr. ¢. 1 mozeme
potom urcit hrani¢né hodnoty ekonomickej efektivnosti vynaloze-
nych finanénych prostriedkov na zniZenie tepelnych strat vykuro-
vaného objektu v zavislosti od konkrétnej diskontnej miery
investora i (%) a poctu rokov, pocas ktorych vyuzivame takuto
dodatocnu upravu.

KOMNIKOCIe
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The source for financing the investment is an important item
because discount rate (of the investor ) goes on it. Because it is
not the same whether the investor finances the investment from
their own financial sources or he does the work by dint of
financial resources gained from the credit or special endowments.

Suppose the service life of building objects is 77 years from
the time when their were built. The service life of the heating
system is approximately half in comparison to the service life of
the building. It means that after 38 years it is necessary to count
on financial expenses for the reconstruction of heating system.

It can be seen from experience that the service life of making
the additional repairs for the improvement of heat-insulating
properties of circumferential construction can be in the maximum
range up to 77 years. We determine from the graphic illustration
the relation (3) which is on Fig. 1. marginal values of economical
effectiveness of given financial resources for the decrease of
thermal losses of heated building in connection with concrete
discount rate of the investor i (%) and the rate of the years during
which we exploit this additional correction.

Fig.1 Graphical illustration of the course h for i = 8 % and the rate of the years n.
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V grafickom znazorneni zavislosti na obr. ¢. 1 nie su zohlad-
nené narasty cien tepelnej energie v ¢ase sledovania. Predpokla-
dajme, Zze majitel budovy chce zateplift budovu a poziCia si
vV penaznom ustave peniaze v hotovosti na tuto investiciu.
Uvazujme s urokovou sadzbou za takyto uver i = 8 %. Nech sa roz-
hodne vykonat zateplenie budovy po 20 rokoch od jeho postavenia.
Potom bude teoreticka doba vyuzivania takejto investicie 50 rokov
za predpokladu rovnakej Zivotnosti dodatocného zateplenia.

Hodnota koeficientu h podla vztahu (3) je potom 12,3. Po
dosadeni do vztahu (2) ziskame nasledovnu podmienku: na doda-
tocné zateplenie uvazovanej budovy je vyhodné kazdé technické,

The increase of the prices of thermal energy in a selected
period is not taken into account in the graphical illustration on
Fig. 1. Suppose the owner of the building wants to give thermal
insulation to the building and he borrows cash from a financial
institute for this investment. He takes the offered rate into account
for this credit i = 8 %. He decides to do this thermal insulation of
the house 20 years from the time when the building was built.

Then the theoretical time of the exploitation of this
investment is 50 years granted the same service life of the
additional thermal insulation. The value of the coefficient
h according to the equation (3) is 12,3. After we give it into the
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technicko-prevadzkové opatrenie, ktoré nestoji viac ako 12,3
nasobok nim umoznenych ro¢nych uspor Am (Sk) na vykurova-
nie.

Ak budeme uvazovat teoreticky neobmedzenu Zzivotnost
dodatoéného zateplenia, Co znamena, Ze v ¢asovo neobmedze-
nom useku budeme ziskavat usporu Am (Sk) rocne, potom sa
bude koeficient h v rovnici (3) blizit k hodnote h = 1/ i. Pri uro-
kovej sadzbe i = 8 % tym ziskame hodnotu h = 12,5. Tato hodnota
sa odliSuje iba malo od hodnoty ktoru ziskame pre 50 ro¢nu Zivot-
nost.

Sucasné podmienky v oblasti zasobovania energiami mozno
charakterizovaf stavom liberalizacie trhu. Dodavatel energie
v takomto liberalizovanom prostredi obyCajne reaguje na meniace
sa potreby zakaznika vhodne vytvorenou strukturou cien. Cenova
Struktura v prvom rade zodpoveda zaujmom a potrebam energe-
tického systému a az v druhom rade poziadavkam zakaznikov.
Cielom takejto cenovej politiky je ti¢inne pdsobit v nasledujucich
oblastiach:

e Ovplyvnovat ponuku a dopyt. Pri navrhu cien zohladnit zaujem
Statu ako aj zaujem vyrobcu a distribiitora energie, pripadne
spotrebitela.

e Reguluju dopyt po energii, pretoze akékolvek dotacie do
cien energie vedu k zlym navykom odberatelov pri spotrebe
energie.

e Ceny energie musia odrazat naklady na vyrobu, distribtciu
a primerany zisk. Pokryvanie nakladov energetickych podnikov
s primeranym ziskom potom zabezpeci aj prisun prostriedkov
do Statneho rozpoctu.

e Ceny energie musia zabezpecovat schopnost vzajomnej konku-
rencie jednotlivych paliv medzi sebou vSade tam, kde je to
mozné. Osobitne v pripade elektriny, zemného plynu a tepla pre
vykurovanie budov.

Kazdy §tat v ramci svojej politiky ma vypracovanu stratégiu
dosiahnutia vySSie uvedenych cielov. V prvej etape platnej do roku
2000 sa na Slovensku uvazuje tzv. vyrovnanie cenovych hladin.
Jedna sa o vyrovnanie nizkej irovne stratovych cien na uroven zis-
kovych cien. V druhej etape do roku 2002 bude vytvoreny novy
tarifny systém. Tretia etapa po roku 2003 bude obdobim uplatio-
vania Standardnej cenovej regulacie.

V oblasti vyvoja cien v energetike prijala rada EU smernicu
¢. 90/377 EEC o postupe pri zdokonalovani priehladnosti cien
plynu a elektriny uctovanych konecnym spotrebitelom. Jej opatre-
nia zaénu platit v ¢lenskych §tatoch EU od februara 1999. Pre
porovnanie uvedieme napr. ceny elektrickej energie z roku 1996
v roznych krajindich obr. ¢. 2. Cena elektrickej energie na
Slovensku podla tohto patri medzi najnizsie z hodnotenych krajin

a je preto predpoklad jej narastu na ceny platné v EU.

Predpokladd sa pritom zvySenie ceny elektrickej energie
v ¢asovom horizonte do roku 2002 nasledovne; rok 1999 o +33 %,
rok 2000 o + 10 %, rok 2001 o +14 % a rok 2002 o +4 %. Dalej sa
predpoklada dosledné stanovovanie cien energie, ktoré bude
vychadzat zo vzajomnej zamenitelnosti jednotlivych paliv, a to

relation (2) we achieve the following condition: every technical,
technical - working rate which doesn’t cost more than 12.3
multiple by it enabled annual savings Am (Sk) at the heating is
effective at additional thermal insulation of the selected building.

If we debate theoretically limitless service life of additional
thermal insulation it means that we gain (in time limitless stretch
the saving Am (Sk) annually then the coefficient h (in the equation
(3)) will come closer to the value h = 1/ i. We gain the value
h = 12.5 with the offered rate i = 8 %. This value is different only
a little bit from the value which we gain for 50 years service life.

Current conditions in the realm of energy supply can be
characterized by the condition of market liberalization. The
energy contractor usually acts (in this liberalized surrounding) at
the changing needs of the customers by price structuring. The
price structure in the first case corresponds to the interests and
the needs of the energetic system and in the second case to the
demands of the customers. The goal of this price politics is to act
efficiently in the following realms:

e To influence the demand and supply. To take (at the price
system) the interest of the state as also the interest of the
producer and distributor of the energy (or the consumer) into
account.

o To control the demand for the energy because any endowments
into the energy prices lead to wrong habits of the users at the
energy consumption.

e The energy prices must reflect the expenses of the production,
distribution and proper profit. The expenses covered by
energetic companies (with proper profit) will secure also the
resources for the state budget.

e The energy prices must secure the ability of mutual competition
of particular fuels among themselves everywhere where it is
possible. Particularly in the case of electricity, natural gas and
the heat for the building heating.

Every country in its own politics already has a strategy for the
achievement of noticed goals. We consider the first stage valid till
the year 2000 as the so-called “balance of price levels“. It is the
balance of low level of loss prices to the level of profit prices. In
the second stage till the year 2002 a new rate system will be made.
The third stage after the year 2003 will be the time of the
enforcement of standard price regulation.

The EU council accepted in the realm of price development
in energy the guideline no. 90/377/EEC about the process at the
improvement of the transparency of the prices: of gas and
electricity charged to the final consumer. Its measure will be valid
in the states of the membership of EU from February 1999. We
are going to write here (for the consumption) the energy prices
from the year 1996 in different countries Fig. 2. The price of
electric energy in Slovakia according to this belongs among the
lowest of the rated countries.

Hence, we suppose its increase on the prices valid in EU. We
presume that the price increase of electric energy in the time
horizon till the year 2002 as follows: the year 1999 about + 33 %,
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najmé elektriny, zemného plynu a tepla produkovaného central-
nymi zdrojmi na vykurovanie budov. Z uvedenych dovodov je
zrejmé, Ze Casovy priebeh ro¢nych energetickych uspor Am
nebude v takychto podmienkach konStantny, pretoze ceny za
energiu ro¢ne narastaju.
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year 2000 about + 10 %, year 2001 about + 14 % and year 2002
about + 4 %. The determination of energy prices (which will go on
mutual changeability of particular fuels as electricity, natural gas
and the heat produced by central sources for the building heating)
is supposed.

Fig. 2 The comparison of the prices of electric energy for
businessmen in the year 1996 in several countries.
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Countries

Legenda: 1 - Rakusko, 2 - Svajéiarsko, 3 - Ceska republika,
4 - Franciizsko, 5 - Velka Britania, 6 - Grécko, 7 - Irsko, 8 - Izrael,
9 - Taliansko, 10 - Luxembursko, 11 - Polsko, 12 - Rumunsko,
13 - Slovinsko, 14 - Slovensko.

Povodné uvazované uspory Am budi potom narastaf rocne
o Am (1 + r,), kde r, je koeficient narastu ceny energie, ktory
mozZe byt v kazdom roku iny. Tato skutocnost vo svojej Casovej
naslednosti je uvedena v tab. ¢. 1.

Casové vyjadrenie nekonstantnych roénych uspor Tab. 1
z dovodov zniZenia nakladov na vykurovanie.

Rok | Uspory vykurovacich nakladov v jednotlivych rokoch | Poznamka

The key: 1 - Austria, 2 - Switzerland, 3 - Czech Republic,
4 - France, 5 - Great Britain, 6 - Greece, 7 - Irish Republic,
8 - Israel, 9 - Italy, 10 - Luxembourg, 11 - Poland, 12 - Romania,
13 - Slovenia, 14 - Slovakia.

It can be seen from the noticed reasons that the time course
of annual energetic savings Am will not, in these conditions, be
constant because the prices for the energy increase annually.
Originally considered savings Am will then increase about
Am (1 + r,), where r, is the coefficient of price increase of the
energy which can be different every year. This fact (is its time
sequence) is noticed in chart no. 1.

Time expression of inconstant annual savings from Tab. 1.

Pre zjednodusenie predpokladajme, Ze ceny za energiu budu
v kazdom roku vyuZivania zateplenia narastat rovnakym koefi-

0 ;/a);:glt:r:/i.a the reasons of expenses reduction for the heating.
1 [Am(1+1) Year | The saving of heated expenses in particular years | Comment
2 ([Am(1+1)].(1+1,) 0 The rating of
the warming
3 [{IAm (1 +1)]. (1+1y)) (1+13) [ [am(er)
*° 2 | [Am (1 +r1)].(1+r,)
° [
3 | {IAm (1 +1)]. (1 + 1)) (1+13)
o o
o L]
N |Am.(1+r1)..(1+r,).(1+1,) e |e
o [ ]

N [ Am. (1) (141, (1+1,)
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cientom narastu r (%). Dodato¢né zateplenie bude potom energe-
ticky efektivne, ked vyska financii K (Sk) vynaloZenych na jeho
vyhotovenie bude niZSia pripadne rovna vyske dosiahnutych uspor
podla [5] nasledovne:

We suppose for simplification that the energy prices will
increase in every year of the thermal heating exploitation by the
same increase coefficient r (%). The additional thermal insulation
will be energetically efficient when the size of finances K (Sk)
given for its making will be lower or equal to the size of achieved
savings according to [5]as follows:

1+r (1+#)?
K=Am——+ Am 5
1+i 1+
¢o mozno upravif do tvaru:
K=Am.d (%)
v ktorom
l+r—0+r.[(1+ 1+ )"
d= r—=( r). [(L+7n/ (1 +D] 6)

I—r

Vo vzfahu (6) su uvedené vdazby medzi priemernou mierou
finanénych nakladov na dodato¢né zateplenie, dobou vyuzivania
uzitku z tohto dodatoéného zateplenia a koeficientom roéného
narastu ceny energie na vykurovanie. Predpokladajme priemerny
ro¢ny narast ceny energie v zmysle nasich predchadzajtcich tvah
pre roky 1999 - 2002 o r = 15 % a priemernu mieru kapitalovych
nakladov investora i = 8 %. Ak by sme pri takychto podmienkach
brali uzitok z dodato¢ného zateplenia len v rokoch 2000, 2001
a 2002 potom by bola pre investora vyhodna kazda investicia na
zlepSenie tepelnej izolacie, ktora by nestala viac nez 3,4 nasobok
fiou sposobeného rocného znizenia nakladov na vykurovanie.

1+ (147"
m ~3 + Am N (4)
1+ 1+
this is possible to rewrite into the form:
K=Am.d (5)
in which
i= 1+r—(1+r).. [(T+n/(+DH]" )

I —r

The mutual connections (among the average measure of
financial expenses at additional thermal insulation, the time of
benefit exploitation from additional thermal insulation and the
coefficient of annual increase of the energy price for the heating)
are written in equation (6). Suppose, the average annual increase
of energy price in the same way as our previous reflection for the
years 1999-2002 about r =15 % and the average measure of capital
expenses of the investor i = 8 %. If we take (at these conditions) the
benefit from additional thermal insulation only in the years 2000,
2001 and 2002 then every investment (for the improvement of heat
insulation) will be advantageous (for the investor) which does not
cost more than 3.4 multiple by it caused annual reduction of the
expenses for the heating.

Fig. 3. Graphical illustration of the course d fori = 8 %,
r =15 % and the rate of the years n.
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Tuto hodnotu mozno od-Gitat z grafického znazornenia
vztahu (6) pre uvaZované podmienky. Ak budeme braf uZzitok
z vynaloZenej investicie na zateplenie pri nezmenenych a kon-
Stantnych hodnotach r (%), i (%) pocas lubovolného dlh-Sicho
obdobia, mozeme z obr. ¢. 3. od¢itat podmienku pre vhodnu
vySku investicie na dodato¢né zateplenie uvazovanej vykurovanej
budovy.

2. Zaver

Zohladnenie narastu cien energie spotrebovanej na vykurova-
nie budovy ma za nasledok poziadavku podstatne zvysit financné
naklady na zlepsenie tepelnej izolacie tejto budovy. Ak zavedieme
nasledovné vypoctové zjednodusenia:

e Cena za energiu spotrebovani na vykurovanie budovy bude
v Case konStantna, alebo sa bude menit zanedbatelne r = 0 %.

e Budeme predpokladat neobmedzenu Zivotnost dodato¢ného
zateplenia pocas jestvovania budovy.

Na zaklade tohto mozeme vyslovit potom ekonomickl pod-
mienku, zZe vyhodné je kazdé zlepSenie tepelnoizolaénych vlast-
nosti, na ktoré nemusime vynalozif viac finan¢nych prostriedkov,
ako 1/i-nasobok nim umoZnenych ro€nych uspor na vykurovanie.
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This value can be seen from the graphical illustration of equa-
tion (6) for the mentioned conditions. If we take the benefit from
given investment for the thermal insulation at the same and con-
stant values r (%), i (%) during any longer time, we can see from
Fig. 3. the condition for suitable investment size for additional
thermal insulation of that heating building.

2. Conclusion

If we take the increase of the prices of consumed energy for the
heating of the building into account, its consequence will be the
requirement for increased financial expenses for the improvement
of heat insulation of this building. If we use the following
calculation simplification:

e The price for the consumed energy for the building heating will
be in time constant or will change negligible r = 0%.

o We will presume unlimited life service of additional thermal
insulation during the building’s existence.

We can say on the strength of this one economic condition
that every improvement of heat insulating properties for which we
must not give more financial resources than 1/i - multiple by it
enabled annual savings for the heating is efficient.
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Janka Gombitova *

POSUDENIE VHODNOSTI POUZITIA NETRADICNEHO
MATERIALU NA SANACIU ZELEZNICNEHO SPODKU

THE EVALUATION OF THE APPROPRIATENESS OF RAILWAY
SUBGRADE RESTORATION WITH AN UNCONVENTIONAL MATERIAL

Prispevok obsahuje vysledky dosiahnuté pri skitmani nového geo-
syntetického vystuzného materidalu - GEOWEB pouZitého na sandciu
Zeleznicného spodku. Nakolko pri stavebnych opravdach v ramci
modernizdcie Zeleznicnych trati a stanic nevystacime len s tradicnymi
- doteraz vdcsinou pouzZivanymi materialmi.

Uvod

Pri modernizacii Zelezni¢nych trati a stanic sa ma postupovat
v stilade s parametrami odporu¢anymi v dohodach AGC a AGTC.
To znamena, Ze na vybranych tratiach pre modernizaciu je
potrebné zvysit tratovii rychlost na 160 km.h’', upravit prejazdny
prierez na UIC GC a triedu zafaZenia na D4 UIC. Z toho vyplyva,
Ze pri stavebnych upravach v ramci modernizacie na koridorovych
tratiach, nevystac¢ime len s klasickymi tradiénymi, doteraz vacsi-
nou pouzivanymi materialmi. Je potrebné pouzivaf aj mate-
rialy nové, netradicné, ktoré moézu vyrazne ovplyvnit kvalitu
Zeleznicnych trati a stanic.

Tyka sa to aj Zeleznicného spodku, kde od kvality navrhu
a stavby zavisi zabezpeCenie dlhorocnej, dostatone unosnej
a bezpecnej jazdnej drahy pre ZelezniCné vozidla. NajCastejSimi
metodami sandcie Zeleznicného spodku na koridorovych tratiach
je zlepSovanie zemin s pojivami, ako napr. vapno, cement a vystu-
Zovanie zemin a konStrukcénych vrstiev geosyntetickymi materi-
almi. Jednym z takychto novych materialov je aj bunkovy systém
GEOWERB, ktory patri do technoldgie vystuzovania zemin geo-
syntetickymi materialmi.

2.Vystuzovaci bunkovy systtm GEOWEB

Konstrukcia GEOWEB je bunkovy speviovaci systém, ktory
bol vyvinuty koncom 70. rokov ako sucast kooperacného vyskum-
ného usilia s US Army Corps of Engineering. Je dostupny v dvoch
odlisnych druhoch povrchovej Gpravy: hladkej a texturove;j.

Systétm GEOWEB moze byt vyuZity pre granularnu vypln
pomocou materialov dostupnych priamo na mieste sanacie pod-

* Doc. Ing. Janka Gombitova, PhD.

This paper deals with the results achieved during the testing of
a new geosynthetic reinforcing material - GEOWEB, which was used

Jor the restoration of railway subgrade. Conventionally used materials

are no longer sufficient for reconstruction works within the
modernisation of railway tracks and stations.

Introduction

When modernising railway tracks and stations, we must keep
the parameters recommended by agreements AGC and AGTC.
That means it is necessary for modernised tracks to increase track
speed up to 160 km.h! and to accommodate the structure gauge
according to UIC GG and the class of load according to D4UIC.
It follows that the classical, conventional materials used so far are
not sufficient for reconstruction works within the modernisation
of the corridors. It is also necessary to use new materials which
are unconventional. This can significantly influence the quality of
railway tracks and stations.

It also concerns railway subgrade where long - time, sufficiently
supported load and safe running line for railway vehicles depend on
the quality of the design and reconstruction of this railway
subgrade. The most frequently used methods of railway subgrade
restoration on the corridor tracks are the improvement of soil by
such materials as lime and cement, and the reinforcing of soil and
construction layers by geosynthetic materials. One such new
material is the cellular confinement system GEOWEB, using the
technology of reinforcing soil with geosynthetic materials.

2. Cellular Confinement System GEOWEB

GEOWEB construction is a cellular confinement system
which was developed at the end of the 70s as part of a cooperative
research effort with the US Army Corps of Engineering. It is
available in two different superficial forms - smooth and textured.

The GEOWEB system can be utilised for granular filler by
using the materials accessible right at the area of restoration of

Department of Railway Engineering and Track Economy and Management, Faculty of Civil Engineering, University of Zilina, Komenského 52,
01026 Zilina, Slovak Republic, Tel: 00421-89-43374, fax:00421-89-7233502, e-mail: gombit@fstav.utc.sk
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valového podloZia (neunosny materidl zemnej plane, vyzisk
z Cistenia kolajového 16Zka), ako nahrada za drahé dovazané
materialy (Strkopiesky). Vysokopevnostné polyetylénové sekcie su
pre dopravu zlozené do lahkych kompaktnych balikov, s ktorymi
sa da lahko manipulovat, pricom pocas instalacie zostavaju flexi-
bilné. Pri plneni sekcii sa tieto prisypavaju ochrannou vrstvou
hrubky 50 - 100 mm a mdzZu byt ihned prechadzané aj velmi
tazkymi mechaniza¢nymi prostriedkami. Podla udajov vyrobcu,
zabudovanim systému GEOWEB do neunosného Zeleznicného
spodku, sa mechanizmom gene-
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railway subgrade (unbearable material of formation, exhausted
material from the cleaning of the railway bed) as a substitute for
expensive imported materials (gravel and sand). High-strength
polyethylene sections are folded for transport into light compact
packets which can be easily manipulated. During the installation,
they remain flexible. During the filling of the sections, they are
scattered as a protecting layer with the thickness of 50 - 100 mm and
they can be immediately used even with very heavy construction
machines. According to the data provided by a manufacturer,

building the GEOWEB system into

racie silnej laterarnej zvézujlcej
sily a trenia na styku zemina -
stena bunky vytvara tzv. mostova
roznasacia Struktura s vysokou
flexuralnou pevnostou a tuhos-
tou. Tento systém sa k nam
dovaza s rozmerom buniek 244

an unbearable subgrade, the
mechanism of strong lateral binding
force and friction on the contact
soil/cell wall creates the so-called
S~ bridge distribution structure with
high flexural strength and stiffness.
This system is imported to Slovakia

x 203 mm v Styroch vyskach

with dimensions of the cells 244

stien buniek, a to 75, 100, 150
a 200 mm a rozmerom celych
vostinovych sekcii 2,44 m x 6,10
m v roztiahnutom tvare. Na obr.
1 je znazornena cela sekcia
a tvar buniek.
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x 203 mm in four heights of cell
sides: 75, 100, 150, and 200 mm and
dimension of whole perforated
sections 2.44 m x 6.10 m in a distend
form. Fig. 1 shows one whole section
and the shape of the cells.

W

A

Tato mostova Struktura ma
zlepSovat dlhodobu charakteris-
tiku u deformacie vplyvom zata-
Zenia u beznych granulovanych vypliovych materialov
a dovolovat vyrazne (az 50 %) zredukovanie hriibky konstrukénych
vrstiev Zelezniéného spodku v porovnani s tradiénymi metodami
zvySovania jeho inosnosti.

3. Sanacia zelezni¢ného spodku vo vyhybke

Po prvykrat pouzit vystuzovaci bunkovy syst¢ém GEOWEB na
Slovensku na zvy$enie unosnosti zemnej plane sa rozhodli Zelez-
nice Slovenskej republiky. Aby sa preukazala predpokladana ucin-
nost technologie zvySovania unosnosti Zzeleznicného spodku
pomocou tohto materialu, bol v r. 1996 na Zeleznicnej trati
Bratislava-Zilina v Zelezniénej stanici Pichov zaloZeny pokusny
usek. Tento pokusny usek bol zriadeny v ramci komplexnej rekon-
strukcie vyhybiek €. 1 - 8 na zilinskom zhlavi za sticasnej sanacie
Zeleznicného spodku. Vo vyhybke €. 3 bola zistena nevyhovujiica
usnosnost zemnej plane (E, < 15 MPa) a pocas Zeleznicnej pre-
vadzky opakujice sa chyby vo vyskovej polohe kolaje, takze tu
bolo potrebné zvysit unosnost podlozia.

V predstihu pred budovanim pokusného useku v zst. Puchov
na jej zilinskom zhlavi, bola zhodnotena situacia a stav konstruk-
cie podvalového podlozia pod vyhybkami €. 3, 4 a 5. Predbezny
geotechnicky prieskum bol uskutocneny v siedmich kopanych
sondach. Na zaklade ich vyhodnotenia bolo mozné konStatovat
roznorodost v konstrukénom usporiadani vrstiev podvalového
podlozia. Charakter zemnej plane bol velmi premenlivy a predo-
vsetkym pod vyhybkou ¢. 3 boli z pohladu unosnosti zistené naj-

Obr. 1. GEOWEB
Fig. | GEOWEB

This bridge structure shall
improve the long-term characteris-
tics of the deformation due to the
load in the usual filler granular materials and permit substantial
(up to 50 %) reduction in the thickness of the construction layers of
railway subgrade in comparison with other conventional methods
of increasing its load support.

3. Restoration of Railway Subgrade in a Turnout

The first use of the GEOWEB cellular confinement system was
performed by the Railways of the Slovak Republic. The purpose
was to increase the load support of the formation. To prove the
assumed effectiveness of the technology for increasing the load
support of railway subgrade by using this material, a trial section
was established at the railway station Pichov on the railway track
between Bratislava - Zilina in 1996. This experimental section was
established within the process of the complex reconstruction of
turnouts No. 1 - 8 together with the reconstruction of the railway
substructure. In turnout No. 3, an unsatisfying load support of the
formation (E, < 15 MPa) was found as well as repeated faults in the
height position of the rail during railway operation. It was necessary
to increase the load support of the subgrade here.

Before the experimental section was built at the Railway Station
Puchov - Zilina head, the situation and condition of the railway
subgrade construction under the turnouts No. 3, 4 and 5 had been
evaluated and the preliminary geotechnical research had been
performed with seven dugged probes. The evaluation of these
preliminary works showed a variety in the construction arrangement
of the railway subgrade layers. The nature of the formation was
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horsie vysledky. V tomto mieste je zemnd plan tvorena ilom
maikkej aZ tuhej konzistencie.

Pre zvysenie unosnosti podlozia pod vyhybkou ¢.3 bolo roz-
hodnuté vykonat sanaciu Zelezni¢ného spodku podla vzorového
listu Z 4.3 - N 4, kde betonova doska bola nahradena konstrukciou
GEOWEB. GEOWEB bol neperforovany, Sirky 4,2 - 4,5 m o vyske
buniek 0,10 m. Podkladova vrstva sa navrhla o hrubke 0,30 m a na
zemnu plan bola ulozena
netkana geotextilia o plosnej
hmotnosti 400 g.m>. Zriadenie
pokusného tuseku nam doku-
mentuje obrazok ¢. 2

Tymto rieSenim oproti
povodnému rieSeniu  bola
potrebna mensia hibka vykopu,
¢o znamenalo mensSiu potrebu
vykopov a taku istu usporu
hrubky sanacnej vrstvy pod-
kladu, vratane nakladov za
manipuldciu a odvoz. V ramci
sanacie Zelezni¢ného spodku
sa obnovilo aj odvodnenie
zhlavia.

Po jednom mesiaci prevadzky boli na pokusnom tseku vyko-
nané prvé statické zatazovacie skusky, kde bol zistovany ekviva-
lentny modul deformacie na dvoch miestach vyhybky ¢. 3 a pre
porovnanie vysledkov aj vo vyhybke €. 4. Tato bola sanovana kla-
sickym sposobom. Vo vyhybke ¢. 3 bola zistena hodnota modulu
deformacie E, = 91 MPa, ¢o je viac ako poZadovana unosnost na
tomto useku trate E, = 80 MPa. V zmysle predpisu CSD S4 Zelez-
niény spodok sa posudzuje celkové hodnotenie unosnosti viac-
vrstvovej konStrukcie podvalového podlozia, t. j. postupne
zriadenych jednotlivych konStrukénych vrstiev ich ekvivalentnou

Obr. 2. Pokusny tisek
Fig. 2 The experimental section

very variable, and specifically in turnout No. 3, the worst results
regarding load support were found. The formation at this place
contained loam with consistency, varying from soft to solid.

To increase the load support of the subgrade under turnout
No. 3, it was decided to perform the reconstruction of the railway
subgrade according to the sample list Z 4.3 - N. 4, in which
a concrete slab was substituted with GEOWEB construction.
GEOWEB was not perforated, width of 4.2 - 4.5 m and cells
height of 0.10 m. The sub ballast was
proposed with a thickness of 0.30
m and on the formation an unweaved
geotextile of area 400 g.m’2 was laid.
Construction of the experimental
section is shown in Figure 2.

Comparing this solution with the
original one, a lower depth of
excavation was necessary which
meant less excavations in the long run
and saved the same cubature of the
reconstruction layer of the subgrade,
including costs for manipulation and
removal. While restoring the railway
subgrade, dewatering of a head was
also renewed.

After one month of operation, the first static loading tests
were performed on the trial section. The equivalent deformation
modulus was being determined at two testing points of turnout No.
3 and also in turnout No.4 to make a comparison of the results.
The second turnout was restored in the classical way. In turnout
No. 3, the value of the deformation modulus (E, = 91 MPa) was
found which was higher than the required value of the load support
at this section of a track (E, = 80 MPa). In accordance with the
regulation CSD S4 Railway Substructure, the overall evaluation of
the support load of multi layer construction in railway subgrade is
determined by the equivalent load

unosnostou E.,. Ekvivalentna GRAPH SZS 1
unosnost je stanovena v zavis- support of these layers (E.,). The
losti od prevadzkového zafaze- Pressure P value of equivalent load support
nia kolaje. Pre nas sledovany 0,000 0,100 0,200 0,300 0,400 depends on the load being in running
kolajovy tusek v zst. Puchov - 0,00 order. The modulus (E, = 80 MPa)
Zilinské zhlavie, v hlavnej for our trial track section is given at
kolaji €. 2 je predpisany modul \ the Railway Station Puchov - Zilina
Ep = 80 Mpa 0.50 A p=040MPa - head, the main track No. 2.
= >

Dalsie sledovanie pokus- & 1,00 X Up to now, the experiments at
ného useku bolo dosial v 3. = € our section have been performed in 3
etapach vidy vo vyluke kolaje, % \ g phases, as well as during the closing
a to jedno meranie v roku 1997 E 1,50 — % of a line to traffic. The first
a dve merania v roku 1998. % \_\ﬁ 3 ! measuremept was done in 1997 and

two others in 1998.

Na obr. ¢. 3 je pre nazor- 200 T Figure No. 3 gives a graphic
nost uvedené grafické vyhod- evaluation of the measured values at
notenie nameranych hodndt 2,50 the place SZS 1 of the experimental

v mieste SZS1, pokusného
useku v Zst. Pichov vo vyhybke
¢. 3, dna 21. 4. 1998.

Obr. 3. Graf SZS 1
Fig. 3 Graph SZS 1

section at the Railway Station
Puchov in turnout No. 3 on April
21st, 1998.
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Na obr.c.4 - prieCny rez sanovanou vyhybkou su vysledky
nameranych hodnét ekvivalentného modulu deformacie v jednot-
livych etapach :

I. etapa-E,, = 82,44 MPa

II. etapa-E_, = 90,18 MPa
III. etapa- E, = 84,38 MPa

T
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Figure 4 is a cross section of the restored turnout and the
results of measured values of equivalent deformation modulus in
phases:

1** phase - Ey, = 82,44 MPa

2" phase - E, = 90,18 MPa
3" phase - E, = 84,38 MPa

1

I
Eep =91 MPa 0.15
. |. Eez = 82,44 Mpa
railway bed [l. Ee2 = 90,18 Mpa 035
{Il. Ee2 = 84,38 Mpa E..=28 Mpa
unsorted gravel and sand 0,70
[T [ [ ] [ wowe [ [ [ [T T o
. unsorted gravel and sand /———_geotextile Eo=15MPa 0.10

low carrying capacity of subgrade

Obr. 4. Priecny rez sanovanou vyhybkou ¢. 3
Fig. 4 The cross section of the restored turnout No. 3.

Z vyhodnotenia vysledkov etapovych merani na zaklade prie-
mernych hodndt je mozné konStatovat, Ze vo vsetkych etapach
merania bol zisteny ekvivalentny modul deformacie Eez vacsi ako
pozadovana ekvivalentna tinosnost E, = 80 MPa.

Zaver

Na zaklade vykonanych 4 etapovych merani pokusného
useku rozlozenych na rozne ro¢né obdobia skiimania, je mozné
posudif vhodnost nového materialu, vystuZovacieho bunkového
systtmu GEOWEB na sanaciu Zeleznicného spodku ako materidl
vhodny. AvSak hodnoty namerané v porovnavacej vyhybke ¢. 4
sanovanej beznym sposobom nie su vyrazne odliSné od namera-
nych hodnot vo vyhybke €. 3.

Preto v zavere je treba povedat, Ze novy material - vystuZovaci
bunkovy syst¢tm GEOWEB - je potrebné vyuzivat pri sanaciach
Zelezniéného spodku, hlavne v tych miestach, kde je to ekono-
micky vyhodné. Jedna sa hlavne o miesta, kde nie je mozné pri
sanaciach zasahovat do vacsej hibky, alebo v tych miestach, kde
je potrebné zmensit hribku konstrukénej vrstvy telesa Zeleznic-
ného spodku. Hlavna vyhoda tohto materialu je podla dosial
dosiahnutych vysledkov v tom, Ze je mozné hrubku konStruk¢énej
vrstvy telesa Zeleznicného spodku urcenu na zaklade unosnosti
zemnej plane zmensit az o cca 30 %, priCom celkova hrubka kon-
strukcnej vrstvy nesmie byt menej ako 0,15 m.

Evaluating the results of the phase measurements, we can
assume that the equivalent deformation modulus at all places of
measurement has been found to be higher than the required load
support (E, = 80 MPa).

Conclusion

On the basis of four phase measurements at the trial section
performed in various seasons of the year, it is possible to evaluate
the appropriateness of the new material (i.e. the cellular confine-
ment system GEOWEB) for the restoration of railway substructure
as an appropriate material. However, the measured values in the
comparable turnout No. 4, restored in the conventional way, are not
significantly different from the values measured in turnout No. 3.

Therefore, it is important to say that the new material -
GEOWERB cellular confinement system - should be used during the
reconstruction of railway substructure primarily at places where it
is economically attractive, specifically, at places where it is impos-
sible to get very deep during the restoration or at places where is
necessary to reduce the thickness of the construction layer of
a railway substructure unit. According to the achieved results, the
main advantage of this material is the possibility to reduce the
thickness of the construction layer of a substructure unit (determi-
ned on the basis of the load support of the formation) by about
30 % while the overall thickness of the construction layer can’t be
less than 0.15 m.
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Sledovany vystuZovaci bunkovy syst¢ém GEOWEB je mozné
odporucif k zvySovaniu Unosnosti plane telesa Zeleznicného
spodku, ako dalsi z geosyntetickych vystuzovacich materialov k uz
pouzivanym materialom, ako su vystuzné geotextilie a geomriezky.
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The tested cellular confinement system GEOWEB, which
together with geotextiles and geogrids belongs to the group of
geosynthetic reinforcing materials, can be recommended for
increasing the load support of a railway substructure unit.
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NETRADICNY POHIAD NA PROGNOZOVANIE

EKONOMICKYCH PROCESOV

ANOTHER PERSPECTIVE ON THE FORECASTING OF ECONOMIC PROCESSES

Prispevok je zamerany na vyuZitie metod znamych z teérie dyna-
mickych systémov pri rieseni iiloh prognézovania ekonomickych pro-
cesov. Moznost vyuZitia niektorych teoretickych metod v oblasti
prognozy je demonstrovand na priklade predikcie vyvoja kurzu
USD/SK.

Uvod

Pri analyze, modelovani a prognézovani ekonomickych pro-
cesov sa v sucasnosti stretdvame s roznymi metdédami, ktoré vy-
uzZivaju matematicko-Statistické metddy, ekonometrické postupy
a systémovy pristup. Na vac¢sinu socialno-ekonomickych procesov
sa mOzZeme pozerat ako na deje, ktoré sa odohravaju v syst¢émoch
najroznejsich vlastnosti, pricom sa vyznacuju istou zotrvac¢nostou.
Musime pripomenut, Ze sa nejedna len o zotrva¢nost hmoty, ¢o je
zrejmé pri analyze fyzikalno-technickych procesov, ale tiez
o zotrvacnost myslenia ludi, Co sa prejavuje v spravani socialno-
ekonomickych struktur. Ak sme ochotni akceptovat zotrvacnost
pri analyze ekonomickych S§truktur, potom sme nuteni popisovat
ich spravanie pomocou zodpovedajicich modelov. Prostredie,
v ktorom sa odohravaju ekonomické procesy je mozné chapat ako
dynamicky systém, priCom vstupné veliCiny maji vo véicéSine
pripadov nahodny charakter, a Casto je ich mozné na vstupe
systému kvantifikovat. Odozva systému na zname vstupné veliCiny
je zavisla od statickych a dynamickych vlastnosti systému. Ak
vlastnosti systému dokazeme s dostatocnou presnostou popisat,
potom pri znamych vstupnych veli¢inach dokazeme s danou pres-
nostou predpovedat spravanie sa systému, pripadne predpovedat
priebeh vybranej realizacie. S akceptovanim dynamiky socialno-
ekonomickych Struktur sa stretavame v pripade analyzy ¢asovych
radov, kedy na zaklade minulych hodnét sa snazime predpovedat
hodnoty buduce. Odpoved na otazku ako presné budu predpove-
dané hodnoty je zavisla od dynamiky systému vzhladom na dizku
predpovedi a charaktere vstupnych veli¢in. Na zaklade uvedeného
sa pokusme pozerat na ekonomické procesy ako na deje odohra-
vajuce sa v dynamickom systéme.

* Ing. Maria Micekova

This article describes methods used from dynamic systems theory
in solving the tasks of forecasting economic processes. The possibility
of using theoretical methods in forecasting is demonstrated with the
example of the prediction regarding the development of the rate of
exchange between the USD and the SK.

Introduction

In analysing and forecasting economic processes, there are
various models which use mathematical-statistical methods,
econometrical procedures and systematic approaches. The
majority of social-economic processes are the actions located in
the systems of various qualities with some inertia. We have to
mention that it is not only the inertia of mass that is obvious in
analysing economic structures, but it is also inertia of
people’s thinking that can be seen in the behaviour of social-
economic structures. If we are able to accept the inertia in
analysing the economic structures then we have to describe their
behaviour with the help of corresponding models. The setting in
which the economic processes are located is possible to
understand as a dynamic system where the input quantities have,
in the majority of cases, a random character. Usually, it is possible
to quantify them in the input. The answer of the system to
a known input depends on the static and dynamic qualities of the
system. If we are able to describe the qualities of the system with
accuracy, we will also be able to predict the future behaviour of
the system with the same accuracy or to predict the course of
a chosen realisation. In analysing time series, we have to accept
the dynamism of social-economic structures when on the base of
past values we are trying to predict future values. The answer to
the question of how accurate will the predicted values be depends
on the dynamism of the system connected with the length
of predictions and with the character of input values. On the basis
of these facts, we can try to look at economic processes as
processes in a dynamic system.
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1. Diskrétny dynamicky systém

Na zaklade definicie dynamického systému mozZeme vztah
medzi vstupom, stavom a vystupom spojitého systému vyjadrit
Vv tvare:

x(1) = (1, 1y, (o), ulty, 1)) (D
(@) = g(x(®), u(?), 1), (2)
kde ¢ je prechodova funkcia stavu, ktora vyjadruje, ako sa stav

x(t,) posobenim vstupu u na intervale 7, < 7 = ¢ zmenil
na stav x(z) v Case 1.
g je zobrazenie okamzitého stavu, vstupu a ¢asu na vystup.

Pri analyze ekonomickych procesov sa vdcsinou stretavame
s informaciami o spravani sa systému v tvare Casovych radov.
Z uvedeného ddovodu je vhodné ekonomicky systém popisat
pomocou modelu v tvare diskrétneho dynamického systému:

x(k+1) = flx(k), u(k), k) 3)
k) = g(x(k), u(k), k), C))

kde zobrazenia f a g maji rovnaky vyznam ako pri popise spoji-
tého dynamického systému. V pripade popisu linearnych nestaci-
onarnych diskrétnych systémov rovnice (3) a (4) prejdu od tvaru:

x(k+1) = G(k)x(k) + H(k)u(k) (%)
y(k) = C(k)x(k) + D(k)u(k), (6)

kde x(k) je n-rozmerny stavovy vektor
y(k) je m-rozmerny vystupny vektor
u(k) je rrozmerny vstupny vektor
G(k) je matica stavu o rozmere n x n
H(k) je matica vstupu o rozmere 1 x r
C(k) je matica vystupu o rozmere m x n
D(k) je matica priamej vazby medzi vstupom a vystupom
rozmeru m x a.

Ak zavedieme matematicky model ekonomickych systémov
v tvare linearneho diskrétneho dynamického systému, podla obr.1,
je potrebné uréif rad systému (rozmer vektora stavu, n), rele-
vantné vstupné informacie (vektor u(k)), analyzované vystupné
velic¢iny (vektor y(k)) a prvky matic G(k), H(k), C(k) a D(k). Rad
systému je vo vSeobecnosti zavisly od dynamickych vlastnosti
modelovaného realneho systému. Vektor u(k) obsahuje vsetky
dostupné veliCiny, ktoré maju vplyv na spravanie sa systému.
V pripade analyzy ekonomickych procesov je etapa vyberu rele-
vantnych informacii obtiazna a zavisi od skusenosti o analyzo-
vanom ekonomickom jave. Vektor y(k) je zlozeny z takych veli¢in,
ktorych priebeh nas zaujima. Ak mame k dispozicii dostato¢ne
dlhy Casovy rad, ktory charakterizuje priebeh vstupnych veli¢in
u(k) a odpovedajuci ¢asovy rad hodndt vystupnych veli¢in y,(k),
ziskanych z realneho procesu, je mozné nastavit prislusné

1. Discrete dynamic system

On the basis of the definition of a dynamic system, the
connection between input, state and output can be defined as :

x() = @(t, 1y, X(tp), u(ty, 1)) (€Y
w(0) = g(x(2), u(), 1), (2)
where ¢ is the step response of state which shows how the state

x(t,) has changed by the operating of input u in the
interval 7, < 7 = ¢ to the state x(¢) in time 7.

g is the function which determines the corresponding
output to state, input and time.

In analysing economic processes, there is the information
about the behaviour of the system in the form of time series.
Consequently, it is suitable to describe the economic system with
the help of the model in the form of a discrete dynamic system:

x(k+1) = fix(k), u(k), k) 3)
k) = g(x(k), u(k), k), (4)

where f and g have the same meaning as they have in the
description of the continuous dynamic system. In the description
of the linear time-variant discrete system’s equations(3) and (4)
will be changed to the form:

x(k+1) = G(k)x(k) + H(k)u(k) (5)
k) = Clk)x(k) + D(k)u(k), (6)

where x(k) is n - dimensional state vector
y(k) is m - dimensional output vector
u(k) is r - dimensional input vector
G(k) is n x n - dimensional matrix of state
H(k) is n x r - dimensional matrix of input
C(k) is m x n - dimensional matrix of output
D(k) is m x a - dimensional direct matrix between input
and output

If we suppose the mathematical model of an economic system
in the form of a linear discrete dynamic system (as is shown in
Fig.1) it is necessary to determine the order of the system (the
dimension of matrix of state, n), the relevant input information
(matrix u(k)), the analysed output quantities (matrix y(k)) and
the elements of the matrixes G(k), H(k), C(k) and D(k). In
general, the order of the system depends on the dynamic qualities
of the modelated real system. The matrix u(k) contains all
accessible quantities which have influence on the behaviour of the
system. In the analysing of economic processes there is a stage of
choosing relevant information that is very difficult and depends
on the experiences of the analysed economic phenomenon. The
matrix y(k) contains the quantities which have no interesting
course for us. If we have time-series with sufficient length which
characterise the course of input quantities u(k) and corresponding
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Obr. 1. Struktiira linedrneho diskrétneho dynamického systému
Fig.1 Structure of the linear discrete dynamic system

hodnoty matic tak, aby sa minimalizoval rozdiel medzi vystupom
redlneho systému y,(k) a vystupom modelu y(k). Tento proces sa
Casto nazyva nastavovanim modelu. Metody priebezného nastavo-
vania modelu st uvedené napr. v [1] a [2]. Uvedeny matematicky
model sa vyuZiva najma na hodnotenie vplyvu jednotlivych vstup-
nych veli¢in u(k) na spravanie sa systému. Je mozné ho vsak
vyuzif aj na rieSenie uloh predikcie. V tomto pripade musime
poznat, pripadne predpovedat priebeh vstupnych velicin u(k)
v asovom rozsahu predikcie. Pri znaénom zjednoduseni mézZzeme
hodnoty vstupnych veli¢in u(k) povazovat za nulové. Potom sa
stretavame s dynamickym systémom, ktorého spravanie je defino-
vané len pociatoCnymi podmienkami, hodnotami zloziek vektora
x(k). Tento model potom odpoveda pouzivanym autoregresnym
modelom Casovych radov. Vztahy (5) a (6) prejdu od tvaru:

x(k+1) = G(k)x(k) )
y(k) = A(k)x(k) (®)

Nech y(k) obsahuje len jednu zloZku a stavovy vektor x(k)
bude tvoreny predchadzajicimi hodnotami vystupnej velic¢iny y(k)
podla vzfahu (9), potom nasledujicu hodnotu y(k+1) urcime
z n predchadzajucich hodnot na zaklade vzfahu (10), pripadne
(11).

y(k)
Wk=1)
x(k) = . %)

Wk—n—1)

time series of quantities y,(k) acquired from real process, it is
possible to tune the relevant values of the matrix to minimise the
difference between the output of the real system y/(k) and the
output of model y(k). This process is named “continuous tuning®
The methods of continuous tuning are described in [1] and [2].
The mathematical model mentioned is used to evaluate the
influence of input qualities on the behaviour of the system. It is
possible to use it also in the solutions of the tasks of prediction.
In this case we have to know or to predict the course of input
quantities «(k) in the time extend of prediction. After simplifying,
we can consider the values of input quantities u(k) to 0. Then
there is a dynamic system with its behaviour defined by the initial
conditions - values of matrix x(k). This model corresponds to used
autoregress models of time-series. The relationships (5) and (6)
will be changed to:

x(k+1) = G(k)x(k) (7
(k) = A(k)x(k) (8)

If y(k) contains only one element and state matrix x(k)
previous values of output quantity y(k) according to (9) then next

value y(k+1) can be determined from » - previous values on the
basis of (10) or (11).

(k)
yk=1)
x(k) = . )

Y(k—n—1)
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y(k+1) = A(k)x(k) (10)
Wk+1) = a,(k)y(k) + a(k)y(k—1) +
o a,(k)y(k—n—1) (11)

Poznamenajme, Ze v pripade uvedeného zjednodusenia
matica A(k) bude tvorena jednym riadkom s prvkami a,(k) aZ
a,(k). V procese priebezného nastavovania parametrov modelu
A(k) musime najst také hodnoty prvkov matice 4, aby sme mini-
malizovali vopred stanovené kritérium. V tlohach predikcie naj-
CastejSie minimalizujeme kvadrat rozdielu medzi predpovedanou
a skuto¢nou hodnotou. Metody nastavovania matice A vychadzaju
Z tedrie stochastickych aproximacii pri priebeznom nastavovani,
alebo z korelac¢nych zavislosti medzi sitborom vstupnych a vystup-
nych hodnét.

2. Experimentalne overenie

Na zaklade uvedenych teoretickych vychodisk bol zostaveny
jednoduchy matematicky model, pomocou ktorého boli predpo-
vedané niektoré vybrané ekonomické ukazovatele [2]. Na ilustra-
ciu ¢innosti uvedme model predikcie kurzu USD/SK v obdobi od
1. 4. 1996 do 23. 2. 1998. V uvedenom obdobi bolo vydanych 473
kurzovych listkov, o je dostatocny pocet na nastavenie modelu
i na samotnu predikciu pomocou nastaveného modelu.

Priebezné nastavovanie parametrov modelu sa realizovalo
v kazdom kroku na zaklade rekurentného predpisu:

A(k+1) = A(k) + CO G (k+1) —
— A(k)x(k+ D)x(k+1) (12)

Predpovedana hodnota o jeden krok sa vypocita na zaklade
vztahu:

Wh+1) = A(k)x(k), (13)

pricom:

AK) = [ ay(k), ax(k), . . . . a, (k)]

xT(k) = [y k), yo(k=1), . .. y(k—=n—=T1)],
kde:

yAk)ak k =m
V(k) =
(k) ak k> m

Pricom m je okamzik, v ktorom bol na vystupe analyzovaného
redlneho systému ziskany posledny znamy udaj. Od okamziku
m sa stretavame s prognozou. Na hodnotach matice C(k) je
zavisla rychlost konvergencie matice A(k), a tym aj rychlost pri-
sposobenia sa modelu ¢asovo lokalnym zmenam v charaktere sle-

y(k+1) = A(k)x(k) (10)
k1) = ay(k)y(k) + ay(k)y(k—1) +
+ a,(k)y(k—n—1) (11)

After the mentioned simplifying the matrix 4(k) will contain
only one line with the elements a,(k) to a,(k). In the process of
the continuous tuning of parameters of model A(k), we have to
find the values of the elements of matrix A to minimise the initial
criterion. Most often in the tasks of prediction we minimise the
quadrate of difference between the predicted and the real value.
The methods of tuning of matrix 4 are based on the theory of
stochastic approximation or on the correlated determination
between input and output values

2. Experimental verification

On the basis of the mentioned theoretical points, a simple
mathematical model was created. With the help of this model, the
chosen economic indicators were predicted [2]. To show the
functioning of this model, we will use the model of prediction of
the rate of exchange USD/SK from 1. 4. 96 to 23. 2. 98 . In this
time period, 473 rate of exchange tickets were published. That is
enough for the tuning of the model and also for the prediction.
Continuous tuning of the parameters of the model was realised in
each step on the basis of recursive relationship:

A(k+1) = A(k) + CO G (k+1) —
— AGO)x(k+1))x(k+1) (12)

Predicted value after the first step will be calculated on the
basis of:

y(k+1) = A(k)x(k), (13)

where:
A(K) = [ a,(k), ax(k), . . . . a,(K)]
xT(k) = [y (K), y(k=1), . .. y(k—n=1)],
where:
(k) ak k = m
Yo(k) =

(k) ak k> m

M is the moment in which the last known value in the output
of the analysed real system was acquired. From the moment m, we
use the forecast. The speed of convergention of matrix 4(k) and
the speed of assimilation of the model to time local variations in
the character of observed quality depends on the values of matrix
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dovanej veli¢iny. Vplyv vypoctu matice C(k) na presnost prognozy
nie je trivialny a je diskutovany v praci [2]. Proces nastavovania
matice A(k) (15 prvkov) je znazorneny na obr. 3. Na obr. 2 je
uvedeny vyvoj relativneho centrovaného kurzu USD/SK v obdobi
od 1. 4. 1996 do 23. 2. 1998. Relativny centrovany kurz je ureny
vztahom:

R(i) = 100(k(i) — k,)Ik,, [%] (14)
kde k, je hodnota priemerného kurzu za celé sledované

obdobie.
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C(k). The influence of the calculation of matrix C(k) at the
accuracy of forecast is not trivial and is discussed in [2]. The
process of the tuning of the matrix A(k) (15 elements) is shown in
Fig. 3. Fig. 2 shows the development of the relative centred rate of
exchange USD/SK in the period from 1. 4. 96 to 23. 2. 98. The
relative centred rate of exchange is defined by the relationship:

[%] (14)

R(i) = 100(k(i) — k,)/k

P>

where k, is the value of average rate of exchange during the
whole observed period

20 T S S L :

Obr. 2. Vyvoj relativneho centrovaného kurzu USD/SK
Fig. 2 Development of relative centred rate of exchange USD/SK

Obr. 3. Nastavovanie prvkov matice A(k)
Fig. 3 Tuning of elements of matrix A(k).
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Na obr. 4 je znazorneny predpovedany vyvoj kurzu USD/SK
s predik¢nym intervalom 10 dni. Na pociato¢né nastavenie bolo
vyuzitych prvych 50 ¢lenov ¢asového radu. Navrhovany model
predpoveda hodnotu relativneho centrovaného kurzu o 10 dni .
Z uvedeného vyplyva, zZe prva predpovedana hodnota kurzu je
v bode 60. Cely stibor obsahuje 473 Clenov postupnosti, preto
posledna predpovedana hodnota je v bode 483.

Fig.4 shows the predicted development of the rate of
exchange USD/SK with a predicted interval of ten days. For the
first tuning the first fifty elements of time series were used. The
designed model predicts the value of the relative centred rate of
exchange after ten days. As mentioned before, we see that the first
predicted value of the rate of exchange is in point 60. The whole
file contains 473 elements of sequence. Subsequently of it the last
predicted value is in point 483.

3a.0

33.0

20.0

Obr. 4. Prognoza vyvoja centrovaného relativneho kurzu USD/SK
Fig. 4 Forecast of development of relative rate of exchange USD/SK.

Na zhodnotenie tspesnosti modelu bola zavedena priemerna
relativna chyba prognozy:
L&y =0l
i= > Y —y(@) ’
N-M =y k

p

(15)

kde M je pocet ¢lenov postupnosti (dni) na nastavenie parametrov
modelu, N je poCet vsetkych clenov postupnosti, k, priemerny
kurz y(i) progndza pre ity dei a y,(i) skutoénd hodnota. Na
obr. 5 je uvedena zavislost priemernej relativnej chyby prognozy
od dizky intervalu prognozovania. Krivky 1 aZ 8 zndzorfiuju
priebeh chyby pre modely s roznym poctom prvkov matice A(k).
Krivka (1) odpoveda modelu s piatimi prvkami matice A(k). Pocet
prvkov postupne narasta az krivka (8) odpovedd modelu s 19
prvkami.

3. Zaver
V stcasnosti sa stretavame s mimoriadne rychlym rozvojom

informacnych technologii, ktoré nam spristupnuju aktualne infor-
macie z najroznejsich oblasti ludskej ¢innosti v dosial nebyvalom

For the evaluation of the success of the model, a relative error
of forecast was created:

RO 0]
d_N—M,:ZM k ’

D

(15)

where M is the number of elements of sequence (days) for the
tuning of the parameters of the model, N is the number of all
elements of the sequence, kp is the average rate of exchange y(i)
forecasting for i-day and y,(i) is the real value. In Fig. 5 the
mentioned dependency of the average relative error of forecast on
the length of forecasting interval is shown. Lines 1-8 show the
value of error for the models with various numbers of elements of
matrix A(k). Line (1) corresponds with the model with 5 elements
of the matrix A(k). The number of elements of the matrix increases
and line 8 corresponds with the model with 19 elements.

3. Conclusion

Today, information technologies are developing fast which
makes possible the use of information from various areas of
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Obr. 5. Zdvislost priemernej relativnej chyby od dizky intervalu progndzy

Fig.5 Dependency of average relative error on the length of interval of forecast.

rozsahu. Je preto potrebné zaoberat sa aj novymi, netradicnymi
sposobmi ich spracovania, s maximalnym vyuZivanim modernych
technickych prostriedkov. V predkladanom c¢lanku je popisany
isty pokus o aplikaciu teoretickych metod a postupov, pouZiva-
nych pri analyze dynamickych systémov do oblasti modelovania
ekonomickych systémov a simulacie procesov so zameranim na
rieSenie uloh prognozy. PretoZe rozsah prispevku je prili§ obme-
dzeny, s v nom uvedené len zakladné teoretické vychodiska
a strucny popis experimentu - predpoved vyvoja kurzu USD/SK.
V prispevku je zamerne poukazané na spojitost medzi pouZziva-
nymi ekonomickymi metédami (regresné modely) a metodami
vyuzivanymi v oblasti analyzy dynamickych systémov.
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human activities. So it is necessary to be interested in original
methods of processing information with maximal employment of
modern technical equipment. This article describes the
experiment of applications of theoretical methods used in
analysing dynamic systems in the area of modelling of economic
systems and simulations of processes. Because the length of the
article is limited, it described only the basic theoretical points
and brief descriptions of the experiment-forecast of the
development of the rate of exchange USD/SK. This article
showed the relationship between the use of economic methods
(regress models) and analytical methods of a dynamic system.
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Jaromir Mdaca - Bohus Leitner *

NELINEARNA METODA NAJMENSICH STVORCOV

NONLINEAR LEAST SQUARES METHOD

Prispevok sa zaoberd porovnanim linedrnej a nelinedrnej verzie
metédy najmensich stvorcov. Jeho cielom je ukdzat, Ze transformdcie
nelinedrnych vztahov na linedrne neddvajii vidy dostatocne presné
vysledky. Preto jedinou moznostou dobrej aproximdcie nelinedrnych
funkcif je vyuZitie niektorej z nelinedrnych metod najmensich Stvor-
cov, z ktorych najefektivnejSou sa javi Levenberg - Marquardtov kom-
promis.

1. Uvod

Experiment a jeho vyhodnotenie je stale zakladom a motorom
rozvoja vedy, dnes uz nielen v oblasti vied prirodnych a technic-
kych, ale aj v dalSich oblastiach. Preto ovladnutie zakladnych
metod vyhodnocovania experimentov by malo patrif k zakladnej
teoretickej vybave vyskumnika - experimentatora.

Medzi zakladné metddy aproximacie experimentalnych zavis-
losti stale patri Gaussova metoda najmensSich Stvorcov.
NajcastejSie sa vyuziva jej linearna verzia urcena pre polynomicku
aproximaciu zavislosti jednej premennej alebo pre linearne zavis-
losti viac premennych. V literatare [2, 3, 4] sa uvadza a v praxi sa
Casto vyuziva i transformacia niektorych jednoduchych nelinear-
nych zavislosti na linearny tvar s naslednym vyuZzitim linearnej
metody najmensSich Stvorcov.

Cielom ¢lanku je upriamit pozornost na menej znamy neline-
arny variant metody najmensSich Stvorcov a ukazat, Ze jeho vyuzi-
tim je mozné dosiahnuf kvalitativne lepsie vysledky aproximacie
i tych nelinearnych zavislosti, ktoré sa zvyknu transformovat na
linearne.

2. Linearna metoda najmensich Stvorcov

Linearna metdda najmenSich Stvorcov, presnejSie metdda
najmensich Stvorcov aproximacie experimentalnych tudajov poly-
nomickymi alebo linearnymi funkciami je zaloZena na tom, Ze
suboru nameranych (pozorovanych) hodnét

Y= [0 0l
u ktorych sa predpoklada zavislost od jednej alebo viacerych
nezavisle premennych je mozné priradif model v tvare

* Prof. Ing. Jaromir MACA, PhD., Ing. Bohus LEITNER

The paper deals with a comparison of linear and nonlinear least
squares approximation. Its aim is to show that the well known
transformations of nonlinear dependencies on linear dependencies do
not always give exact results. Therefore, the only right possibility of
approximation of nonlinear functions is to use one of nonlinear least
squares procedures. The Levenberg - Marquardt compromise seems to
be by far the best one.

1. Introduction

Experimentation and its evaluation is still a basis of scientific
development not only in the area natural and technical sciences
but in also many others. Therefore, mastering the basic methods
of planning and evaluation of experiments should belong to the
principal knowledge of any researcher - experimentator.

The Gaussian method of the least squares is still the principal
method of experimental data approximation. Its linear version is
most frequently used, which determines a polynomial approxi-
mation of one variable function or linear functions of more
independent variables. References [2, 3, 4] show and practice uses
the transformation of some simple nonlinear functions into the
linear ones which can be solved by using linear least squares
procedure.

The aim of this paper is to call attention to a lesser known
nonlinear method of the least squares and to show that by using it
better, qualitative results of approximation can also be reached by
these nonlinear dependencies, which are used to transform to
linear ones.

2. Linear least squares procedure

A linear least squares method (more exactly a method of least
squares to approximy experimental data using polynomial or
linear functions) is based on a set of measured (observed) values

Y=[ny, ol

by which dependency is supposed on one or more independent
variables. This can be modelled as
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Y=X.A+E (N
kde Y a E su stipcové vektory pozorovani a odchylok, X je matica
funkcii nezavislej premennej pripadne premennych a A je vektor
hladanych parametrov zvoleného tvaru zavislosti. Sucet Stvorcov

odchylok S(4) je kvadratickou funkciou parametrov A.

Hodnoty parametrov 4, ktoré ho minimalizuju, dostaneme, ak
polozime derivaciu S(4) podla 4 rovnu nule, ¢o vedie na vyraz

A=X". 0" x".y=85"'.T, (2)
tzn. na rieSenie sustavy n algebraickych linearnych rovnic pre
n hladanych parametrov zvolenej zavislosti.
3. Transformacie nelinearnych funkcii na linearne
Bezne sa uvadzaju (a vyuZivaju) transformacie exponencial-

nych, polytropickych a lomenych funkcii na linearne vyrazy. Napr.
exponencialny vyraz

yx)=A.e~

logaritmovanim upravime na vyraz

Iny=InA+b.x
¢o po substittcii ¥ = Iny, a, = In 4, a; = b vedie na linearny tvar

Y=ay+a,.x,
ktorého konstanty ziskame jednoducho aplikaciou linearnej
metody najmenSich Stvorcov. Podobne je mozné ziskaf i para-
metre zlozitejSich vyrazov napr. Fourierov rozvoj vo vSeobecnom
tvare (diskrétne hodnoty x)

y(x)=ay+a;.cosx +a,.cos2.x + ... +a,.cosnx+

by .sinx + b,.sin2.x + ... + b, .sinnx
je mozné transformaciou

X, =cosx,X, =cos 2.x, ... , X, =cos nx,

X, =sinx,X, . ,=sin2x, ... , X, , = cos n.x
upravit na linearny vyraz

yx)=ayg+a . X, +a,. X, + ... +a,. X, +

by Xyp1 + by Xn . b, .
ktorého (2n + 1) parametrov a,, a,, ........ , 4, by, by, ... b, je

mozné uréif zo sustavy (2n + 1) algebraickych linearnych rovnic,
pretoze ku zvolenym hodnotam nezavisle premennej x je mozné
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Y=X.A+E [@))
where Y and E are column vectors of observations and errors
respectively, X is the matrix of functions of an independent variable
or variables and 4 is column vector of the chosen form of
dependence parameters. The sum of squares of linear model S(4)
is a quadratic function of parameters A4.

The values of parameters A that minimise the sum of squares
of (it’s S(4), can be obtained by setting the derivative of S(4) with
respect to A to zero. This leads to the expression as

A=XT. ' . x'.y=5"'.T, 2)

which is a set of # linear equations for n unknown parameters
of dependence.

3. Transformation of nonlinear functions

into linear ones

It is well known (and often used) that exponential, polytropial
and rational functions could be transformed easily into a linear
one. For example, the expression

Yx)=A.e*
can be logaritmized into form

Iny=InAd+5b.x

which, after an elementary substitution as ¥ =1n y, a; = In 4,
a, = b, leads to the linear expression

Y=ay+a, .x,
whose constants a, and al can be obtained by application of the
linear least squares method. Similarly, it is possible to get parame-
ters of more complicated functions, too. For example, the well
known Fourier expansion in the form (for discrete values of x)
¥x)=ay+a;.cosx +a,.cos2.x + ... +a,.cosnx +
by .sinx + b, .sin 2.x + ....... + b, .sin n.x
can be transformed to
X, =cosx,X,=cos2.x, ... , X, =cosnx,
X, =sinx,X,,, =sin2x, ... , X, , = cos n.x
and converted to the linear expression as
yx)=ayta . X, ta. X+ .. +a,. X, +

by Xy + by Xyt by Xy,
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uvedené goniometrické funkcie potrebné pre zostrojenie matice
funkcii X doratat.

4. Nelinearna metoda najmensich Stvorcov

Uvedeny postup vsak nie je mozné pouzit tam, kde u neline-
arnych funkcii (goniometrickych, transcendentnych) si hladané
parametre zavislosti v argumentoch funkcii. Napr. najjednoduch-
§iu rovnica tlmenych kmitov jednej hmoty v tvare

x(t)=A.e—bt.coswt

nie je mozné ziadnou transformaciou upravit na linearny tvar
a preto je potrebné k urCeniu jej parametrov 4, b, @ vyuzit neline-
arnu metdédu najmensich Stvorcov, presnejSie metodu najmensich
Stvorcov pre nelinearne vyrazy. Znamych je viacej variantov, my
uvedieme tri najvyznamnejSie - Gaussovu metodu linearizacie,
metodu ,najstrmSieho zostupu® (Steepest Descent) a Levenberg -
Marquardtov kompromis.

4.1 Gaussov algoritmus

Gaussov algoritmus je mozné popisat ako postupnost linear-
nych krokov metédy najmenSich Stvorcov. Zvolena funkcia je
najskor linearizovana s vyuzitim Taylorovho rozvoja okolo zacia-
toéného odhadu parametrov A©). Ak napiseme pre kazdy fubovol-
ny bod

%, 7,
yi =0+ @ —a/ ") . =+ (a, ~ 0, V). —
oa, da,
+ ¥ (a, — a, ). (;—.y' + g 3)
kde
H0) = fix, ", 4, .. a0,
oznacime
7,
— . _ £0) -y — = i
=y S A= 4 —af0) azy = oa | 4 =4®
J

dostaneme vztah (3) v tvare

z ¢oho hladany vektor zmien parametrov A dostaneme rieSe-
nim sustavy linearnych rovnic

whose (2n+1) parameters ag, a,, ........ , Ay by, byy e b, can be
determined from the set of (2n+1) algebraic linear equations,
because to each of the selected values of x it is possible to
compute the introduced goniometric functions needed for con-
struction of the matrix of functions X.

4. Nonlinear least square method

The above mentioned procedure of transformation cannot be
used where nonlinear functions (goniometric, transcendent) of the
searched parameters of dependencies are in disagreement with the
functions. For example, the simplest equation of one mass damped
vibrations in the form

x(t)=A.e—bt.cost

cannot be in any way transformed into a linear form. Therefore, it is
necessary to get their parameters 4, b, @ by using nonlinear least
squares, more exactly the least square procedure for nonlinear
expressions. More variants are known. We will show just three of the
most important: Gaussian algorithm of linearization, the steepest
descent method and the Levenberg - Marquardt compromise.

4.1 The Gaussian Algorithm

This algorithm may be described as a sequence of linear least
squares procedures. The model is first linearized by
Taylor’s expansion about the initial guesses of A®. We can write
for each point of function

="+ (a, - a,). 7, + (@, — a,”). KA
oa, da,
+ ot (a, — a, ). XA + g 3)
a

n
where

— 0 0 0
£00) = f(x,, a,?, 0,9, ... a, ).

If we determine

i

da; 1 4 =49

Vi =i _ﬁ(O) > Aj =a; _aj(O) az;=

we can get the formula (3) in the form as

from which the searched vector of changes of parameters A
can be found by solving the set of linear equations as
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A=AV A =T 7t 2T v (4)

Rozdiel oproti linearnej metode najmensich stvorcov je v tom,
Ze maticu sustavy a vektor pravej strany tentoraz nedostaneme
pomocou matice funkcii, ale pomocou matice parcialnych deriva-
cii zvolenej funkcie podla jej parametrov vo vSetkych bodoch
(matica Z)". V naznadenom iteraénom postupe sa pokracuje,
pokial ziskana zmena parametrov nie je mensia ako poZadovana
presnost rieSenia.

4.2 Metoda ,,najstrmsieho zostupu“ (Steepest Descent)
Uvedena metdda patri medzi metddy gradientné. Rata sa pri
nej sklon povrchu suétu Stvorcov odchylok pri pociatocnom
odhade parametrov 4> a pokracuje sa v smere jeho najstrmsieho
spadu k novému odhadu parametrov A", Postup sa opakuje aZ do
dosiahnutia hodnét parametrov, ktoré minimalizuji sucet Stvor-
cov odchylok.
Ked'ze
Vi =HXA) + &
je sucet Stvorcov odchylok uréeny ako

S(4) = Ely; = [X. DI

Potom

IS(A) B
da; 1 A4=49

= 2.2l — fiX, A, %
da;

Ak oznacime (v sulade s predchadzajiucim)

i

v,=y,—f a =z,
=V 5@; i
potom bude
dS(A)
_ _ 40)
aa, A:A(O)_ 2.Z.y,-.z!-,|A—A
alebo
0S(4
L ==-2.Z.V.
oA

Potom vektor zmeny parametrov bude
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A=AV A=z 77t 2T v (4)

The main difference in comparison with the linear method is
that the matrix of the set is not obtained by using the matrix of
functions but by using the matrix of partial derivatives of the
chosen function with respect to its parameters in each point of
discretization (matrix Z)l). This iterative procedure continues
until a change of parameters less than the wanted accuracy of
solution is obtained.

4.2 The Steepest Descent Method

This method belongs to a group of gradient methods. In this
method the slope of the sum of squares surface at initial guesses
A® is computed and proceeds a certain distance along the
direction of the steepest descent to obtain new parameter guesses
AD. This procedure is repeated till the parameter values that
minimise the sum of squares are obtained.
Since,

Vi =X, A) + &
the sum of squares function is given by

S(4) = Ely; = [X. AP

Hence,

IS(4) B
da; 1 A4=49

= 2.2y, — fiX, A, %
da;

J

Let (with accordance with chapter 4.1)

i

v.=y.—f a =7z,
=V aaj i
then
IS(A4)
=—23.y,.z,|4=A®
da; 1 4=4° %%l
or
0S(4
L=—2.Z.V.
oA

Then the vector of parameter changes will be

D Aby bol algoritmus vyuZitelny veobecne, je vyhodné uréovat naznacené parcialne derivacie numericky.
For the algorithm to be generally usable it is advantageous to determine the shown partial derivative numerically.
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AD = gD — gO =9 2 ZT V. )

Problémom je volba konStanty A, ktoru je mozné zvolif
pevne, alebo ju pri kazdom kroku rieSenia optimalizovat.

4.3 Levenberg - Marquardtov kompromis

Pre vacsinu nelinearnych modelov, skuto¢ny sucet Stvorcov
odchylok blizko riesenia je mozné dobre aproximovat kvadratic-
kym povrchom, zatial ¢o daleko od riesenia nie je kvadraticka
aproximacia vhodna. Preto blizko rieSenia pracuje dobre Gaussov
algoritmus, zatial ¢o dalej od rieSenia je vhodné vyuzif metédu
»hajstrmsieho zostupu®.

Pontka sa preto myslienka, Ze najvhodnejSia by bola metoda,
ktora by pracovala v zaciatonych fazach rieSenia ako metoda
Lnajstrmsieho zostupu“ a postupne - ako sa iteracie blizia ku
kone¢nému rieSeniu - by sa menila na metédu Gaussovu. Metdda
zaloZzena na takomto principe bola vyvinuta Levenbergom
a Marquardtom a vola sa Levenberg -Marquardtov kompromis.

Vseobecny iteracny postup zostava zachovany ako v pred-
chadzajucich pripadoch s tym rozdielom, ze vektor zmeny para-
metrov je dany vztahom

AW = gO+D g0 = (7T 740 . n-1.2".V (6)

- 1
kde A =— zrovnice (5).
22
Posledne uvedena metéda je v sucasnosti najpouzivanejSia
predovsetkym preto, Ze je vel'mi malo citliva na vol'bu po€iato¢nej
aproximacie hladanych parametrov.

5. Priklad aproximacie zvoleného suboru udajov

Na demonsStraciu uvedenych metod pre aproximaciu nelinear-
nych vyrazov bol nahodne zvoleny subor udajov uvedeny v tab. 1.

Subor experimentalnych udajov pre aproximaciu Tab. 1.

AD = gD gO =9 3 7T y. ®)

The only problem is to choose the value of A properly. It can
be determined as a constant or can be computed and optimized at
each step of solution.

4.3 The Levenberg - Marquardt Compromise

For most nonlinear models, the true sum of squares surface
near the solution is well approximated by a quadratic surface, but
far from the solution, the quadratic approximation is poor. Hence,
near the solution, the Gaussian algorithm works well; however, far
from the solution the steepest descent is more suitable.

This offers an idea that the most suitable method could be the
one behaving like the steepest descent in early stages of iteration
and gradually changes to Gaussian algorithm as the iteration
proceeds to the final solution. This method was developed by
Levenberg and Marquardt and is called the Levenberg - Marquardt
compromise.

The general iterative procedure remains the same as in former
cases except for an expression of the vector of parameter changes
A which is given by

AR = gEFD g = (Z" 72+ X DH-1.Z2".V (6)
- 1
where A = a from formula (5).

The latest method is the most used at present as it is not very
sensitive to the initial parameters guess.

5. An example of approximation of a set of data

To demonstrate the above mentioned method, a set of data
according to Tab.1 was chosen.

A set of data for approximation Tab. 1

i 1 2 3 4 5 6 7 8

i 1 2 3 4 5 6 7 8
X 1 2 3 4 5 6 7 8

X; 1 2 3 4 5 6 7 8

Yi 0.1 1.5 0.9 1.5 1.4 1.2 2.6 2.5

Y; 0.1 L5 0.9 L5 1.4 1.2 2.6 2.5

Uvedeny subor experimentalnych udajov bol aproximovany
prostrednictvom troch zvolenych jednoduchych funkcii: (a) para-
bolou, (b) exponencialou, (c¢) polytropou.

Aproximacie exponencialou a polytropou boli vykonané najskor
vseobecne pouzivanou transformaciou na linearne vztahy (logarit-
movanim) a potom i s vyuzitim nelinearnej metddy najmensich
Stvorcov. Ziskané vysledky po aproximacii transformaciou na line-
arne vztahy a prostrednictvom nelinearnej metody najmensSich Stvor-
cov st uvedené v tab. 2.

Z uvedeného prehladu ziskanych vysledkov je zrejmé, ze
pokial by sme pouzili iba linearnu metdédu najmensich Stvorcov

This set of data was approximated by three simple functions:
(a) parabolic, (b) exponential, (¢) polytropial.

That approximation by exponential and polytropial functions
was made for the first time using a generally accepted logarithmic
transformation and for the second time using a non-linear least
square procedure. The results can be seen in Tab. 2.

These results show that if we only use the linear least squares
method and try to judge the most suitable function form after its
results, we would obviously choose a parabolic function (nearly
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Zhrnutie vysledkov aproximacie Tab.2
Krivka Parabola Exponenciala Polytropa
Tvar funkcie y(x)=ay+ta;.x+a,. X y(x)=A .e" ¥ y(x)=B.x"

=0.359
wansomcia na fnedmy O s A=0273 B=0212
. ransformdcia na linedrny tvar a,=0. b=0310 0= 1244
Koeficienty a, = 0.009
nelinedrna metéda najmensich Stvorcov A=0569 B =0.569
b=0.190 n=1.209
Stucet transformdcia na linedrny tvar S. = 1.429 S.=2.370 S. = 1.880
odchylok
stvorcov nelinedrna metéda najmensich stvorcov S.=1.435 S.=1.435
Index transformdcia na linedrny tvar I, = 0.831 Iy =0.698 I, =0.770
korelacie nelinedrna metéda najmensich stvorcov I, =0.830 I, =0.830

Results of approximation Tab. 2
Curve Parabola Exponent Polytropic
Form of function y(X)=ap+a;.x+a,. X y(x) = A % y(x)=B.x"

% = 0399 A=0273 B=0212

. transformation to linear form a; =0.195 b = 0310 0= 1244
Coefficients a, = 0.009

non-linear least square procedure A=0.569 B =0.569

b=0.190 n=1.209

The sum transformation to linear form S. = 1.429 S.=2.370 S. = 1.880

of squares non-linear least square procedure S, = 1435 S. = 1.435

Index of transformation to linear form L, = 0.831 L, = 0.698 I, =0.770

correlation non-linear least square procedure I, =0.830 I, =0.830

a posudzovali podla jej vysledkov najvhodnejsiu funkciu k aproxi-
macii uvedeného suboru hodnét, zrejme by sme zvolili parabolu
(prakticky priamku), zatial o polytropa i exponenciala davaju
vysledky o poznanie horsie.

Po aplikacii nelinearnej metody najmensich Stvorcov je vsak
mozZné zistit, Ze vSetky tri zvolené tvary aproximacnych funkcii
davaju prakticky rovnaké vysledky a vol'ba typu aproximacie bude
zrejme zavisief od podstaty skimaného problému. Markantny
rozdiel je najma u aproximacie exponencialou, kedy rozdiel stctov
Stvorcov odchylok ziskanych obidvoma postupmi je rozhodne sta-
tisticky vyznamny.

Zrejmé je to i z grafického znazornenia (obr. 1), kde krivka
K2 urCena nelinedrnou metodou najmenSich Stvorcov dava
viditeI'ne lep§iu aproximaciu experimentalnych hodnét, ako krivka
K1, ziskana transformaciou na linearny tvar.

Na skutocnost, ze transformacia exponencialneho vztahu na
linearny logaritmovanim urcuje iba minimalny sucet Stvorcov
odchylok logaritmov funkénych hodndt upozornuje v literattre iba
Linczényi [ 3], praktické dosledky sme vSak objavili az nahodou pri
priprave zadani na cvienia a testovani spracovanych programov
aproximacie experimentalnych udajov. Pokial je vSak experimen-
talna zavislost takmer funkéna (index korelacie sa blizi 1),

linear) because the results of exponential and polytropial function
are a little bit worse.

On the other hand, after using the non-linear least squares
procedure we can see that almost all three dependencies give
nearly the same results and the judgement as to which type of
approximation to use should depend on the basic principles of the
examined problem. A striking difference can be seen namely in
the exponential approximation when the difference of the sum of
squares of both methods is evidently statistically significant.

We can see it from the graphs in Fig.1 too, where the curve
K2 determined by the non-linear least squares method evidently
gives better approximation of the experimental data than the
curve K1 determined by transformation into a linear form.

Only Linczényi mentioned in his work [3] that by
transformation of an exponential form into a linear one, only
a minimum sum of squares of logarithm can be obtained.
Practical consequences were found accidentally by testing some
programs of approximation of the experimental data. As a matter
of fact, if an experimental dependence is nearly functional (index
of correlation equals nearly one) the results determined by both
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1 Yo Yo, 3,5
1 0.372 0.687 K1 /<>
2 0.508 0.831 3 /
3 0.693 1.005
2,5 ™
4 0.945 1215 Mz
5 1.289 1.468 5
6 1.759 1.775
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Obr. 1. Porovnanie aproximdcie exponencidlou
Obr.1. Comparison of approximations by exponential functions

vysledky ziskané oboma spdsobmi su prakticky rovnaké. Rozdiely
sa zvacSuju so znizujucou sa korelaciou zavislosti.

6. Zaver

Cielom prispevku bolo predovsetkym ukazat, Ze vSeobecne po-
uzivané transformacie i jednoduchych nelinearnych vyrazov na line-
arne s naslednym pouzitim aproximacie experimentalnych hodnot
metddou najmensich Stvorcov mozu dat pri nizsich indexoch kore-
lacie i zasadne chybné vysledky, a Ze teda jedinym spravnym postu-
pom aproximacie experimentalnych hodnot nelinearnymi funkciami
je vyuzitie niektorej z nelinearnych metod najmensich Stvorcov, pre
ktorych uplatnenie sucasny rozvoj vypoctovej techniky vytvara
vhodné podmienky.
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methods are practically identical. The differences grow with
a sinking correlation of dependence.

6. Conclusion

The aim of this paper was to show that the generally used
transformations of simple non-linear functions into the linear
ones (followed by approximation of experimental data by the least
squares method) may also sometimes give the dependencies with
lower correlation principally wrong results. The only correct way
to approximate experimental data by non-linear function is to use
non-linear least squares procedures (from which the best one is
Levenberg - Marquardt compromise), for which the present state
of computing equipment creates the best conditions.
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MECHANICKE VLASTNOSTI PERSPEKTIVNYCH ZLIATIN MG

MECHANICAL PROPERTIES OF ADVANCED MG ALLOYS

Cldnok popisuje mechanické vlastnosti Mg zliatin, ktoré boli
urcené pri izbovej teplote a tecenie. Deformacné mechanizmy su dis-
kutované

1. Uvod

Automobilovy priemysel prejavuje rastuci zaujem o horcikové
zliatiny ako o konStruk¢ény material, ktory znizi hmotnost auto-
mobilu a znizi spotrebu pohonnych hmét, a tym aj emisii.
Uplatnenie najdu aj v leteckom priemysle a v komunikaciach.
Ocakava sa, ze tieto zliatiny budu hrat vyznamnu ulohu, pretoze
maju nizku hustotu a vysoké timenie zvuku. Na druhej strane ich
nevyhodou je, Ze maju nizku pevnost a mensiu odolnost proti
teCeniu. Odolnost proti teCeniu mozno zlepsit zjemnenim mikro-
struktary, vyssou Cistotou zloZiek zliatiny a legovanim niektorymi
prvkami napr. vapnikom a prvkami vzacnych zemin [1]. Pri zlep-
Sovani mechanickych vlastnosti je dolezité pochopit mechanizmy
urcujuce medzu sklzu a deformac¢né spevnenie. Spevnenie tuhého
roztoku, precipitatné a disperzné spevnenie ovplyvauji medzu
sklzu. Jej hodnota zavisi od velkosti zrna a mozZe byt vyjadrena
znamym Hallovym-Petchovym vztahom. Je vSeobecne zname, Ze
existuje vztah medzi mikroStruktirou a medzou sklzu. V tomto
Clanku chceme informovat o mechanickych vlastnostiach per-
spektivnych horCikovych zliatin a uviest zakladné mechanizmy,
ktoré ovplyvauju ich pevnost. NajCastejSie pouzivané zliatiny
vychadzaju zo systémov Mg-Al a Mg-Zn.

2. Mechanické vlastnosti

Zliatiny typu Mg-Al-Zn (séria AZ), Mg-Al-Mn (séria AM), Mg-
AlSi (séria AS), Mg-AI-RE (séria AE, kde RE znamena prvok
vzacnej zeminy, najcastejSie Nd), Mg-Zn-Cu (séria ZC) a Mg-Zn-
RE (séria ZE) sa pouzivaji vel'mi Casto a ich mechanické vlastnosti
boli skimané pri réznych teplotach. Deformacné mechanizmy
zatial nie su uplne zname.

2.1 Pevnost v tahu

Mechanické vlastnosti horcikovych zliatin su ovplyvnené
hlavne legujucimi prvkami. Hodnoty pre dohovorent medzu sklzu

This paper describes the tensile strength of Mg alloys determined
at room temperature and creep. The deformation mechanisms are
discussed.

1. Introduction

The automotive industry has shown a growing interest in
magnesium alloys as a structural material that may manufacture
cars, reduce fuel consumption, and exhaust emissions. Fields of
application fields are also in the aviation and communication
industry. Magnesium alloys are promising materials because of
their low density and high damping. It is expected that they will
play a significant role. On the other hand, magnesium alloys
exhibit low strength and low resistance to corrosion.
Microstructure refinement, a higher purity of alloy components
and some additional solute atoms are some possibilities to
improve the corrosion resistance. It has been demonstrated that
the additions of rare earth elements and calcium have resulted in
an improvement in the corrosion resistance of Mg alloys [1]. In
order to improve the mechanical properties it is important to
understand the deformation mechanisms of yielding and work
hardening. The yield stress is influenced by solid solution
hardening, precipitation and/or dispersion strengthening. The
yield stress increases also with decreasing grain size. A finer grain
size may contribute significantly to the strength. The grain size
dependency of the yield stress and tensile strength can be
expressed by using the Hall - Petch relationship. It is well known
that there is a close relation between the yield stress and the
microstructure. The most common alloy systems have been
developed in the Mg-Al and Mg-Zn systems. The aim of this paper
is to provide information on tensile properties of some advanced
Mg alloys and to present the fundamental mechanisms affecting
the strength of the alloys.

2. Tensile properties

Mg-Al-Zn (series AZ), Mg-Al-Mn (series AM), Mg-Al-Si
(series AS) and Mg-AI-RE (series AE, RE means rare earth
element, usually Nd) are used very often and their mechanical
properties were investigated at various temperatures.

* Prof. RNDr. Pavel Luka¢, DrSc., D.h.c., Prof. RNDr. Zuzanka Trojanova,DrSc., Prof. Ing. Peter Pal¢ek, CSc.
Department of Metal Physics, Charles University, Ke Karlovu 5, 121 16 Praha 2, CR
Department of Materials Engineering, University of Zilina, Velky diel, 010 26 Zilina, SR
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(R, 0,2 definovanu ako napitie, pri ktorom trvala deformacia do-
siahne 0,2 %), konvenénu medzu pevnosti (R,,) a taZnost su
uvedené v tab. 1 pre izbovu teplotu. Stucasne je v nej uvedené aj
nominalne chemické zloZenie v hm.%. Zliatina AZ91 sa v mnohych
pripadoch pripravuje z vel'mi Cistych komponentov. Z toho dévodu
potom AZ91 obsahuje velmi malé mnozstvo Fe a Ni, a tym sa
zvySuje odolnost voci korozii. Medza sklzu a medza pevnosti zlia-
tiny AZ91 klesaju s rasticou teplotou. Az do teploty okolo
100 °C pokles je mierny, ale nad 100 az 130 °C je tento pokles
vel'mi vyrazny. Taznost sa s rastiucou teplotou zvysuje. Zatial ¢o pri
izbovej teplote je 7 %, pri 100 °C je 13 % a pri 150 °C je az 23 %
[2]. Podobné teplotné zavislosti medze sklzu, medze pevnosti a taz-
nosti sa pozoruju aj pre zliatiny AE42. Je vhodné vSak pozname-
nat, ze pre teploty nad 100 °C deformacia zodpovedajica medzi
pevnosti zliatiny AE42 sa s rastiicou teplotou zvySuje, ale v zliatine
AZ91 s rastucou teplotou klesa. Deformacné krivky zliatiny AE42
sa vyznaCuju znacnym deformacnym spevnenim, pokial su defor-
mované pri teplotach do 150 °C [2]. V zliatine AZ91 sa pozoruje
intenzivne dynamické zotavenie uz pri deformovani vzorky pri tep-
lotach nad 100 °C. Tento efekt je vidiet aj na obr. 1 pre vzorky
deformované jednoosovym tlakom.

Rozdielne deformacné spravanie oboch zliatin sa moze
vysvetlit vplyvom mikrostruktiry a dislokacnej substruktury na
speviiujuce procesy. Precipitaty (-Mg,;Al;,) si umiestené vo
forme lamiel predovsetkym na hraniciach zfn. Pri teplote okolo
413 °C sa cela alebo cast fazy Mg;Al,, rozpusti. S rastucou tep-
lotou nastava jej postupné rozpustanie uz od izbovej teploty.

2.1 Tensile strength

The mechanical properties of magnesium alloys vary
significantly with alloying elements. The yield stress (YS, defined as
the stress required for a plastic strain of 0.2 %), the ultimate tensile
strength (UTS) and the % elongation at fracture (A) for some Mg
alloys estimated at room temperature are presented in Tab. 1. In the
same table, the nominal composition of alloys is given in wt %. In
many cases the AZ91 series is prepared from very pure components
containing very small contents of Fe and Ni solutes. It then exhibits
a higher corrosion resistance. The yield stress and tensile strength
of the alloys introduced in Tab. 1 decrease with increasing
temperature. Up to about 100 °C the decrease in the tensile
properties is slow, and above 100 to 130 °C, the yield stress and the
tensile strength decrease rapidly with temperature. Elongation to
fracture increases with increasing temperature.

While elongation to fracture at room temperature is 7 %, it
reaches 13 % at 100 °C and 23 % at 150 °C [2]. Similar
temperature dependencies of the yield stress, tensile strength and
elongation to the fracture are also observed for the AE42 alloy.
However, it is noteworthy that the strain (elongation) at which the
ultimate tensile strength is reached increases with increasing
temperature for the AE42 alloy, whereas that for AZ91 decreases
with a temperature above 100 °C.

The flow stress - strain curves of AE42 alloy show a significant
work (strain) hardening at temperatures up to 150 °C [2], whereas
dynamic recovery is observed for specimens of AZ91 deformed at

Zakladné mechanické vlastnosti niektorych Mg zliatin pri izbovej teplote Tab. 1.
Tensile properties of some Mg alloys at room temperature Tab. 1
Zliatina Al Zn Mn Si RE Cu R, 02 [MPa]| R, [MPa] A %]

Al Zn Mn Si RE Cu YS/MPa UTS/MPa Al%
AZ91 9.2 0.7 0.2 150 250 7
AM20 2.0 0.01 0.5 0.01 90 215 19
AMS50 4.8 0.01 0.3 0.01 120 230 15
AM60 5.8 0.01 0.3 0.01 130 250 14
AS21 2.0 0.20 0.2 1.0 125 225 15
AS41 4.5 0.20 0.2 1.0 130 250 15
AE42 3.8 0.2 2.5 130 230 12
ZC63 6.0 0.2 2.7 125 210 4.0
ZE41 4.2 1.2 104 205 3.5

Teplotné zavislosti medze pevnosti pre AM60, AS41 a AE42
su velmi podobné. Hodnoty medze pevnosti tychto zliatin su
nizsie ako ma zliatina AZ91. Teplotné zavislosti medze sklzu pre
zliatiny AZ91, AM20, AM60, AS41 a AE42 su podobné; pritom
hodnota medze sklzu zliatiny AZ91 je najvysSia. Z experimental-
nych vysledkov vyplyva, Ze taznost sa zvySuje s rastucou teplotou.
Zliatina AZ91 ma vysoku pevnost a vysoku odolnost proti korozii,
ale ma malu faznost. Zliatiny serie AM maju strednu pevnost, ale
dobru plasticitu a relativne vysoku taznost. Zliatiny série AS a AE
mozu byt odporucané pre aplikaciu pri vysSich teplotach.

temperatures above 100 °C, as can be seen in Fig. 1. The
specimens of AZ91 were deformed in compression tests at various
temperatures. Different deformation behaviours of both alloys
may be accounted for by the influence of the microstructure and
dislocation substructure on the hardening processes. The main
precipitates are -Mg;;Al;, particles situated mainly at grain
boundaries. Annealing at temperatures around 413 °C will cause
all or part of the Mg;Al,, phase to dissolve. The temperature
variations of the tensile strength for AM60, AS41 and AE42 are
very similar. The values of the tensile strength of these alloys are
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Precipitaty Mg ,Al,, 500 T T lower than those for AZ91 alloy. The
pritomné v zliatine AZ 91 pure temperature dependencies of the yield stress for
AZ91 sposobujui kreh- 400 4 AT | AZ91, AM20, AM60, AS41 and AE42 alloys
kost tohoto materialu. are similar, but the value of the yield stress of
Precipitaty su prekaz- ) the AZ91 is the highest one. The experiment
kami pre po-hyb dislo- = 300 A o - b results show that the values of elongation to
kacii, volnd draha CEL fracture increase with increasing temperature.
dislokacii je mala, © 200 A 150°C | Alloy AZ91 exhibits high strength and high
a z toho dovodu je aj corrosion resistance but only low elongation.
taznost nizka. V zliati- 200°C The AM series show moderate strength but
nach série AM je 100 -ch b good plasticity; the values of elongation to
obsah atomov Al ”\mnc fracture are relatively high. Alloys of AS and
nizky, a preto aj obje- o i i AE series may be recommended for high
movy podiel Castic 0.00 0.10 0.20 0.30 temperature applications. As mentioned above,

Mg;Al;, je v tychto
zliatinach nizs§i nez
v AZ91. To potom
znamena, Ze hustota
prekazok pre pohyb dislokacii je niZSia, a preto je medza sklzu aj
medza pevnosti zliatin série AM nizSia ako v zliatine AZ9I;
taznost je zasa vysSia. Je zname, Ze Mn s Al tvoria intermetalli-
kum, ktoré eliminuje vol'né Fe atomy, a tym sa zlepSuje odolnost
proti kordzii. V poslednej dobe sa zacinaju pouzivat horcikové
zliatiny, ktoré obsahuju prvky vzacnych zemin a tiez atomy Zr.
Tieto zliatiny maju vysoké hodnoty medze sklzu a medze pev-
nosti. Hodnoty pevnosti namerané pri izbovej teplote pre niektoré
zliatiny su uvedené v tab. 2. Tieto zliatiny maju vysoké hodnoty
medze skizu a medze pevnosti az do teplot 250 °C a vysoku odol-
nost proti teCeniu (creepu).

Obr. 1. Zavislost napitia od deformdcie v tlaku
Figure 1: Stress strain curves in compression.

the Mg,Al,, precipitates are present in alloy
AZ91. These precipitates that cause that
material is brittle. Precipitates are obstacles for
dislocation motion. That means the free path of
the dislocations is low. Therefore, the total strain to fracture is also
low. In alloys of AM series, the content of Al atoms is low and the
volume fraction of Mg,,;Al,, particles in these alloys is much lower
than in the AZ91 alloy. This means that the density of obstacles for
the dislocation motion is lower. This causes the yield stresses and
tensile strengths of AM series alloys to be lower and the elongation
to fracture to be higher than in the AZ91 alloy. It is known that Mn
with Al forms an intermetallic compound that eliminate free Fe
atoms and hence, corrosion resistance of magnesium alloys is
improved. Recently, magnesium alloys containing rare earth metals
have been used. These alloys also contain Zr atoms and have high
values of the yield stress and tensile strength as can be seen from
Tab. 2 where the values are introduced.

Mechanické vlastnosti niektorych zliatin Mg pri izbovej teplote Tab. 2.
Tensile properties of some Mg alloys at room temperature Tab. 2
Zliatina Zr Zn RE Ag Y R, 0,2 [MPa] R,, [MPa] A [%]

Al Zn Re Ag Y YS/MPa UTS/MPa Al%
EZ33 0.6 2.7 33 110 160 2
QE22 0.7 2.1 2.5 195 260 3
WEA43 0.7 34 4.0 165 250 2
WES54 0.7 3.0 52 170 250 2

2.2 Tecenie (creep)

Rychlost ustaleného teCenia moze byt vyjadrena nasleduju-
cou rovnicou:

&€= Ao" exp(—Q/RT) (D

kde A je konstanta, o je vonkajsie (posobiace) napitie, n je
napétovy exponent, R je plynova konstanta, Q je aktivacna energia
teCenia a T je absolutna teplota. Rychlost teCenia zavisi od mik-
roStruktury, hlavne od velkosti zrna. Z vysledkov, ktoré publiko-
vali Aune a Westengen [2,3] mdZeme usudit, Ze rychlost teCenia
zliatin AZ91, AS21 a AS41 pri 100 °C a napéti 50 MPa je vel'mi

These alloys exhibit high values of the yield stress as well as
tensile strength up to 250 °C and a high creep resistance.

2.2 Creep behaviour

It has been found that the steady state creep rate of magnesium
alloys may be expressed by the following equation
&= Ao" exp(—Q/RT) (1)

where A is a constant, o is the applied stress, n is the stress
exponent, R is the gas constant, Q is the activation energy of creep
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nizka, prakticky pre vSetky tri zliatiny rovnaka okolo 1.2x10°%s™.
Rychlosti tecenia pre tie isté zliatiny pri teplote 150 °C a napiti
50 MPa su vSak uz vel'mi rozne. Najnizsie rychlosti pri 150 °C boli
namerané pre zliatiny AS21 a AE42, ktoré su vhodné pre pouzitie
pri vysSich teplotach, pretoZe maju vysoku odolnost proti teCeniu.
Ako uviedli Aune a Westengen [3] zliatiny AS41 a AE42 testo-
vané pri 200 °C a napiti 30 MPa maju vicsiu odolnost proti
teCeniu ako zliatiny AZ91 a AE41. Najlepsie vlastnosti pri teceni
zo vsetkych hore uvedenych zliatin ma AE42. Aj z tohoto struc-
ného prehladu je jasny vplyv Nd. Napétovy exponent v niektorych
pripadoch nema konStantni hodnotu, inokedy ma zas vysoku
hodnotu a aktivaéna energia teCenia ma hodnotu blizku energie
samodiftizie. Takéto spravanie je mozné vysvetlit tak, Ze sa pouZzije
predpoklad o existencii prahového napétia ;. Potom do rovnice
pre tecenia sa miesto vonkajsieho napdtia zavedie vyraz o - oy,
Rovnicu pre ustalené tecenie je potom mozné vyjadrif v tvare,
ktory navrhli Sherby a kol. [4].

3. Diskusia

Ak chceme pripravit material s pozadovanymi mechanickymi
vlastnostami, je velmi dolezité poznat tie mechanizmy, ktoré
uréuju medzu sklzu a deformaéné spevnenie. Podla von
Misesovho kritéria [5] musi byt ¢innych minimalne 5 nezavislych
sklzovych systémov, aby sa polykrystal deformoval. V monokrys-
taloch horcika, ktory ma hexagonalnu Strukturu, sa deformacia
uskutocnuje v bazalnom systéme. PocCet nezavislych sklzovych
systémov tohto druhu je menSi ako pozadovanych 5. Z toho
dovodu je nutné, aby boli aktivované iné (krystalograficky iné)
sklzové systémy, alebo aby deformacny mod bolo dvojcatenie.
Pyramidalny sklzovy systém druhého druhu je jeden z ddlezitych
nebazalnych sklzovych systémov. Je vhodné uviest, Ze kritické
sklzové napatie pre pyramidalny sklzovy systém ma anomalnu
zavislost od teploty [6,7]. Kritické sklzové napitie prudko klesa
v intervale deformacnych teplot od 77 do 270 K a potom toto
napitie rastie s rastucou teplotou v intervale od 270 do 375 K. Pre
deformacné teploty nad 375 K kritické sklzové napitie znovu
klesa s klesajucou teplotou. Kritické sklzové napatie pre bazalny
sklzovy systém zavisi od koncentracie rozpustenej zlozky c. Pre
substitucny tuhy roztok plati rovnica:

T=2Ge " + 7, )

kde Z je konstanta, G je modul pruZnosti v Smyku, &_je para-
meter, ktory zavisi od rozdielu atomovych polomerov atému
matrice a atomu rozpustenej zlozky a od vdzby medzi tymito
atdommi, a 7, je kritické sklzové napétie pre Cisty horcik [8].
Koncentrac¢na zavislost kritického sklzového napitia pre prizma-
ticky sklzovy systém (nebazalny sklzovy systém) sa neda popisat
rovnicou (2); tato zavislost je zlozitejSia a pre niektoré tuhé
roztoky moze byt rézna v roznych teplotnych intervaloch. V niek-
torych koncentraénych oboroch kritické sklzové napdtie pre priz-
maticky sklz klesa s rastucou koncentraciou rozpustenej zlozky.

Dvojcatenie je vyznamnym deformacnym modom v hexago-
nalnych kovoch. Chun a kol. [9] zistili, ze deformacné dvojcatenie

and T is the absolute temperature. The creep rate depends on the
microstructure, especially on grain size. From the results
published by Aune and Westengen [2,3] we can conclude that the
creep rate of AZ91, AS21 and AS41 alloys crept at 100 °C under
50 MPa is very low, about 1.2x10”s!, and practically the same for
all three alloys. The creep rates for the same alloys crept at
150 °C also at 50 MPa are very different. The lowest creep rates
at 150 °C were observed for AS21 and AE42 alloys that are
suitable for high temperature applications because of their high
creep resistance. Aune and Westengen [3] have reported that
AS41 and AE42 alloys tested at 200 °C under 30 MPa show
improved creep resistance compared to AZ91 and AE41. Alloy
AE42 shows the best creep properties of all these alloys. The
influence of RE is obvious. In some cases the stress exponent has
a high value s and the creep activation energies have values that
are higher than the energy for the self-diffusion of magnesium. It
may be possible to explain this behaviour if the concept of
a threshold stress oy, is introduced. Then, the applied stress should
be replaced by o - o, and the equation for the steady state creep
rate should be expressed as proposed by Sherby et al. [4].

3. Discussion

In order to prepare materials with the needed mechanical
properties it is very important to know the mechanisms
determining yielding (the yield stress) and strain hardening.
According to R. von Mises [5] more than 5 independent slip
systems must be operated for polycrystals to deform. In
magnesium with the hexagonal crystal structure deformation
occurs in basal slip system. The number of these independent slip
systems is lower than the requirement. It is necessary that another
slip system is activated or deformation occurs by twinning. If an
additional slip system is activated then deformation becomes
easier. The secondary pyramidal slip system as one of the non-
basal slip systems is important. It should be noted that the critical
resolved shear stress for the pyramidal slip system exhibits an
anomalous dependence on temperature [6,7]. The critical
resolved shear stress decreases strongly when the testing
temperature increases from 77 to 270K and then it increases with
increasing temperature between 270 and 375K. For testing
temperatures higher than 375K, the critical resolved shear stress
decreases again with increasing temperature. The critical resolved
shear stress for basal slip in Mg increases with increasing solute
concentration ¢ according to the equation

T=276Ge PP + 7y, 2

where Z is a constant, G is the shear modulus, & is the
parameter that depends on the radius difference between host and
solute atoms and on the binding among atoms, and 7, is the
critical resolved shear stress for pure Mg [8]. The concentration
dependence of the critical resolved stress for prismatic slip (non-
basal slip system) is complex and is different for various
temperatures. In some concentration range the critical resolved
shear stress for prismatic slip decreases with addition of solute
atoms.
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v zliatine Mg-5.1hm% Zn mozZe byt potlacené, ked su v zliatine
pritomné precipitaty.

Pri deformacii hexagonalnych polykrystalov ocakavame akti-
vitu nielen bazalneho sklzového systému, ale aj nebazalneho skl-
zového systému. Aktivita ktoréhokolvek nebazalneho systému je
ovela lahSia pri vysSich teplotach. Hodnoty medze sklzu aj medze
pevnosti budu potom ovplyvnené Cinnostou nebazalnych sklzo-
vych systémov. Je jasné, Ze v zliatinach zaciatok deformacie je
ovplyvneny atomami rozpustenej zlozky. Je zrejmé, Ze koncent-
racna a teplotna zavislost medze sklzu by mohla byt ovplyvnena
zlozitou zavislostou ¢innosti nebazalneho sklzového systému od
teploty a koncentracie atomov rozpustenej zlozky. Hranice zin
(a textura) a precipitaty budu mat silny vplyv na deformacny
mechanizmus polykrystalov ako funkcia teploty. Deformacné
napétie klesa s klesajucou teplotou, ked' zrno je vel'ké a textura je
vhodna pre dvojcatenie.

4. Zaver

Zmeny v mikrostrukture horcikovych zliatin, ktoré vzniknu
pri priprave a tepelnom spracovani, podstatne ovplyviiuju mecha-
nické vlastnosti tychto materialov. Pevnost horéikovych zliatin
moze byt zvySena spevnenim tuhého roztoku, precipitaénym
a disperznym spevnenim a tieZ velkostou zrna. Legujice prvky
mozZu réoznym spdsobom ovplyvnit kritické sklzové napétie pre
bazalny aj nebazalny sklzovy systém. Toto ma silny vplyv na spev-
nenie. Nie je mozZné odvodit jednoduché pravidlo, ktoré by popi-
sovalo vplyv koncentracie atomov rozpustenych zloziek na medzu
sklzu. Zatial nie je jasné, ako urcit podiel viacerych speviujucich
mechanizmov, ktoré prebiehaju sucasne.
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Twinning is a significant mode of deformation in hexagonal
metals. Chun et al. [9] showed that deformation twinning can be
suppressed in Mg-5.1wt % Zn alloy by the presence of precipitates.

In polycrystals we expect not only the activity basal slip system
but also non-basal slip system. The activity of any non-basal slip
system is easier at a higher temperature. The value of the yield
stress and hardening may be affected by the activity of non-basal
slip systems. In alloys, the yield is influenced by solute atoms.
However, the concentration and temperature dependence of the
yield stress could be influenced by complex variations of non-basal
slip with concentration of solutes and temperature. In polycrystals,
grain size (and texture) as well as precipitates, strongly influence
the deformation mechanism as a function of temperature. The flow
stress decreases with decreasing temperature when grain size is
large and the texture is suitable for twinning.

4. Conclusion

Changes in the microstructure of magnesium alloys due to
processing as well as heat treatment influence significantly the
mechanical properties of these materials. The strength of alloys
can be improved with a suitable combination of solid solution
hardening, precipitation and dispersion strengthening, and grain
size. However, solute atoms may affect the critical resolved shear
stress of basal slip in different manner than the critical stress for
a non-basal slip system. This is a very strong effect in the
strengthening. It is impossible to deduce simple rules describing
the influence of solutes and temperature on the yield stress. Up to
now it is not clear how to treat the effects of several strengthening
mechanisms operating simultaneously.
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Karol Vasilko #*

NOVY PRISTUP K ZLEPSENIU AKOSTI OBROBENEHO POVRCHU

NEW POSSIBILITIES FOR MACHINED SURFACE QUALITY IMPROVEMENTS

Ako je zndme, medzi dosahovanou drsnostou obrobeného
povrchu, posuvom a polomerom zaoblenia hrotu plati priblizny vztah:
R,=f 2/8r£, ktory znamend, Ze pri zvicSovani posuvu stiipa drsnost
povrchu podla zdkona paraboly. Tito skutocnost je prekdzkou voci
zvySovaniu vyrobnosti operdcie ststruzenia. Naopak, pri zvicsovani
polomeru zaoblenia hrotu hyperbolicky klesd drsnost povrchu. Preto
Jje potrebné zvicsovat polomery zaoblenia hrotu. Pri velkych polome-
roch v$ak nastdva kmitanie v technologickej stistave. Boli zazname-
nané mnohé pokusy na modifikdciu uvedeného vztahu. Zndamy je
napr. Kolesovov noz, ktory md linedrnu vedlajsiu rezni hranu,
umiestnenii pod uhlom nastavenia 0°. Autor predkladd origindlne
rieSenie tohto problému, vrdtane experimentdlneho overenia.

1. Uvod

Je zname, Ze medzi dosahovanou drsnostou obrobeného
povrchu R,, posuvom f'a polomerom zaoblenia hrotu noza r, plati
priblizny vztah:

R,=— (1)

Tento vztah udava, Ze pri zvacSovani posuvu prudko rastie
drsnost povrchu podla zakona paraboly. To je hlavnou prekazkou
zvySovania vyrobnosti ststruzenia. Naopak, pri zvd¢Sovani polo-
meru zaoblenia hrotu noza drsnost povrchu klesa. Zvacsovanim
polomeru zaoblenia viak stupa dizka styku reznej hrany s obrob-
kom a dochadza ku kmitaniu technologickej sustavy. Tento
problém rieSilo vela autorov. Napr. Kolesov vytvoril linearnu
vedlajSiu rezni hranu, rovnobeZnu s osou obrobku, umiestnenu
pod uhlom nastavenia 0°. Autor predklada originalne rieSenie pro-
blému, podloZené experimentalnymi skuskami.

2. Analyza doterajsich rieseni problému
Historia zaznamenala viaceré pokusy o modifikaciu vzfahu

(1). Jedno z rieSeni predlozili Nestmann a Loos [5] podla obr. 1.
Spociva vo vybruseni dalsich reznych hran, hlavnej S a vedlajsej

* Prof. Ing. Karol Vasilko, DrSc.,

The main relationships governing the machining process include the
relationship between the roughness of the machined surface, the feed and
the curvature radius of the tool tip expressed by the approximate equa-
tion: R, = f 2 8r.. According to this equation, an increase of the feed inc-
reases the capacity of the surface roughness, according to a parabolic law.
This fact prevents large increases in the productivity of machining. There
are certain reserves in increasing the curvature radius of the tip which is
present in the denominator. However, very large increase of the tip dia-
meter increases the length of the cutting edge in engagement and causes
vibration of the system. It is therefore necessary to find other solutions.
One of them is the so-called Kolesov tool, with a section of the secondary
cutting edge with setting angle of 0°. In contrast to these solution, the
author proposes an original concept, together with its partial verification.

1. Indroduction

The main relationships governing the machining process
include the relationship between the roughness of the machining
surface, the feed and the curvature radius of the tool tip expressed
by the approximate equation:

f?

R

v =
8r,

(1

Increase of the feed rapidly increases the surface roughness,
according to a parabolic law. This fact prevents large increases in
the productivity of machining. There are certain reserves in
increasing the curvature radius of the tip which is present in the
denominator of Eq. (1). However, a very large increase of the tip
diameter increases the length of the cutting edge in engagement
and causes vibration of the system. It is therefore necessary to
find other solutions. One of them is the Kolesov tool, with
a section of the secondary cutting edge with the setting angle of
0°. In contrast to these solutions, the author proposes an original
concept, together with its partial verification.

2. Analysis of the approaches to solving the problem

The history of the development of machining is characterised
by the effort to modify Eq. (1) in such manner as to ensure that

Faculty of Production Technologies, Technical University of Kosice, with the seat in Presov,
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S, ktoré sii rovnobezZné s osou
obrobku. Nastroj sa da pouzit
pri dokoncovacom obrabani
s maximalnou hibkou rezu
a,, podla obr. 1.

Na obr. 2 je uprava, ktoru
navrhol Romgnolo [4].

Riesenie spociva v pooto-
Ceni reznej platnicky tak, ze
uhol nastavenia je velmi
maly. Uhol hrotu r, sa blizi
k 180°. Drsnost obrobeného
povrchu je definovana vzta-
hom:

R, =ftan &, =fk, (2)

Nastroj je tiez pouzitelny
na dokoncovacie obrabanie
s obmedzenou velkostou
hibky rezu a,,.

Zaujimavé rieSenie pred-
lozili Escher a Lindl [6]. Je
zobrazené na obr. 3. RieSenie
spociva vo vytvoreni dalSieho
hrotu, ktory zarovnava nerov-
nosti, vytvorené prvym hro-
tom. Poloha druhého hrotu je
definovana  vzdialenostou:
k = nf, kde n je neparne
kladné cCislo. Tym sa druhy
hrot dostane na miesto naj-
vaésej vyvySeniny povrchu,
vytvorenej prvym klinom
(Ciarkovany obrys).

Nevyhodou nastroja je
komplikované ostrenie. Su-
Casne dochadza k nerovno-
mernému opotrebeniu oboch
hrotov.

Eckle a Lochgau [7]
rieSili modifikaciu vztahu (1)
tak, Ze zaoblili vedlajsiu
reznu hranu do vel'kého polo-
meru R, podla obr.4.

Autori definovali opti-
malnu velkost polomeru R =
(0,15 — 0,05)L. Rovnako
v tomto pripade s problémy
s vytvorenim presnych tvarov
jednotlivych hrotov platnicky.

Qn

Obr. 1. Jedna z tiprav geometrie hrotu noza [5]
Fig.1 Modification of the tool tip by producing rake areas [5]

Obr. 2. Rezna platnic¢ka na dokoncovacie obrabanie [4]
Fig. 2 Cutting tip for finish turning of bars [4]

f»

™)
=22

_—

Obr. 3. Noz s dvoma hrotmi [6]
Fig.3 Tool with two tips [6]

f

\
P
P

Obr. 4. Noz so zaoblenou vedlajsou reznou hranou [7]
Fig. 4 Tool with an ,arc"” secondary cutting edge [7]
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the change of the roughness of the
machined surface is marked less under
the effect of a change of the feed.
Nestmann and Loos [5] proposed to
grind two areas, Fig. 1, on the tip of the
tool. One area forms, with the tool tip,
the main cutting edge S and the other
area the secondary edge S’, parallel to
the axis of the workpiece. This causes
a smoothing of the surface and a large
reduction of surface roughness. The
tool is suitable only for very fine
machining with a small depth of cut a,,.

Figure 2 shows a modification
proposed by Romgnolo [4]

It is based on producing a special
cutting sheet with six cutting edges.
The main and secondary cutting edge
(S and S”) form a tip with a large angle
€, close to 180°. As before, the
secondary cutting edge S’ smoothes
the machined surface. A shortcoming
of both solutions is the need to set
accurately the secondary cutting edge
in such a manner as to ensure that the
secondary setting angle k,, is equal to
zero. Any deviation results in a surface
roughness R,.

Fig. 2, whose value is set from the
relationship:

R, = ftan K, = fk, (2)

This solution is suitable only for
finishing machining with small cutting
depths a,,.

An interesting solution is to form
two tips proposed by Esher and Lindl
[6]. According to Fig. 3, the main
cutting tip is followed by another one,
displaced by k = nf, where n is an odd
integer. The radii of both tips can be
identical or different. A condition for
a satisfactory result is to set both tips to
the same level in relation to the axis
workpiece. The position of the second
tip k is selected in such a manner that
the second tip smoothes the
irregularities generated by the first tip
(broken line).

The tool can also be used for rough
machining. One of the disadvantages is
complicated sharpening. According to
the authors, to avoid interference of
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Obr. 5. Noz s linedrnou reznou hranou, tangencidlnou

oproti obrobenej ploche

Fig. 5 A tool with a linear cutting edge not pallalel with

the axis of the workpiece

Dal§im moZnym rieSenim je pouzitie noza s nekonecnym
polomerom hrotu, ktory ma geometrin: A, € (0 — 90°),x. = 0°,
podla obr. 5 [2], [3].

Nastrojom sa dosahuje velmi dobra akost obrobeného
povrchu. Jeho nevyhodou je potreba zna¢ného nabehu a vybehu,
preto sa da pouzit len pri sustruzeni priebeznych valcovych ploch
obrobkov.

the turnings, the second tip is downwards,
below the axis of the workpiece. Ackle and
Lochgau [7] used equation (1) in such
a manner that on the secondary cutting edge
they produced a very high radius R, Fig.4.

According to these authors, the optimum
value is R = (0,15 — 0,05)L. This solution
removes the shortcomings of the previous
solutions associated with the setting and can
also be used for larger cutting depths. There
are a large number of solutions in the
literature for tools with the linear cutting edge
which is oriented away from the axis of the
workpiece with the geometry: A, € (0 —
90°), k. = 0° Fig. 5 [2], [3].

Despite the fact that the solution
generates a highly suitable relationship
between the roughness and the feed, its
disadvantage is that it requires a longer run-
on and run-off of the tool and enables only continnous cylindrical
surfaces to be machined without a step, and is also suitable for
finishing machining.

Taking these solutions into account, investigations were
carried out to find further possibilities which would eliminate
these disadvantages.

@u
7}/

b X
i = Xn

!

~

Obr. 6. Navrhovand geometria ndstroja a jeho poloha oproti obrobku
Fig. 6 Geometrical modification of the cutting tool and its setting in relation to the workpiece
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3. Navrh novej geometrie nastroja

Zakladnou poziadavkou je, aby nastroj zabezpecoval vysoku
vyrobnost operacie a sucasne dobru akost obrobené¢ho povrchu.
Pri aplikacii nastroja s polomerom hrotu, kde sa drsnost povrchu
riadi vztahom (1) sa to neda zabezpecif. Efektivne rieSenie
nastroja a jeho poloha k obrobku je na obr. 6.

Podstatou rieSenia je uprava rezného nastroja tak, Ze hrot
noza je nad osou obrobku. Hlavna rezna hrana S odobera hrubo-
vaciu hibku rezu ah |- VedlajSia rezna hrana je umiestnena pod
uhlami: k, = 0°, A, # 0. Tato rezna hrana odobera dokoncovaciu
hibku rezu ah,. Vzajomny pomer medzi hrubovacou a dokonco-
vacou hibkou rezu je dany velkostou prevysenia hrotu noza k.
Medzi drsnostou povrchu a jednotlivymi veliCinami plati novy
vztah [3]:

2
R, = /Ttgz)\ﬁrz—r (3)

4. Experimentalna verifikacia teoretickych predpokladov

V dalSom boli vykonané experimentalne skusky obrabania
navrhnutym nozom. Ako obrabany material bola ocel 12050.5
a titanova zliatina VT 3-1. Cielom experimentov bolo potvrdenie
zavislosti (3).

Na obr. 7 je znazornena experimentalna zavislost medzi drs-
nostou obrobeného povrchu a posuvom pri obrabani nozom
s polomerom zaoblenia hrotu r, = 1 mm. Na grafe je aj teoreticka
krivka, ziskana vypoctom podla vztahu (1).

Z obr. je zrejmé, ze experimentalne krivky sleduju charakter
teoretickej krivky, hodnoty
drsnosti su vsak vyssie, Ry,um
pricom viac u ocele ako

titanu. Je to dané rozdielnou

/— —— 12050.1
12 —f— VT3-1
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3. Proposal of a new tool geometry

The main postulate of the current machining methods is the
division of the allowance of the rough and finishing part. Rough
machining is carried out with a large feed with a requirement of
higher productivity and without any regard to the resultant surface
roughness of the workpiece. On the other hand, the finishing
operations are characteristised by small feeds thus obtaining the
required surface quality according to Eq. (1). This is carried out
using tools with a larger tip diameter of some of the previously
mentioned solutions. The aim of the proposed solution is to
combine the rough machining operations. The principle of this
solution is shown in Fig. 6.

This proposal is based on the fact that the main cutting edge
S of the cutting tool is normal or inclined in relation to the axis of
the workpiece but is directed above the axis of the workpiece and
the extent to which the tip A is extended is detoned k, the main
cutting edge removes the rough machining allowance ak,. The
secondary cutting edge of the tool S” is normal to the main cutting
edge is not parallel with the axis of the workpiece and is set under
the angles: k, = 0°, A, # 0. This cutting edge removes the
finishing cutting depth ah. The ratio between ahl and ah,
depends on the value of k and the radius of the workpiece . We
shall now try to derive the individual relationships

Relationship for the roughness of the machined surface [3]:

_ e, >
R, = Ttg A+ —r (3)

4. Experimental verification of theoretical assumptions

From a practical viewpoint, it is important to know the
dependence of R on the cutting conditions and the angle of
inclination of the cutting edge. Therefore, experimental
machining tests were carried out. Their aim was mainly to
confirm the validity of equation (3).
The tests were carried out on two
materials with different ductility
properties: 12050.1 steel and VT 3-1

plasticitou oboch kovovych /

titanium allow.

Ae— theor (1) Figure 7 shows the experimental
| dependence of the roughness of the

zliatin. 10
8 .4

Na obr. 8 su rovnaké /

|

/A machined surface on the tool feed for

zavislosti, ziskané pri obra- 6
bani nozom podla obr. 6. 4

ol

both materials. We used a conventional
tool with the tip radius of r, = 1 mm. It

Teoreticka  krivka bola

may be seen that dependence corre-

zostrojena podla vzfahu (3).

sponds to the theoretical equation (1).

0] 1 }

Vidno, Ze
hodnoty drsnosti su vyrazne
mens§ie ako pri obrabani kla-
sickym nozom.

Dalsie experimenty boli
zamerané na objasnenie
funkcie R, = AX). Vy-
sledok je na obr. 9.

absolitne 0 0,1 0,2 03 04
f, mm

Obr. 7. Teoretickd a experimentdlne krivky zavislosti drsnosti
povrchu na posuve, pri obrdabani nozom so zaoblenym hrotom
Fig. 7 Theoretical and experimental dependence of the mean
arithmetic value of the profile on feed in machining with
a tool with a rounded tip

The roughness values in the entire range
0,7 are considerably better in the titanium
alloy where the copying of the tool tip on
the machined surface is more accurate.
Figure 8 shows a similar dependence
obtained in cutting with the tool in Fig.6.
Repeated tests obtained scattered values.
It may be seen that the results, especially
for the steel, differ from the theoretical

0,5 0,6
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Ry,um
4,5

4 | | 4‘ —e@— 12050.1
3,5 —fl— VT3-1

3 =——gh— theoret.

61 02 03 04 05

0,6 0,7 0,8
f, mm

Obr. 8. Teoretickd a experimentdlne krivky zavislosti drsnosti povrchu od posuvu, ziskané pri obrabani upravenym nozom
Fig.8 Theoretical and experimental dependence of the mean aritmetic deviation of the profile on feed in machining with a modified tool

Rovnako tento experi-
ment potvrdil teoretické pred-
poklady. Treba povedat, Ze
pri uhle nastavenia blizkom
nule obrabanie nie je mozné,
pretoZze dochadza k styku
celej vedlajSej reznej hrany
s obrobenou plochou. Pri
zapornych uhloch nastavenia
dochadza ku kmitaniu tech-
nologickej sustavy. Preto tieto
uhly nemozno odporucat

Nastroj ma niektoré
dalsie zvlastnosti. Napr. tym,
Ze dochadza k rozdeleniu pri-
davku na obrabanie medzi
hlavnu a vedlajSiu reznu
hranu, dochadza k prirodze-
nému stacaniu triesky do
skrutkovice. Trieska od

hlavnej aj vedlajSej hrany ma totiz tendenciu odchadzat vo smere
kolmo k reznej hrane. Tym sa pretinaju vektory pohybu triesky.
Tvar odchadzajucej triesky je zrejmy z fotografie obrobku, ktora

Raaum

5

\ —e@— 12050.1

4,5

N\ il \/T3-1

4

3,5

‘\ e Rat

3

N$ —

2,5

=

2

1,5
1

0,51
0

-80

-60 40 -20 O

20 40 60°
Aes’

Obr. 9. Teoretickd a experimentdlna zavislost drsnosti obrobeného

povrchu od uhla nastavenia vedlajsej reznej hrany, ziskand

pri obrdbani upravenym noZzom

Fig. 9. Theoretical and experimental form of the dependence
of the main arithmetic deviation of the profile on

bola ziskana pri zastaveni obrabania.

Obr. 10. Fotografia odchddzajiicej triesky
Fig. 10 Turnings formed on the side of the tool face

the angle of inclination of the cutting edge

assumptions. However, the absolute
roughness values are considerably lower
in the entire range than in machining
with a conventional tool.

Another set of the results was
obtained for the second parameter in
the equation (3) - the tool angle of
inclination of the cutting edge. For this
purpose, the tools were sharpened with
negative and positive angles (at
negative angles the tip of the tool was
above the axis of the workpiece).

Fig.9 shows the dependence
obtained in machining the steel.

As stated previously, the experimen-
tal values are higher than the theoretical
values. At negative angles of inclination
the roughness values are higher. This
can be explained by an unfavourable
change of the angles (negative angle of
inclination and the face) resulting in
oscilation of the system.

Better results were obtained in machining titanium. In the
region of feasible positive angles of inclination, the average scatter
was only 0.2 wm and the values were close to theoretical.

An interesting experimental dependence is the form of the
turnings in relation to the cutting speed. Figure 10 shows a set of
turnings obtained at cutting speeds of v, =

140 m.min, machined material steel
12050.1. It may be seen that in accordance
with the theoretical assumptions, the turn-
ings are compressed and break up into diffe-
rent length sections, despite the fact that the
tool face is flat, without any shaping device.
The mechanism of formation of the turnings
may be seen partially in Fig.10 which shows
the view of the lower side of the turnings
(from the side of the tool) interrupt-ing the
machining process.
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5. Zaver

Vidno, ze nové pristupy k rieSeniu geometrie nastroja mozu
priniest pozitivne vysledky, prejavujice sa na akosti obrobenej
plochy. Bol odvodeny novy vztah medzi drsnosfou povrchu
a posuvom (3), ktory umoznuje zvySovat posuvy, bez vyrazného
vplyvu na drsnost obrobeného povrchu. Tym, Ze mozno pri
pouziti upraveného noza vyrazne zvysit posuv , pricom sa dosa-
huje vyhovujuica drsnost povrchu, mozno vyrazne skratit strojovy
¢as 7, a tym zvySit vyrobnost operacie sustruZenia.

Okrem toho riesenie umoziuje zIucit hrubovanie a dokonco-
vanie do jedného pracovného prechodu, ¢o za predpokladu dosta-
tocnej tuhosti stroja je dalsim prinosom pre vyrobnost operacie.
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5. Conslusions

The search for new approaches to the geometrical parameters of
the tool has resulted in deriving an efficient relationship between the
roughness of the machined surface and the feed (3). On the basis of
the theoretical and experimental analysis, the examined tool has
certain positive characteristics which support its application in
practice. The practical importance of the tool is indicated by
reducing the machining time. This result is important and enables
the productivity of machining to be increased proportionately.

Another important effect is that it is not required to divide the
operation into tough machining and finish machining because the
resultant surface roughness does not depend on the system. It is
possible to obtain the required surface quality in a single passage
of the modified tool. For this reason, the tested tool can be
referred to as the roughing-smoothing tool.
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Karel Havel *

ARCHITEKT['JR{\ SLOVENSKEHO SYSTEMU ORGANIZACIE ’
LETOVEJ PREVADZKY V NADVAZNOSTI NA EUROPSKY SYSTEM

ARCHITECTURE OF THE SLOVAK AIR TRAFFIC MANAGEMENT SYSTEM

IN RELATION TO THE EUROPEAN SYSTEM

Tento prispevok nacrtol v hlavnych rysoch celkovii architektiiru
CNS/ATM, jej jednotlivé zlozky a toky medzi nimi (spolocnd funkcnad

architektiira), ako aj ich umiestnenie do organizacnych stanovist

(systéemovd architektiira). Nereprezentuje jej konecny tvar, ale vytvira
Jjej zdkladnii technicki konstrukciu. Je zdakladom pre specifikacni
prdcu pri implementdcii systému v rokoch 2001 az 2005 v ramci pro-
gramu EATCHIP, zdikladom rozpracovania podrobnej architektiiry
na nizsej urovni, zakladom vyvoja SATMS v siillade s EATMS a slizi
ako informacny zdroj Statu.

1. Uvod

Cielom tohto prispevku je poskytnut informacie pre ucel har-
monizacie a integracie slovenského systému organizacie letovej
prevadzky (SATMS).

Vychadza zo vSeobecne platného zistenia, Ze .,... systém letovej
prevadzky sa musi postupne integrovat po harmonizacii v prehus-
tenych oblastiach“. Na dosiahnutie tohto ciela bola vyvinuta
OASIS (Open ATM System Integration Strategy). Odportcania
spravy [1] (najma 8 a 11) vymedzuju ramec harmonizacie a integ-
racie.

Odporucanie 8: Spolo¢na funkéna architektiira

Wvoj a odsiihlasenie spolocnej ATC funkcnej architektiiry by mal
vziat do uvahy koncepciu, definovanii a odsihlasenii ako EATMS
(Eurdpsky ATM systém). Naopak, dlhodoba koncepcia EATMS by
mala zabezpecit plynuly prechod z budiicej uZ existujiicej funkcnej
architektiiry.

Funkcnd architektiira by sa mala pravidelne prispésobovat tech-
nologickym a prevddzkovym poZiadavkdm.

Odporucanie 11: Celkova systémova architektura EATCHIP

Celkova systéemovd architektiira EATCHIP na eurdpskej iirovni
by sa mala definovat za ucasti stdtov. Mali by sa vypracovat potrebné
stiidie podporujiice definovanie a vyvoj tejto architektiiry. Tdto archi-
tekniira by sa mala prispésobovat technologickym a previdzkovym
poziadavkdam.

* Prof. Ing. Karel Havel, CSc.

This paper outlines an overall CNS/ATM architecture, its
components flow between (common functional architecture) and

functional blocks allocation to the organisational units (system

architecture). It does not represent the final architecture but defines the
technical framework for the harmonisation and integration efforts. It is
the baseline for the specification work for implementation in 2001-2005
in the framework of the EATCHIP Work Programme, serves as an
information source for local planning actions by the national
administration, serves, at a lower level of decomposition, as
a framework for detailed architecture work, and is a baseline for the
SATMS development.

1. Introduction

The goal of this paper is to provide information for the har-
monisation and integration of the Slovak Air Traffic Management
System [SATMS].

The paper is based on the generally valid fact that ,the Air
Traffic Management System has to be progressively integrated
after being harmonised in high density areas”. To reach that goal,
the Open ATM System Integration Strategy [OASIS] was develo-
ped. OASIS report recommendations [1] provide a common tech-
nical framework for harmonisation and integration.

Recommendation 8: Common funtional architecture

The common ATC functional architecture should be developed and
agreed, taking into account the future European ATM System (EATMS)
operational concept as it is defined and agreed. Conversely, the appli-
cation of the long-term EATMS concept should take into account the
need for a smooth transition from the existing functional architecture.

The functional architecture should be regularly adapted to follow
the evolution of both technology and operational requirements.

Recommendation 11: Overall EATCHIP system architecture

The overall EATCHIP system architecture at the European level
should be defined with the participation of States. Studies necessary
to support the definition and development of this architecture should
be undertaken. This architecture should be adapted regularly in order
to follow the evolution of technology and of operational requirements.

Department of Air Transport, Faculty of Operation and Economics of Transport and Communications, University of Zilina, 01026 Zilina,

Slovak Republic, e-mail: havel@fpedas.utc.sk
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Celkova architektira CNS/ATM a vyvoj SATMS st v znacnej
miere zalozené na existujucich systémoch.

Dlhy ¢as planovania, vyvijania a inStalacie syst¢émov CNS/ATM
vyvolava potrebu evolucného pristupu, tzn. postupu, v ktorom sa
EATCHIP $pecifikacie a Standardy postupne zavadzaju do existuju-
cich systémov. Preto aj SATMS sa bude pocas svojho vyvoja
postupne prispdsobovat novym Standardom a postupom.

Postupna harmonizacia a integracia sa odzrkadluje v cieloch
ECAC referencnych urovni [5]. PoZaduje sa vysoky stupen interope-
rability medzi SATMS a systémami ostatnych Statov ECAC.
Systémova architektuira CNS/ATM bude poskytovat technicku
struktru pre Specifikaénu a Standardizaéni pracu EATCHIP
a najmid pre aspekty interoperability. Dlhodobej§im cielom je
vyvinut distribuovanu architektiru umoznujicu dynamicku distriba-
ciu dat, funkcii a zodpovednosti medzi spolupracujucimi systémami.

Tento koncepcny material vychadza hlavne z Operational
Concept Document for EATCHIP Phase III System Generation
[4] a z Reference Levels for the ATM DPS Domain [5] a ma
poskytnif vSetkym zlozkam, ktoré sa budi priamo alebo nepri-
amo podielat na konecnom projekte architektury, moznost vcas-
ného ovplyvnenia jej vyvoja.

EUROCONTROL ma za ulohu koordinovat vyvoj systému
CNS/ATM obsluhujuceho oblast ECAC, Slovensko zodpoveda za
vyvoj svojich systémov, ktoré su podsystémy celkového systému
CNS/ATM. Preto aj Slovenska republika je projektantom svojho
systému (SATMS) a zodpoveda za svoj prispevok k projektu
CNS/ATM architektury.

Vyvoj celkovej architektiry CNS/ATM sa chape ako prostrie-
dok zaistenia pozZadovanej celkovej integrity systémov. Zaisti kon-
Strukénu integritu a kompatibilitu rozhrani réznych zloZiek
eurépskeho systému CNS/ATM, ako je to Specifikované v kon-
krétnych projektoch EATCHIP.

Vyvojové projekty v ramci EATCHIP st vypracované vo ver-
tikalnych oblastiach (napr. komunikacia, sledovanie, navigacia,
spracovanie dat, usporiadanie vzdu§ného priestoru...). Tieto pro-
jekty sa musia pri vyvoji celkovej systémovej architektury stat jeho
sucastou (ako vstupy). Vystup, teda celkova systémova architek-
tura sa skontroluje s EATCHIP projektmi, ¢o tiez to zahrnuje
vypracovanie odporucani racionalizujucich projekty.

Slovenska republika ma vypracovany vlastny projekt imple-
mentacie [2] ( v sucasnosti je vypracované vydanie 3.1) na spl-
nenie cielov CIP zodpovedajuci uvazovanému harmonogramu
implementacie. Vyvoj celkovej systémovej architektury musi
pouzit (ako vstupy), na pozadovanej urovni abstrakcie, uz odsu-
hlasené ciele CIP (a s nimi spojené referen¢né urovne ECAC) a uz
implementovanu architekturu.

Tato praca je zakladnou predlohou, podla ktorej SR moze
porovnat svoj sicasny systém a plany vyvoja, aby dosiahla splne-
nie spolo¢nych cielov ECAC.

2. Rozsah a obsah CNS/ATM

Rozsah a obsah systétmu CNS/ATM stanovuje interakcie
s externymi zlozkami, jeho hranice a sluzby poskytované (alebo
vyZadované) externymi zloZkami.

KOMNIKOCIe
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The overall CNS/ATM architecture is based to a large extent
on what is available today. The long lead time for planning,
developing and installing CNS/ATM systems points to the need
for an evolutionary approach, i.e. an approach in which
EATCHIP specifications and standards are gradually introduced
in existing systems.

The “Overall CNS/ATM Architecture for EATCHIP*
document defines the technical framework for the harmonisation
and integration efforts in the context of EATCHIP.

Progressive harmonisation and integration are reflected in the
evolution of the objectives and content of the ECAC reference
levels [5]. A greater degree of interoperability between systems of
the ECAC member states is required. The CNS/ATM system
architecture will provide a technical framework for the EATCHIP
specification and standardisation work and, in particular, for the
interoperability aspects. In the longer term, the goal is to develop
a distributed architecture which will permit the dynamic
distribution of data, function and responsibility between co-
operating systems.

This paper is based on the research done under grant
1/5235/98 “The Future Slovak Air Traffic Management System*,
on document ,Operational Concept Document for EATCHIP
Phase III System Generation [4] and on document Reference
Levels for the ATM DPS Domain [5] and is intended to give all
parties which, directly or indirectly, will be concerned with the
final architecture design an early opportunity to influence the
development direction.

EUROCONTROL is tasked to coordinate the development of
the overall CNS/ATM system serving the ECAC area, Slovakia
carries the responsibility for the development of national systems
which are subsystems of the overall CNS/ATM system. Therefore,
Slovakia is the design authority for its national system and is
responsible for its contribution to the CNS/ATM architecture work.

The overall CNS/ATM architecture development is recognised
as the means to ensure the overall system integrity required. It will
ensure the design integrity and the interface compatibility of the
various components of the European CNS/ATM system as
specified within the EATCHIP projects concerned.

Under EATCHIP, development projects are undertaken in the
vertical domains (e.g. surveillance, communications, navigation,
data processing, airspace management, aeronautical information
service, ...). They have to be considered (as inputs) when
developing the overall system architecture. The output, the overall
system architecture itself, will be validated against the EATCHIP
projects concerned; this also implies the production of relevant
recommendations in view of rationalizing these projects.

The Slovak Republic has an implementation project [2] to
fulfil the CIP objectives (at present Edition 3.1 exists) agreed along
the implementation timescale considered. The development of the
overall system architecture has to take into account (as inputs), at
the level of abstraction required, the CIP objectives as already
agreed (and the associated ECAC Reference Level documents)
and the architecture as already implemented by Slovakia.

The design is intended to be a practical template against which
Slovakia may map their current system and development plans in
order to achieve alignment toward common EATCHIP goals.
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Definicia rozsahu a obsahu je velmi dolezita:

e 7z dovodu integracie EATCHIP (uzivatel by mal systém pova-
Zovat za jedného poskytovatela),

e ostatné smery vyvoja architektiry musia byt a musia sa vyvijat
v sulade s rozsahom a obsahom.

Rozsah CNS/ATM

Jednym zamerom OASIS [1] bola integracia ATC systémov
v §irSej perspektive, zahriujuca cely ATM systém vratane AFTM
(CFMU), ATC, ASM a CNS infraStruktury a vztahy s AIS a mete-
orologickymi sluzbami.

Podla EATMS CSD [3] sa CNS/ATM sklada z: ATM, CNS
a leteckého environmentalneho systému.

ATM

Organizacia letovej prevadzky (ATM) sa sklada z pozemnej
Casti (pozemna zakladna ATM) a palubnej Casti (palubna ATM,
napr. FMS, TCAS...), ktoré su obidve potrebné na zaistenie bez-
pecného a efektivneho pohybu lietadiel vo vsetkych fazach pre-
vadzky.

Zakladnou zlozkou pozemnej Casti ATM je letova prevadz-
kova sluzba (ATS) a jej doplnujuice zlozky su usporiadanie vzdus-
ného priestoru (ASM) a organizacia toku letovej prevadzky
(ATFM). Pretoze ATM systém pre roky 2001-2005 musi pripravit
prechod k EATMS, palubna ¢ast ATM sa povaZuje za Cast sucas-
nej CNS/ATM. Funkcie ATM zahriuji vSetky funkcie existuju-
cich ATM systémov a funkcie vyplyvajuce z buduceho vyvoja.

CNS
CNS tvori infrastruktiru komunikacie (C), navigacie (N)
a sledovania (S) pre ATM.

Systém AIS a meteorologickych dat
Je systém podporujici ATM spracovavanim a aktualizaciou
meteorologickych dat a dat AIS.

Dalsie systémy pre podporu ANS

Dal§imi systémami sa rozumeju AIS a poskytovatelia meteo-
rologickych informacii.
Rozlisujeme medzi:
e externymi AIS a poskytovatelmi meteorologickych sluzieb,
e buducimi centralizovanymi meteorologickymi a AIS systémami,
e miestnym AIS a meteorologickym systémam v ATC strediskach.

3. Spolo¢na funkéna architektura

Funkény blok je logicka skupina funkcii systému pracujuca
s uréitymi vstupnymi datami, aby vytvorila urcité vystupy.

Funkéna architektura definuje sériu funkénych blokov (kom-
ponentov) a vymenu informacii (udalosti alebo dat) medzi funkc-
nymi blokmi.

Funk¢né bloky zahrnuju aj centralne a narodné funkcie. Ich
distribucia sa moZe casom zmenit.

Diagram funk¢énych blokov zahriiuje komponenty logickej
aplikacie a komponenty infrastruktiry (sluzieb).

2. Scope and context of the CNS/ATM

The scope and context defines:

o the external entities interacting with the overall system and,

e its boundaries and the services given to (or required from) the
external entities.

The definition of the scope and context is very important

because of:

e the integration objective of EATCHIP (the user should the
system as only one entity) and,

e any other architecture viewpoint will have to adhere to and will
be developed in accordance with the scope and context.

Scope and context of the CNS/ATM

One conclusion of the OASIS report [1] was to consider ATC
systems integration in a wider perspective, encompassing the whole
ATM system including ATFM, ATC, ASM, the CNS infrastructure
as well as the relation with AIS and MET services.

According to the EATMS CSD [3] the CNS/ATM system
consists of: ATM, CNS, aeronautical environment system.

ATM

Air traffic management consists of a ground part (ground
based ATM) and an airborne part (airborne ATM, e.g. FMS,
TCAS,...), where both are needed to ensure a safe and efficient
movement of aircraft during all phases of operations.

The primary component of ground based ATM is Air traffic
Service (ATS) and its adjacent components are Airspace
Management (ASM) and Air Traffic Flow Management (ATFM).

Insofar as the ATM system being considered for the years 2001
- 2005 and having to prepare the transition to EATMS, the ATM
airborne component is considered part of the current CNS/ATM
scope. The ATM functions include all those of current ATM
systems as well as functions under development which are expected
to be available during the considered implementation timeframe.

CNS
Communications (C), Navigation (N), Surveillance (S)
create infrastructure dedicated to ATM.

Aeronautical Environment System
A supporting system to ATM related to the retrieval and
updating of AIS and MET data.

Other ANS supporting systems
Other systems have been understood as AIS and MET infor-
mation providers. A distinction is made between:
o external AIS and weather services providers
o future centralised MET and AIS systems
e Jocal AIS and MET subsystem in the ATC centre.

3. Common functional architecture

The functional block is a logical group of system functions per-
formed on a certain input data in order to produce certain results.
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Sucasne existuje stupen prekrytia medzi palubnou castou
ATM, sledovacimi a navigacnymi blokmi, ¢o by malo byt pred-
metom dalSieho skumania.

Proces modelovania
Principy modelacie pouzité na vyvoj funkénej architektiry su

Standardné metody:

® reprezentacia systému ako mnoziny stavebnych blokov systému,

e rozdelenie systému do stavebnych blokov majtcich jasne defi-
nované hranice,

e zaistenie funkCnej (a datovej) nezavislosti medzi kazdym
blokom,

e definovanie pravidiel, podla ktorych su bloky pospajané,

o nasledné rozdelenie kazdého bloku do urovne, v ktorej sa sub-
komponent povazuje za nezavisle instalovanu alebo vyvinutd
zlozku na umoznenie mapovania existujiceho fyzického systému
alebo stanovist.

Niz§ie urovne rozdelenia vznikli metodikou zhora-dolu
v ramci domén. Kazda Specificka architektiira domény (sledova-
nie, navigacia, komunikacia...) sa pouZila na reviziu a konsolidaciu
celkovej funkénej architektury.

Predpoklady

e Toky mozu byt iniciované manualne, poloautomaticky alebo
plnoautomaticky.

e Automatizacia tokov moze byt zavisla od urovne pozadovanej
vykonnosti.

e Automatizacia moze byt Casovo zavisla.

e Rozhrania s komunika¢nou infraStrukturou budu definované
sériou protokolov (Urovne mimo funkénej architektury), ako
Cast Specifickej architektury domény.

CNS/ATM funk¢na architektira

Prehlad funkénej architektury je znazorneny v dvoch diagra-
moch, ako séria funkénych blokov spojenych tokmi dat.

Architektiira by mala predstavovat optimalne rozmiestnenie
funkcii zaloZené na analyze projektovanych funkénych poziada-
viek k roku 2005 a v tejto faze je zamerana na automatizované
toky, alebo na tie, ktoré je mozno podla referenénych trovni
ECAC automatizovat.

Funkc¢né bloky

Hlavnymi funkénymi blokmi CNS/ATM systému su:
e palubné Casti ATM,

spracovanie leteckych dat,
organizacia toku letovej prevadzky,
sledovanie,

spracovanie letovych dat,

nastroje podporujice ATC,
komunikécia,

navigacia,

podpora CNS/ATM,

usporiadanie vzdu$ného priestoru.

Treba zdoéraznif, Ze okrem externych tokov je umiestnenie
a spojenie funk¢énych blokov len navodom.
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The functional architecture defines a series of functional
blocks and the exchange of information (events and/or data)
between the functional blocks.

Functional blocks cover both central/regional and national
functions. Their distributions may change over time.

The functional block diagram covers both logical application
components and infrastructure (services) components.

There is currently a degree of overlap between the airborne
ATM component, surveillance and navigation blocks which
should be resolved later.

Modelling process
The modelling principles used to develop the functional
architecture are the standard methods of:

e representing the system as a set of building blocks of the system,

e dividing the system into building blocks that have very clearly
defined boundaries,

e ensuring functional (and data) independence between each
block,

e defining the rules by which the blocks are interconnected,

e using a process of successive decomposition of each block to
the level at which the sub-component could be considered as an
independently installed or developed entity to allow mapping
on existing physical systems/units.

Lower levels of decomposition have been produced as
DOMAIN specific architectures (top-down). Each Domain specific
architecture has been used to review and consolidate the overall
CNS/ATM functional architecture diagram (bottom-up).

Assumptions

e flows may be manually initiated, semi-automated or automated,

e the automation of flows may be dependent upon the
performance level.

o the automation of flows may be timeframe dependent

e interfaces to the communications infrastructure will be defined
as a series of profiles (at a level beyond functional architecture)
as part of the domain specific architecture.

The Functional view

The functional architecture presented in the two following dia-
grams is a high level functional decomposition of the overall
CNS/ATM system into a logical set of functional blocks as well as
their interfaces (between functional blocks and with external entities).

Based upon the analysis conducted of the projected
functional requirements through to the year 2005, it is intended to
represent an optimal placement of functions. At this stage ,the
focus is on automated flows, or those that according to the ECAC
reference levels have the potential to be automated in the future.

Functional Blocks
The main functional blocks of the CNS/ATM system are
those identified below:
o Airborne CNS/ ATM Component,
o Aecronautical Environment Processing,
o Air Traffic Flow Management,
e Surveillance,
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4. Systémova architektara

Systémova architektura EATCHIP umiestinuje funkéné bloky
alebo zlozky blokov do organizovanych stanovist. Definicie sta-
novi§t relevantnych v kontexte s CNS/ATM st v nasledujucej
Casti. Prispevok popisuje len vysokouroviiové umiestnenie funkcie
do stanovista a neposkytuje nizkotroviiové rozdelenie (inZinierske
hladisko).

Identifikacia organiza¢nych stanovist

Stanovistia su zaloZené na Standardnych definiciach ICAO.
Definicie tiez vyuzivaju slovnik EATMS (IETF/DP/0043-EATMS
Common System Analysis Model and Terminology Compendium).

Z ICAO definicii

Organizacia letovej prevadzky (ATM) sa sklada z pozemnej
Casti a palubnej Casti, ktoré obidve su potrebné na zaistenie bez-
pecného a efektivneho pohybu lietadiel pocas vSetkych faz pre-
vadzky.

Zakladnou zlozkou pozemnej ATM je letova prevadzkova
sluzba (ATS) a dopliujuce zlozky su usporiadanie vzdusného
priestoru (ASM) a organizacia toku letovej prevadzky (ATFM).

ATS je vS§eobecny vyraz zahriujuci letovi informaénu sluzbu
(FIS), pohotovostnu sluzbu, letovii poradnu sluzbu, sluzbu riade-
nia letovej prevadzky (ATC), ktora sa deli na oblastnu sluzbu ria-
denia, pribliZovaciu sluzbu riadenia alebo letiskovu sluzbu
riadenia.

Stanoviste ATS - vSeobecny vyraz zahriujuci stanoviSte ATC,
letové informacné stredisko (FIC) a ohlasoviu letovych prevadz-
kovych sluzieb (ARO).

Stanoviste riadenia letovej prevadzky - vSeobecny vyraz zahr-
nujuci oblastné stredisko riadenia (ACC), priblizovacie stanoviste
riadenia (APP), letiskovu riadiacu vezu (TWR)

Zo slovnika EATMS definicii
Slovnik EATMS obsahuje definicie systémov vztahujtcich sa
na dalSie dve zlozky ATM: ATFM a ASM:

o Systém ATFM v oblasti ECAC tvoria Centralne vykonné sta-
noviste-zapad (ktoré odpoveda CFMU), pracoviska organizacie
toku letovej prevadzky (FMP) na oblastnych strediskach
riadenia.

e Systém ASM obsahuje pracovisko usporiadania vzdu$ného
priestoru (AMC), server dat vzdusného priestoru, ktory zabez-
peci funkciu centralizovaného spracovania dat vzdu$ného
priestoru integrovanu do CFMU.

e StanoviStia prvotného spracovania letového planu (IFPU) zria-
dené pre racionalny prijem, prvotné spracovanie a distribuciu
dat letového planu pre oblast ECAC.

Dalsie identifikované stanovistia
Vzfahuji sa k zariadeniam poZzadovanym k poskytovaniu
dalSich identifikovanych sluzieb pre CNS/ATM systém.
e AIS, ktora by mohla byt vykonavana centralizovanym europ-
skym stanovistom AIS a miestnymi stanovistami AIS.

o Flight Data Processing,
e ATC supporting tools,
e Communications,
e Navigation,
o CNS/ATM Support,
e Airspace Management.
It is stressed that apart from the external flows, the
positioning of functions and flows between functional blocks
should be seen as guidance.

4. System architecture

The EATCHIP System Architecture allocates the functional
blocks or elements of the blocks to organisational Units. The
definitions of those that are relevant to the CNS/ATM context are
given below. The document describes at this stage only the high
level allocation of function to Unit and does not provide a lower
(engineering viewpoint) decomposition.

Identification of Organisational Units

The Organisational Units are based upon the ICAO standard
definitions where these are applicable. Definitions make also
reference to the EATMS glossary (ref.: IETF/DP/0043 - EATMS
Common System Analysis and Terminology Compendium).

From ICAO Definitions

Air Traffic Management (ATM) consist of a ground part
(Ground-Based ATM) and an air part (Airborne ATM), where
both are needed to ensure a safe and efficient movement of
aircraft during all phases of operations.

The primary component of Ground-Based ATM is Air Traffic
Service (ATS), and the adjunct component are Airspace
Management (ASM) and Air Traffic Flow Management (ATFM).

ATS is a generic term meaning variously, flight information
service (FIS), alerting service. air traffic advisory service, air
traffic control (ATC) service (area control service, approach
control service or aerodrome control service).

ATS unit is a generic term meaning variously: Air Traffic
Control unit, Flight Information Centre or Air traffic Services
Reporting Office.

Air Traffic Control unit is a generic term meaning variously:
Area Control Centre (ACC), Approach Control Office (APP) or,
Aerodrome Control Tower (TWR).

From EATMS Glossary definitions

The EATMS glossary includes definitions for the systems
related to the two other components of ATM: ATFM and ASM.
Some interpretations of these definitions have been made:

o The ATFM system within the ECAC area consists of: the
Central Executive Unit West (which corresponds to the
CFMU), Flow Management Positions (FMP) in the ACCs.

e The ASM system includes: Airspace Management cells
(AMC), Airspace Data server: this server has been considered
as the Centralised Airspace Data processing function, which
will be integrated within the CFMU.

o The Initial Flight Plan processing Units (IFPU) established to
rationalise reception, initial processing and distribution of
flight plan date for the ECAC area.
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o Meteorologicka sluzba, ktora bude vykondvana lokalne, miest-
nymi stanovistami meteorologickej sluzby.
o (NS, ktory bude poskytovany prislusnymi infrastruktirami.

Distribicia funkcii stanovistiam

V nasledujucej tabul'ke su stanoviStia majice primarnu ulohu
v zabezpeceni jednotlivej funkcie oznacené velkym X. Tie, ktoré
maju druhotnu alebo podpornu ulohu st oznacené malym x.

V niektorych pripadoch ma zodpovednost alebo ulohu zabez-
pecit jednotlivi funkciu viac stanovi§t. Nie vzdy ma na starosti
jednu funkciu jedno stanoviste.

5. Zaver

Tento prispevok nacrtol v hlavnych rysoch celkovu architek-
taru CNS/ATM, jej jednotlivé zlozky (funkéné bloky) a toky
medzi nimi (spolo¢na funk¢na architektura), ako aj ich umiestne-
nie do organizacnych stanovist (systémova architektura).

Nereprezentuje jej koneCny tvar, ale vytvara jej zakladnu tech-
nicku konstrukciu. Koneény projekt bude obsahovat vSeobecnu
architekturu celkového CNS/ATM systému obsluhujuceho oblast
ECAC a bude:

e zakladom pre SpecifikaCni pracu pri implementacii systému
v rokoch 2001 az 2005 v ramci programu EATCHIP,

e zakladom urcenia cielov (vo vSetkych oblastiach a v stilade s har-
monogramom implementdcie), ktoré¢ sa musia splnif v ramci
programu konvergencie a implementacie (CIP),

e sluzit ako informacny zdroj RLP SR,

e zakladom rozpracovania podrobnej architektiry na nizsej
urovni,

o zakladom vyvoja SATMS v stlade s EATMS.

Samozrejme, Ze vyvoj a ¢as uplnej implementacie SATMS
bude zavisiet predovsetkym od urovne sucasného systému a od
schopnosti spifiat ciele SATMS vypracované na principoch ICAO
CNS/ATM. Avsak celkova architektuira CNS/ATM systému defi-
nuje smer resp. technicki konStrukciu, ku ktorej by sa mal
SATMS ¢o najviac priblizit. Tym by sa splnili podmienky kompa-
tibility a interoperability SATMS so systémami ostatnych Statov
ECAC, ¢o umoznuje harmonizaciu a integraciu systémov ATM
v oblasti ECAC.

Skratky

ACC Oblastné stredisko riadenia letovej prevadzky
ADS Automatické zavislé sledovanie

ADS-B Automatické zavislé sledovanie-rozhlasové
AIC Letecky obeznik

AIS Letecka informacna sluzba

AMC Pracovisko usporiadania vzdusného priestoru
ANS Letecké navigacné sluzby

APP PribliZovacie stanoviSte riadenia letovej prevadzky
ARO Ohlasovna letovych prevadzkovych sluzieb
ASM Usporiadanie vzdusného priestoru

Other identified Units
They are related to the facilities required to provide the other
services identified for the CNS/ATM system:
o AIS which could be performed by a centralised European AIS
unit and by local AIS units,
o METEO which will be performed locally by a local MET unit,
o CNS which will be provided by the respective infrastructures.

Distribution of functions to Units

In the table below, the Units that have the primary role in
provision of the particular function are identified by an upper case
X. Those who have a secondary or supportive role are identified
by a lower case X.

In some cases more than one Unit has a role or responsibility
to carry out a particular function. There is not always a one-to-one
mapping.

5. Conclusion

This paper outlines an overall CNS/ATM architecture, its
components (functional blocks), flows between (common
functional architecture) and functional blocks allocation to the
organisational units (system architecture). It does not represent
the final architecture but defines the technical framework for the
harmonisation and integration efforts. The final project will
contain generic architecture of the overall CNS/ATM system
serving the ECAC area and it:

e is the baseline for the specification work for implementation in
2001-2005 in the framework of the EATCHIP Work Programme;

o is the baseline for defining consistent objectives (across domains
and along the implementation time scale) which have to be met
in the framework of the Convergence & Implementation
Programme (CIP);

e serves as an information source for local planning actions by
the Slovak ATMO;

e serves, at a lower level of decomposition, as a framework for
detailed architecture work;

® is a baseline for the SATMS development.

It is clear that development and timescale of SATMS
implementation will depend on the present system level and on
the capability to fulfil SATMS objectives based on ICAO
CNS/ATM principles. However, the overall CNS/ATM
architecture defines trends or the technical framework which
SATMS should maximally follow. Through that, SATMS would
satisfy conditions of interoperability and compatibility with other
ECAC states systems which allows harmonisation and integration
of ATM system in the ECAC area.

Acronyms

ACC Area Control Centre

ADS Automatic Dependent Surveillance

ADS-B Automatic Dependent Surveillance-Broadcast
AIC Aeronautical Information Circular

AlS Aeronautical Information Service

AMC Airspace Management Cell
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ATC Riadenie letovej prevadzky

ATFM Organizacia toku letovej prevadzky

A/G lietadlo-zem

ATM Organizacia letovej prevadzky

ATS Letové prevadzkové sluzby

CFMU Centralne stanoviSte organizacie toku letovej
prevadzky

CIP Konvergentny a implementacny program

CIS Kooperativne zavislé sledovanie

CNS Komunikacia, navigacia a sledovanie

EATCHIP Program harmonizacie a integracie eurépskeho
riadenia letovej prevadzky

EATMS Europsky systém organizacie letovej prevadzky

ECAC Eurdpska konferencia civilného letectva

ESDP Spracovanie statickych dat prostredia

EUROCONTROL Eurdpska organizacia pre bezpecnost
leteckej prevadzky

FDPD Spracovanie a distribucia letovych dat

FMP Pracovisko usporiadania toku letovej prevadzky
FMS Systém manazmentu letu

FIC Letové informacéné stredisko

G/G Zem-zem

IFPP Prvotné spracovanie letového planu

IFPU Stanoviste prvotného spracovania letového planu
ICAO Medzinarodna organizacia civilného letectva
IS Nezavislé sledovanie

MET Meteorologia

MTCD Strednodoba detekcia konfliktu

NAV Navigacia

OASIS Open ATM System Integration Strategy
SATMS Slovensky systém ATM

STRAT Strategicky systém ATFM

SUR Sledovanie ATFM

TACT Takticky systém

TCAS Traffic alert Collision Avoidance System

TWR Letiskova riadiaca veza
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ANS Air Navigation Services

APP Approach control office

ARO ATS Reporting Office

ASM Airspace Management

ATC Air Traffic Control

ATFM Air Traffic Flow Management
A/IG Air-ground

ATM Air Traffic Management

ATS Air Traffic Services

CFMU Central Flow Management Unit
CIP Convergence & Implementation Programme

CIS Co-operative Independent Surveillance

CNS Communication, Navigation and Surveillance

EATCHIP European Air Traffic Control Harmonisation and
Integration Programme

EATMS European Air Traffic Management System

ECAC European Civil Aviation Conference

EUROCONTROL European Organisation for the Safety
of Air Navigation

FDPD Flight Data Processing and Distribution
FMP Flight Management Position
FMS Flight Management System

FIC Flight Information Centre

G/G Ground-ground

ICAO International Civil Aviation Organisation
IFPP Initial Flight Plan Processing

IFPU IFPP Unit

IS Independent Surveillance

MET Meteorology

MTCD Medium Term Conflict Detection

NAV Navigation

OASIS Open ATM System Integration Strategy
SATMS Slovak ATM

STRAT Strategical ATFM System

TACT Tactical ATFM System

TCAS Traffic alert Collision Avoidance System
TWR Aerodrome Control Tower
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Technologia hromadnej osobnej dopravy

Na konci roku 1998 vydalo EDIS - vydavatelstvo Zilinskej univerzity monografiu doc. Ing. Pavla
Surovca, CSc. pod ndazvom: Technologia hromadnej osobnej dopravy, ktord je vysledkom dlhodobej
praktickej, teoretickej a vedeckovyskumnej cinnosti autora na Katedre cestnej a mestskej dopravy.

Autor systémovo pristupuje k problematike hromadnej osobnej dopravy. Doraz kladie na riese-
nie dopravnych problémov vo svojich vmiitornych a vonkajsich suvislostiach. Technologia hromadnej
osobnej dopravy sa prispésobuje velkosti mesta a oblasti, v ktorej zabezpecuje prepravu 0séb jeden
alebo viacero dopravnych systémov. Je mimoriadne Ziaduce, aby rozvoj kazdého z tychto systémov
bol v suilade s potrebami obyvatelov, s ich Zivotnym stylom, so Zivotnym prostredim a v koordindcii
a harmonizdcii celej dopravnej sustavy. Tomu ispesne prispieva tdto monografia venovand teoretic-
kym a praktickym problémom technologie cestnej a mestskej hromadnej osobnej dopravy.

V styroch kapitoldch sii rozoberané zdkladné ako aj rozsirujiice poznatky, ktoré by mohli vy-
uzivat ti, ktori sa zaoberajii cestnou a mestskou hromadnou osobnou dopravou v ¢innosti vedecko-
vyskumnej, teoretickej ako aj v praktickej a realizacnej cinnosti.

V prvej kapitole sii prehladne charakterizované funkcie dopravného podniku hromadnej osobnej
dopravy, poziadavky na prepravu oséb a hybnost obyvatelov, ktord vychddza z plnenia zdkladnych
Sfunkcii osidlenych oblasti a miest. Charakteristické znaky hromadnej osobnej dopravy vychddzajii
z odlisnosti cestnej a mestskej hromadnej osobnej dopravy od inych odborov dopravy a sii zdkladnymi
atributmi, ktoré je potrebné v technologii, organizdcii a riadeni dopravy respektovat.

Technologickému procesu, obehu vozidiel na linkdch, intervalu dopravy a technologickym
znakom vozidiel hromadnej osobnej dopravy je venovand kapitola druhd. S pouZitim matematického
apardtu je popisand technoldgia hromadnej osobnej dopravy na linkdch s vyuzitim toho, Ze technicky
rozvoj hromadnej osobnej dopravy prindsa inovdcie v oblasti dopravnych prostriedkov, dopravnych
ciest a dopravnych zariadeni. To casto vyvoldva zmeny v organizdcii a technoldgii dopravy.

Kapitola tretia sa zaoberd hodnotenim vykonov hromadnej osobnej dopravy a ukazovatelmi
casového a vykonového vyuzitia vozidlového parku. Autor na zdklade najnovsich poznatkov doka-
zuje, Ze tieto ukazovatele nie su len ndstrojom hodnotenia iirovne dosiahnutych vysledkov, ale tiez
ukazovatelmi, ktoré je mozné uplatnit' v motivdcii riadiacich pracovnikov, vaiitropodnikovych orga-
nizacnych jednotiek a podnikov na dosiahnutie ¢o najlepsich vysledkov.

Stvrtd kapitola je venovand riadeniu hromadnej osobnej dopravy, informacnému procesu, ope-
rativnemu riadeniu a tvorbe cestovnych poriadkov, ako zdkladnému materidlu pre riadenie, tech-
noldgiu dopravy a kontrolu hlavnej cinnosti dopravného podniku. Cast tejto kapitoly, venovand
organizdcii a riadeniu podniku a dispecerskému riadeniu posobi, ciastocne popisne a pragmaticky.

Som presvedceny, Ze monografia je prinosom pre teoriu a prax hromadnej osobnej dopravy
a podla ocakdvania vypliia medzeru v odbornej literatiire zameranej na tiito oblast.

Prof. Ing. Tomdas Hollarek, CSc.
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Dizertatna praca:  Struktira a porusovanie modifikovaného siluminu

Autor: Ing. Peter Benko
Vedny odbor: 39-03-9 Materialové inzinierstvo a medzné stavy materialov
Pracovisko: Zilinska univerzita v Ziline, Strojnicka fakulta,
Katedra materialového inZinierstva
Skolitel: Prof. Ing. Petr Skocovsky, DrSc.
Obhajoba: 6. 5. 1999 na SjF ZU
Resumé

Doktorandskd dizertacnd prdca sa zaoberd struktiirou a porusovanim modifikovaného a ocko-
vaného siluminu AISil0MgMn so zameranim na suvislosti medzi kvantitativnymi charakteristikami
mikrostruktury (tvarovy faktor M eutektického kremika a siicinitel velkosti dendritov 1d), mecha-
nickymi vlastnostami a kvantitativnymi mikrofraktografickymi charakteristikami (stcinitel’ verti-
kdlnej drsnosti Rv) siluminu AISi10MgMn v zdvislosti od priddvaného mnozstva modifikdtora Sr
a ockovadla AITi5SBI.

S rasticim obsahom modifikdtora sa meni morfologia eutektického kremika (z dosky na
tyéinku az vldakno); v dosledku toho aj mechanické vlastnosti (zvysuje sa Rm, A5, Z, KC0) a podiel
uplatnenia jednotlivych mikromechanizmov porusovania (transkrystalické stiepenie kremika, tran-
skrystalické tvdarne porusenie fdzy). So stupajiicim mnozZstvom ockovadla (0 - 0,15 % AlTi5SB1) sa
zmensuje velkost sekunddrnych dendritickych vybezkov. Tejto rozmerovej zmene zodpovedd pokles
hodnot sticinitela velkosti dendritov Id v zavislosti od mnoZstva ockovadla.

Mechanické vlastnosti, kvantitativne charakteristiky mikrostruktiiry a kvantitativne mikro-
fraktografické charakteristiky vykazuju vyraznu vzdjomnii sivislost' v celom rozsahu modifikovania
a ockovania (ich zmeny v zdvislosti od obsahu Sr, prip. AITi5SBI majii analogicky priebeh). Pre
eutektické a mierne podeutektické siluminy mozno odporucit modifikovanie 0,03 - 0,04 % Sr
a ockovanie 0,04 - 0,15 % AITi5B1.

ZILINSKA UNIVERZITA V ZILINE

Strojnicka fakulta

Katedra materialového inzinierstva

STRUKTURA A PORUSOVANIE
MODIFIKOVANEHO
SILUMINU

Dizertacna praca

Vedny odbor: Materidlové inzinierstvo a medzné
stavy materidlov
Skoliace pracovisko: Strojnicka faklta, Zilinski univerzita v Ziline

Skolitel Prof. Ing. Petr Skogovsky, Drse.

Zilina, 1999 Ing. Peter Benko

Unavové vlastnosti grafitickych tvarnych liatin
pri vysokofrekvencnom cyklickom zatazovani

Dizertacna praca:

Autor: Ing. Peter Macko
Vedny odbor: 39-03-9 Materialové inZinierstvo a medzné stavy materialov
Pracovisko: Zilinska univerzita v Ziline, Strojnicka fakulta,
Katedra materialového inZinierstva
Skolitel: Prof. Ing. Otakar Bokuvka, CSc.
Obhajoba: 6. 5. 1999 na SjF ZU
Resumé

V dizertacnej prdci boli experimentdlne zistované iinavové viastnosti grafitickych liatin s guloc-
kovym tvarom grafitu pri vysokofrekvencnom cyklickom zatazovani. Ziskané boli udaje, tiplné
Wohlerove krivky, zdvislost ?a = f (Nf ) vrdtane medze tinavy ’c (pri vztaznom pocte Nf = 1108
cvklov), rychlosti Sirenia dlhych tinavovych trhlin v zdvislosti od amplitidy siicinitela intenzity
napdtia v blizkoprahovej oblasti, zavislost' (da/dN = f (Ka)) v oblasti od da/dN = 1.10-7 m/cyklus
do da/dN = 110-12 m/cyklus, zdkladné prahové hodnoty amplitidy siicinitela intenzity napdtia
Kath (pri da/dN = 110-12 m/cyklus), dynamické moduly pruznosti ED pre definované grafitické
liatiny s gulockovym tvarom grafitu (feriticko-perlitickda GGG40, Rm = 460 MPa, perliticko-feritickd
GGG60, Rm = 685 MPa, bainitickd, Rm = 1250 MPa) pri vysokofrekvencnom cyklickom zatazo-
vani (sinusovy charakter zataZovacieho cyklu, frekvencia f = 20 kHz, teplota T = 20 ( 10 #C, koe-
ficient asymetrie cyklu R = -1), vyuzitelné technickou verejnostou pri navrhovani suciastok a
konstrukcii, pri optimdlnej volbe daného materidlu. Overend tak bola po prvykrdt principidlna
moznost vyuZitia vysokofrekvencného cyklického zataZovania k zistovaniu uinavovych charakteris-
tik, respektujiic okrem iného aj zdkonitosti lomovej mechaniky, co je ekonomicky vyhodné a prindsa
vyznamnu ¢asovii usporu.

Prdaca ma 81 strdn textu, 14 tabuliek, 38 obrdzkov, citovanych je 68 dalsich prdc.

ZILINSKA UNIVERZITA V ZILINE

Strojnicka fakulta

Katedra materidlového inzinierstva

UNAVOVE VLASTNOSTI GRAFITICKYCH
TVARNYCH LIATIN PRI VYSOKOFREKVENCNOM
CYKLICKOM ZATAZOVANI

Dizertacna praca

Vedny odbor: 39.039 Materidlové infinierstyo
a medzné stavy materidlov
Skoliace pracovisko: Strojnicka fakulta, Zilinski univerzita v Ziline

Skolitel Prof. Ing. Otakar Bokivka, CSc.

Zilina, 1999 Ing. Peter Macko
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Prof. Ing. Jan Mikolaj, DrSc.
70 rocny - 70 years old

Prof. Ing. Jan Mikolaj, DrSc. sa v tychto dnoch doziva

vwznamného Zivotného jubilea - 70 rokov plodného Zivota.

Narodil sa 7. mdja 1929 v Niznych Ruzbachoch.
Absolvoval gymndzium v Kezmarku, v roku 1952 po ukonceni
vysokoskolského Studia na Vysokej skole hospoddrskych vied
v Bratislave nastupuje do praxe a po prestahovani Vysokej
Skoly dopravnej z Prahy do Ziliny nastupuje v r. 1961 na tiito
skolu ako odborny asistent. Hodnost kandiddta ekonomic-
kych vied ziskal v roku 1966 na Ekonomickom iistave
Slovenskej akadémie vied v Bratislave za prdacu Hmotna zain-
teresovanost v podnikoch verejnej automobilovej dopravy.
V roku 1969 sa habilitoval v odbore riadenia a organizdcie
dopravy pracou Marketing v automobilovej doprave. Doktordt
technickych vied v odbore dopravnd technika a technologia
ziskal v roku 1983 na Vysokej skole dopravy a spojov v Ziline
za prdacu Ekonometrické modelovanie prepravnych ndrokov
a v tom istom roku bol menovany profesorom pre odvetvové

a prierezové ekonomiky na Vysokej skole dopravy a spojov.

V' rokoch 1969 - 1971 pésobil vo funkcii prodekana
a v rokoch 1980 - 1985 ako dekan Fakulty prevdadzky a eko-
nomiky dopravy a spojov VSDS. V diplomatickych sluzbdch
pésobil v rokoch 1971-1979, najskér ako pracovnik
Federdlneho ministerstva zahranicnych veci, od roku 1973 ako
zdstupca Stdleho predstavitela CSSR pri OSN v New Yorku
a od roku 1974 ako vediici sekcie pre technickii pomoc
v doprave v Sekretaridte OSN v New Yorku.

Prof. Ing. Jan Mikolaj, DrSc. is living to see a very impor-
tant jubilee - 70 years of a flourishing life.

Mr.Mikolaj was born on May 7, 1929 in Nizné Ruzbachy.
He graduated a grammar school in KeZmarok, finished uni-
versity studies on School of Economic Sciences in Bratislava
and started to work in 1952. After transferring the Technical
University of Transport from Prague to Zilina, he took up
a position of lecturer at this school in 1961. He obtained the
degree of Candidate of Economic Sciences on Economic
Institute of Slovak Academy of Sciences in 1966 for the work:
,Economic gain in public automobile transport enterprises ,,.
In 1969, he was habilitated in the sphere of management and
organisation of transport by work on the topic: ,Marketing in
automobile transport”. In 1983, he obtained the Doctorate of
Technical Sciences in the sphere of transport technics and
technology in the Technical University of Transport and
Communications. The topic of his doctorate work was:
. Econometric modelling of transportation requirements". The
same year, he was appointed as professor for overall and
industrial economics in the Technical University of Transport

and Communications in Zilina.

Prof. Mikolaj acted as vice-dean from 1969 to 1971 and
as dean of Faculty of Operation and Economics of Transport
and Communication of the Technical University of
Transport and Communications from 1980 to 1985. He
worked in diplomatic service from 1971 to 1979 as a deputy
of the Representative of CSSR to the United Nations in New
York and from 1974 as a Chief of department for technical
assistance in transport in the UN Secretariat in New York.

The pedagogic, scientific, investigation and social activi-
ties of Prof. Mikolaj are very extensive. He has been executing
a lot of functions at the university, in advisory authority of
CSSR Federal Ministry of Transport and Federal Ministry of
Post, Ministry of Transport, Post and Telecommunications of

Slovak Republic, on State Committee for Science, Research
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Velmi rozvinutd je jubilantova pedagogickd, vedecko-
vwskumnd, publikacna a spolocenska c¢innost. Zastdval viacero
funkcii na vysokej skole, v poradnych organoch Federdlneho
ministerstva dopravy i Ministerstve dopravy, post a telekomuni-
kdcii Slovenskej republiky, Stdtnej komisii pre vedecko-tech-
nicky a investicny rozvoj v Prahe, Ministerstva spravodlivosti
Slovenskej republiky, vykondval funkciu podpredsedu Komisie
CSAV pre dopravu a spoje. Bol clenom ¢s. delegdcie na valnych
zhromaZdeniach OSN a orgdnoch OSN. Zastupoval OSN na
viacerych medzindrodnych zasadnutiach. Aktivne sa ziicastrio-
val na medzindrodnych konferencidch, zastdval na nich pred-
sednicke i iné funkcie. Predniesol niekolko predndsok na
zahranicnych vysokych skoldch napr. v New Yorku, Oxforde,
Moskve, Rime, Kdhire a pod.

Pomerne rozsiahla je jubilantova vedeckovyskumnd a pub-
likacna cinnost. Je autorom vysokoskolskych ucebnych textov
v teorii riadenia, manaZmentu, logistiky, marketingu a. i., pub-
likoval viac ako Styridsat povodnych vedeckych prdc, z toho
desat' v zahranici, podielal sa vypracovani viacerych vyznam-
nych technologickych a ekonomickych dopravnych projektov
najmd v zahranici.

Uverejrioval doma i v zahranici, recenzoval viacero publi-
kdcii, ¢lankov, vedeckych prdc pre obhajoby kandiddtskych
a doktorskych hodnosti, posudzoval granty domdce i zahra-
nicné a iné projekty. Vyvkondval funkciu predsedu habilitac-
nych a inauguracnych komisii, bol predsedom komisie pre
obhajobu doktorskych prdc vo vednom odbore dopravnd tech-
nolégia a predsedom komisii pre obhajoby kandiddtskych
dizertacnych prdc v odbore technologia dopravy a prierezové
a odvetvové ekonomiky. Bol zodpovednym rie Sitelom vyskum-
nych iloh, skolitelom aspirantov a doktorandov, z ktorych
viaceri ziskali hodnost kandiddta vied.

Od roku1996 jubilant pésobi na Fakulte Specidlneho inZi-
nierstva Zilinskej univerzity, kde je garantom Studiiného
odboru Obcianska bezpecnost so zameranim na Specidlny
manazment. Aktivne sa podiela aj na priprave konferencii
o0 krizovom manazmente.

Jubilantovi Zelame vela osobnej pohody, pracovnych tispe-

chov a rodinného stastia.
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and Investment in Prague, on Ministry of Justice of Slovak
Republic. He has been working as a vice chairman of
Committee of Czechoslovak Academy of Sciences for transport
and telecommunications. He was a member of Czechoslovak
delegations on General assembly of the UN and a member of
several sessions and meetings within the UN. He has taken part
in international conferences, where he has been appointed as
chairman or with other functions. He has given a lectures at
foreign universities, for example in New York, Oxford, Moscow,

Roma, Cairo, etc.

The scientific, experimental and publishing activities of
Prof. Mikolaj are rather ample, too. He is an author of the aca-
demical textbooks about theories of management, logistic,
marketing, etc. He has written more than forty original aca-
demic works. Ten of them have been published in foreign
countries. He has shared to many important technological and

economic transportation projects, primarily abroad.

Prof- Mikolaj has published and reviewed several publi-
cations, articles and scientific works for advocasy of candidate
and doctoral degrees. He has adjudicated domestic and foreign
grants and projects. He has performed functions of chairman
of the habilitation and the inauguration commissions. He has
been a chairman of the commission for advocasy of doctoral
works in transport technology. He has been a chairman of the
commission for advocasy of candidate academic dissertation in
transport technology and economics. He has been an answe-
rable solver of the experimental tasks and an adviser of aspi-
rants and students of life-long learning, from whom many have

obtained degrees of candidate of sciences.

Prof. Mikolaj has worked at the Faculty of Special
Engineering, University of Zilina since 1996, where he is
a guarantee of the course of Special Management with regard
to crisis management. He is an active administrator of Crises

Management conferences.

We wish to Prof. Mikolaj a wholelife content, a lot of

working achievements and a family luck.

Prof. Ing. Pavel Poledridk, PhD.

KOMUNIKACIE / COMMUNICATIONS 2/99 o 83



[OVINIKOCIE

C O MMUNICATION:S

POKYNY PRE AUTOROV PRISPEVKOV DO CASOPISU
KOMUNIKACIE - vedecké listy Zilinskej univerzity

Redakcia prijima iba prispevky doteraz nepublikované alebo inde nezaslané na
uverejnenie.

Rukopis musi byt v jazyku slovenskom a anglickom. K ¢lanku doda autor resumé
v rozsahu 10 riadkov v slovenskom a anglickom jazyku.

Prispevok prosime poslat e-mailom na adresu vrablova@nic.utc.sk, alebo
holesa@nic.utc.sk, alebo dorucit na diskete 3,5” v programe Microsoft WORD,
spolu s 1 vytlacenym pare (podklad na postudenie redakénou radou), na Rektorat
ZU, Ing. Vrablova, odd. vedy a vyskumu, Moyzesova 20, 010 26 Zilina.

Skratky, ktoré nie su bezné, je nutné pri ich prvom pouziti rozpisat v plnom zneni.
Obrazky, grafy a schémy, pokial nie si spracované v Microsoft WORD, je
potrebné prilozif na diskete (ako .TIF, .CDR, .BMP, .WMF, .PCX, .JPG stibory),
pripadne nakreslit kontrastne na bielom papieri a predloZit v jednom exemplari.
Pri poziadavke na uverejnenie fotografie prilozit ako podklad kontrastnu fotogra-
fiu alebo diapozitiv. Pre obidve mutacie spracovat jeden obrazok s popisom v slo-
venskom a anglickom, resp. len v anglickom jazyku.

Odvolania na literaturu sa oznacuju v texte alebo v poznamkach pod ciarou pri-
sluSnym poradovym cislom v hranatej zatvorke. Zoznam pouZitej literatury je
uvedeny za prispevkom. Citovanie literatury musi byt podla zavaznej STN 01 0197
»Bibliografické citacie®.

Na prvej strane ¢lanku pod Ciarou prosime uviest: meno, priezvisko, tituly, adresu
in§titacie v ktorej autor pracuje, e-mail alebo Cislo telefonu.

Text prispevku posudi redakéna rada na svojom najblizSom zasadnuti a zaSle
rukopis na recenzovanie. O vysledku bude redakcia informovat autora ustne alebo
pisomne.

Termin na dodanie ¢lankov jednotlivych cisiel je 31. 3., 30. 6., 30. 9. a 15. 12.

COMMUNICATIONS - Scientific Letters of the University of Zilina
Writer’s Guidelines

Submissions for publication must be unpublished and not be a multiple submission.
Manuscripts written in English language must include abstract also written in
English. The abstract should not exceed 10 lines.

Submissions should be sent:

e by e-mail to one of the following addresses: vrablova@nic.utc.sk or
holesa@nic.utc.sk;

e on a 3.5” diskette in Microsoft WORD with a hard copy (to be assessed by the
editorial board) to the following address: Rektorat 7U, Ing. Vrablova, OVYV,
Moyzesova 20, 010 26 Zilina, Slovakia.

Abbreviations which are not common must be used in full when mentioned for the

first time.

Figures, graphs and diagrams, if not processed by Microsoft WORD, must be sent

on a diskette (as .TIF, .CDR, .JPG, .PCX, .VMF, .BMP files) or drawn in contrast

on white paper, one copy enclosed. Photographs for publication must be either
contrastive or on a slide.

References are to be marked either in the text or as footnotes numbered respectively.

Numbers must be in square brackets. The list of references should follow the paper.

The author’s exact mailing address, telephone number and contact information

must be enclosed.

Each submission will be assessed by the editorial board and sent to referees. A re-

sponse will be received in two months either in writing or orally.

The deadlines for submissions are as follows: March 31, June 30, September 30

and December 15.
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