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Jan Cerny *

JEDNOTNY POHI'AD NA OPTIMALIZACIU DOPRAVNE] PONUKY

UNIFIED VIEW OF OPTIMIZATION OF TRANSPORT SUPPLY

Cldnok uvddza tzv. problém optimdinej dopravnej ponuky, ktory mozno vseobecne formulovat ako optimdine pokryt poZiadavky. Tieto
mozu mat velmi odlisny charakter (napr. doddvanie tovaru, pokryvanie dopravnych poziadaviek atd.). Napriek velkej variabilite redlnych pro-
blémov optimdlnej ponuky vsetky tieto problémy majii niekolko spolocnych vlastnosti. Pre uvedeny problém formuluje spojity a diskrétny model,
poukazuje na ich spolocnii Struktiiru a ukazuje, ako riesit prislusné matematické problémy.

The paper presents so called transport supply optimization problem, which can be generally formulated as to find an optimum covering of
demand. The types of supply can be very different (as goods-supply, transport-supply etc). In spite of variability of real supply optimization problems
they have several common properties. For the presented problem it formulates continuous and discrete model, shows that both models have similar

structure and presents solutions of corresponding mathematical problems.

1. Introduction

The supply optimization problems in transport management
are very frequent. Somebody optimizes delivery of goods, another
deals with public transport and a third considers the street network
for cars. Once we speak about flows of demand elements, and at
another time we see batches of them. Somewhere they optimize
routes and stops (i.e. the space layout) and somewhere else, the
time tables. The individual optimization problems usually differ
very strongly one from to another. The main purpose of this paper
is to present a unified form or structure of such a problem. Of
course, it will not be universal, but there is a hope that it will cover
a significant part of the transport-supply optimization problems.

However, a unified structure of problems does not imply unified
methods of solution. The second purpose of this paper is to inspire
colleagues to try to create new methods from the unified structure
of the problem.

Transport supply is a response to the given transport demand.
The demand can be modelled continuously or discretely.

1.1. For the given period, e.g. the morning peak, a continuous
demand can be expressed by an O-D-matrix of flows F' = (f;) where
Jf; represents the flow from the zone (or its centroid) i to another
one j. Suppose a network G = (V, A, ¢, [) is given, where V is the
set of vertices, A is the set of (oriented) arcs, ¢(a) is the transition
capacity of the arc a and /(a) is the length of a. An assignment of
F to G (more precisely: to the set of all paths on the network G)
can be obtained by some of well-known procedures (if it exists, of
course). Then the continuous demand can be represented by a set
of paths P on G, each path p having a size f(p). To an O-D-pair
ij there corresponds a set of paths P; (containing one or more
elements), which covers the demand F in the sense that

* Prof. RNDr. Jan Cerny, DrSc.

fla)y=>" f(p) = c(a) =2 )
acp pEP[j

These formulae mean that

® no arc capacity is exceeded

® cach demand element belonging to the flow f; passes from i to

Jj through G using exactly one path p € P

We can look at the O-D-matrix F, the network G and the set
of paths P from two points of view:
a) Pisthe same demand as F, represented on the given network G
b) G is the supply reflecting the demand F, P represents the
“portion” of G assigned to F.

We meet the case b) observing flows of cars on roads: the
road network G is the supply corresponding to the demand F. In
the case of flows of urban transport passengers, we meet a): the
set P on the network G represents only another representation of
the same demand. The form of the corresponding supply will be
described in the sequel.

Remark. Till now we have mentioned two forms of demand
models: O-D-matrices or sets of paths on the networks (derived
from the previous one). In some cases we can proceed further by the
partition-aggregation approach: 1. to part each p = a,, ..., a, € P
into elementary paths p, on aj,..., p, on a,, each one with the
size f(p) and 2. to aggregate all elementary paths on the same arc.
Then we obtain a set P such that each 7 € P equals to some arc

a € A and the following formula holds: f(p) = z f(p). In the
pEDP

sequel, we shall briefly say that P is another form of the same

demand as F or P.
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1.2. While continuous demand model deals with streams (flows)
of transport elements (cars, passengers, etc), the discrete demand
deals with batches (a batch = a group of transport elements
moving together from the beginning of its trip to the end). A batch
is represented by a quintuple b = (0, d,, t,, a,, n,) Where o, is the
origin, d, the destination, #, the departure time from the origin, a,,
the arrival time to the destination and », the number of elements
of the batch b. A demand is determined by a set of batches B. Of
course, we suppose o,, d, € V'where Vis a given set of vertices of
a given network G.

Similar to 1.1, we can suppose a network G = (V, 4, ¢, [) to be
given, where Vis the set of vertices, A is the set of arcs, c(a) is the
transition capacity of the arc a and /(a) is the length of a. However,
G is not sufficient mathematical structure for the set B to be assign-
ed to. We have an important difference between the set of flows F
and the set of batches B. The flows are constant during the whole
time period we consider and thus each one is determined by its
origin, destination and size. On the contrary these data are not
sufficient to determine a batch. We need to add the departure and
arrival times, usually taken from the time set 7= {0, 1, ..., 1339},
which represents each minute during 24 hours. Then the suitable
structure for the assignment of B will be the time-space graph GT =
= (VX T,A") where (v, ty), (5, 1,)) EA"if (v}, v,) EAand t, —
—t, = l(v;, v,)/s, s is a speed of a batch if transported from v, to
v,. An assignment of B to GT can be obtained by some of well-
known procedures. A problem can occur in applying capacity con-
straints. For instance, it can be formulated as follows: For a = (v,
w) c(a) means the number of unit elements, transportable through
the vertex v to w during one hour (60 minutes). Thus if a batch
b containing n, elements is assigned to pass through v into a at the
time 7, the next batch is allowed to pass there no sooner than at
time ¢ + 60n,/c(a). After such an assignment a discrete demand
can be represented by a set of paths P on GT.

Similar to 1.1, we can look at the set B, the network G and the

set of paths P from two points of view:

a) Pisthe same demand as B, represented on the given network
GT

b) G is the supply reflecting the demand B, P represents the
“portion” of GT assigned to B.

Compared with 1.1 our experience shows that the alternative b)
is very rare in practice. Hence, if speaking about discrete demand,
we shall suppose it is given either by a set of batches B, or by a set
of paths P on the space-time graph GT.

Both cases 1.1a) and 1.2a) deal with the situation where the
demand can be characterized either by
(i) a set of demand elements F resp. B or
(i) a set of paths P on a graph G resp. GT.

In regard to concerns about supply, we have already present-
ed one form of its description in 1.1b) and 1.2b). The correspond-
ing optimization problem can be formulated in the following way:
To find “the cheapest” graph G which enables the assignment of
the given demand F(B). Of course, the words “to find” and “the
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cheapest” ought to be said more precisely but we shall not do it.
The problem is frequently studied in the traffic engineering bibli-
ography. We shall concentrate our attention to the optimization of
supply in the case a).

The application of the partition aggregation approach to the
discrete demand needs some modification. One has to consider
that the aggregation of two elementary paths on the same arc ((a,,
t,), (a,, 1,)) is quite natural but what about the situation when one
of them is on the arc ((a,, ), (a5, t,)) and the other one on ((a,,
t; + 1), (a5, t, + 1))? May we aggregate them? And what to do
when 2 or —1 is instead of 1? What border € to choose for such
an e-aggregation? And what to do if an elementary path can be
((ay, t,), (a,, 1,)) €-aggregated to the left and to the right as well?
In [3] one can see the complexity of such aggregation.

Both in 1.1 and 1.2 it is quite natural to adopt the following
approach: If the demand is specified by a set P resp. P of paths on
the graph G or GT respectively, the supply ought to be described by
the same way, i.e. as another set of paths Q resp. Q on the same
graph. How to formulate the optimization problem and how to
solve it? The answers are in the next parts.

2. Optimization problem in the continuous model

Suppose the demand is described like in 1.1. Let R be available
rolling stock, i.e. let each r € R represent a vehicle with the capa-
city ¢(r). Let Q(R) = {q(r): r € R} be a set of closed paths (=circles)
on the network G. Then we can say Q(R) a continuous supply gene-
rated by the rolling stock R on the network G. We shall suppose
the continuous supply to be realized in the following way:

We suppose a vehicle » € R moves periodically on the path
q(r) with the period #(q(r)) = the duration of the minimum ope-
ration cycle of the vehicle r on ¢(r) (in minutes), containing the
necessary running and manipulation times. Doing this, the vehicle
supplies the dynamic capacity (briefly d-capacity) c(¢(r)) = 60c(r)/
t(q(r)) on the path ¢(r), i.e. it can (fully) satisfy an assigned demand
not exceeding c¢(¢g(r)) on any arc belonging to ¢(r). Regarding to it
we can formulate the following problem:

2A) The FQ-Continuous supply optimization problem. Let F be
a demand, let @(R) be a class of all possible sets Q(R) on the net-
work G and let w;(Q) be an objective function on Q(R). The goal
is to find a supply Q(R) € Q(R) minimizing the value wz(Q(R)).

In the prevalent cases a “man-machine” approach is adopted
in the solution of this problem. The man chooses Q(R) and the
machine calculates the value w;(Q(R)). One can ask why such
a “primitive” approach is prevalent in solutions of the problems
mentioned above. Why another more sophisticated approach is
not used instead. The reason is in the fact that the “satisfaction
level” of F by Q (or G) is calculated by means of the assignment
and it is difficult to introduce it into some more sophisticated opti-
mization model. But a way exists to overcome this obstacle, espe-
cially in the cases 1.1a), 1.2a):
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I. Neglecting any constraint concerning limited rolling stock
or finances to find an “ideal” assignment of the demand F to the
set of all paths on the network G. To denote the set of paths assign-
ed to F by P. To consider P the new representation of the same
demand is F.

II. To find the “best approximation” of the set P in the class
O(R).

From this moment we shall concentrate on step II., because
step [ is “classic” and well-known. The “best approximation” will be
expressed by an objective function (a “distance” function).

2B) The PQ-continuous supply optimization problem. Let m(P, Q)
be a non-negative objective function on the pairs P, Q of demand
and supply, respectively. Then the problem can be formulated as
follows:

Given network G and demand P on it. Given a rolling stock R.
To find a supply Q@ = Q(R) € Q(R) minimizing the value m(P, Q).

We can see that no constraints are contained in this formula-
tion. The idea is that a violation of a constraint can be expressed
by an increase of the value of the objective function m.

Naturally, an alternative formulation can be reached using
constrains separately, not included in m. Let the constraints be
m,(P, Q), i =1, ..., n. Then the problem can be formulated as
follows:

Given a network G and a demand P on it. Given a rolling stock
R. To find a supply Q@ = Q(R) € Q(R) fulfilling the constraints
m,(P, Q), i =1, ..., n and minimizing the value m(P, Q).

2C) The PQ-continuous supply optimization problem. This
problem can be formulated equally as in 2B. We only take into
account that the “input” set P contains one-arc-path only.

Example. In practice, we can meet a continuous supply opti-
mization problem, e.g. in urban bus transport. Bus routes corres-
pond to paths on the urban street network. Usually, more than one
vehicle operates on the same line, i.e. for the route i there exists a set
of buses R, C R assigned to the route / and consequently g(r) = i
for each r € R;. Then we can define the d-capacity of the route i as

@)= > c(g(r).

reR;

The “classic” constraint is that each passenger must have a po-
ssibility to be transported, i.e. for each f; > 0 there must exist
a path p = a, ..., a, such that each arc a, belongs to some g(r).
Of course, we have to remember that the given rolling stock R (i.e.
the limited number of available buses) has another constraint as
well.

The “classic” objective function is
® cither the average travel speed of a passenger (to be maximized)
® or the maximum overloading of the bus (to be minimized).

The disadvantage of average travel speed consists of the fact
that the solution of the problem has to determine the number of
buses x,, assigned to the route . The constraint on the number of
buses contains it in the linear form (“in the numerator”), but the
speed of the (buses changing) passengers is derived from their
travel times on individual routes and the expression of the travel
time contains x, in the denominator. Hence one cannot avoid the
use of non linear programming. On the other hand the maximum
overloading can be expressed by the minimum ratio of supply and
demand on the individual arcs and there x, is in the numerator
and one can use linear programming which is much more simple
then the non linear one.

3. Optimization problem in the discrete model

Suppose the demand is described like in 1.2. We shall proceed
similarly as in 2. Let R be a rolling stock, i.e. let each r € R
represent a vehicle with the capacity c(r). Let Q(R) = {q(r): r € R}
be a set of paths (now we don’t require that they are closed) on the
time-space graph GT and let @Q(R) be the set of all possible sets
QO(R). Then we can call Q(R) a discrete supply generated by the
rolling stock R on the network G. In contrast to the continuous
one, the discrete supply consists of the paths g(r) passed by
a vehicle only once, without any repetition. Hence the concept of
d-capacity is not necessary to be introduced. The capacity of ¢(r)
equals to the one of r in this case and it must be considered in the
assignment of the demand batches b to the supply vehicle trips

q(r).

The objective functions wgand m can be introduced similarly as
in 2 and the discrete supply optimization problems 3A, 3B and 3C
can be formulated similarly as the continuous ones in 2 as well. Of
course, GT is put instead of G:

Example. In practice, we can meet this problem e.g. in region-
al (rural) bus transport. Bus journeys correspond to paths on the
time-space graph, generated by a road network. A path determin-
ed by a concatenation of paths corresponding to individual jour-
neys and paths corresponding to idle movements represents a bus
daily duty.

4. Solutions of the optimization problems

Both continuous and discrete supply-optimization problems
have similar mathematical structure: Let G be a digraph, let F(B),
Por P be a demand on it. Let Q be a class of admissible sets of
paths on G(GT) and let wy(wg) or m(P, Q) be a “distance” function.
The problem is to find such Q € Q that wz(Q)(,5.)) or m(P, Q)
is minimum.

Since the set P(P) is given, we can denote mp(Q) = m(P, Q),
more simply m(Q) = m(P, Q). (or the same for P).

The spectrum of different models and methods solving parti-
cular types of problems is very rich and it is impossible to mention
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them all. We have chosen some considering they can properly
complete the content of the paper.

4.1. Local optimization. In fact, it is a modification of a man-ma-
chine evaluation of possible solutions. The difference is the replace-
ment of a man by a machine. The computer starts with an initial
solution, evaluates it and then looks for a better solution among
the “neighbouring” solutions. Several metaheuristics are available for
this process: tabu search, simulated annealing, genetic algorithms.

Example 1. Multiple Travelling Salesman Problem. This problem
can be met in practice very often. We can mention bread or news-
papers delivery, litter or fresh fruit collection, etc. If the problem
has a low size, linear programming can solve it. If it is more exten-
sive it needs to be solved by a heuristic method. Even the classic
Clarke & Wright one is of the local-optimization type. It starts
with the set of direct to-and-from paths and afterwards it looks for
the best improvement of the topical solution by combining a pair
of paths into a new one.

Example 2. Bus daily duties optimization. This problem is usually
solved by other types of methods (see e. g. [1], [5]). But some-
times, the final result is not fully satisfactory, e.g. because of the
fact that some constraints have not been introduced into the basic
formulation because of the inability of used methods to take it into
account. Then a local optimization can be adopted. It consists of
the crossing of two duties. We can illustrate it graphically:

Simple crossing duty No.1  j,;  Jjp»

dutyNo.2  Jjo  Jo .

In the starting solution the duty No. 1 consists of the journeys
Ju the duty No. 1 consists of the journeys j;; — the duty No. 1
consists of the journeys jj;, ji», /13, /14- the duty No. 2 consists of
the journeys j,;, j»2, j23 j24- After the simple crossing the new duty
No. 1. consists of the journeys j,, j;2, /3. /o4 and the new duty No.
2. consists of the journeys jy, j22, j13» J14-

Double crossing duty No. 1 j,;  Jjp Jis  Ju
duty No.2 Joi % /2 PATAWN

After the double crossing the new duty No. 1. consists of the
journeys ji, joa, jo3, j14 and the new duty No. 2. consists of the
Jjourneys jay, j12, 13 Joa-

4.2. Cutting & Crossing. This method is due to S. Paluch. He
has informed me privately, no paper on it is known. The idea is
the following:

Literatura - References

Cutting & crossing duty No. 1 A Jin Jiz Ju
duty No. 2 Joz o
duty No. 3 J3z  J3a
ayNod jullide  dn Ju

the cut

The cut divided all (divisible in that time) duties into the first
and the second parts (heads and tails). They form a bipartite
graph. Then the cheapest matching problem is solved, and the
heads are connected with the tails determined by the matching. In
our example the new tail for the duty No. 1 is the fourth one, etc.

This method is applicable mainly in the case of the separabi-
lity of objective functions. The function m(Q) is said separable if

m(Q) = Z m(q) where g denotes an individual duty. It is true e. g.
9€Q

if the value m(q) expresses a combination of penalties for idle

movements, minimum necessary size of vehicle, lack of driver’s

rest, etc.

4.3. Choice from the wider set Q. Suppose again a man-machine
cooperation. A man creates a set, which contains many times
more paths than is expected to be in the solution set Q. A com-
puter chooses the paths q from Q, by a binary variable using linear
or non-linear programming minimizing the value of the objective
function. Then Q = {¢€0,: x, = 1}.

Example. Optimal bus routing and frequencing. This approach
is due to Erlander and Schéele [4]. They used travel speed as the
objective function; therefore, they had to use non-linear programm-
ing. On the other hand, in [2] minimum supply-demand ratio
objective function was adopted which enables use of linear pro-
gramming.

4.4. Hopes for the future. The author hopes that new methods
(heuristic and maybe even exact) could arise after a development
of the theory of minimization of functions on the classes Q of the
sets Q of paths on the networks.

The work was partially supported by the grant of Czech Grant
Agency No. 103/00/0443 and the grant of Czech Ministry of
Education, Youth and Sport No. VS96063
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DOPRAVNA DOSTUPNOST OBCi

TRANSPORT ACCESSIBILITY OF VILLAGES

V prispevku popisujeme model pre posudzovanie kvality hromadnej
osobnej dopravy v iizemnospravnom celku z hladiska ¢asovej dostup-
nosti obci. Za modelované vizemie sme zvolili Zilinsky kraj. Brali sme
do tivahy kombinovanii cestnii a Zeleznicnii dopravu. Dostupnost sme
posudzovali v zavislosti od troch kategorii cestujiicich: nepravidelne
cestujiici, pracujiici a Studenti. Vysledky boli vyhodnotené pomocou
geografického informacného systéemu.

1. Uvod

V prispevku popisujeme model pre posudzovanie kvality hro-
madnej osobnej dopravy v uzemnospravnom celku z hladiska
casovej dostupnosti obci. Za modelované uzemie sme zvolili Zilin-
sky kraj. Prispevok je zamerany na hromadnu osobnu dopravu,
ktora ma napriek rastu individualnej dopravy stale véacSinovy
podiel na osobnej doprave a je v zaujme ochrany zivotného pros-
tredia, aby sa tento pomer zachoval.

Kvalitu hromadnej osobnej dopravy mozno posudzovat podla
roznych kritérii, ako su rychlost, bezpecnost, spolahlivost, cena,
vzdialenost ku miestu poskytnutia sluzby (na najbliz§iu autobu-
sovu alebo Zelezni¢nu zastavku), informovanost, moznost volby
medzi autobusovou a Zeleznicnou dopravou [2, 4]. V prispevku
posudzujeme kvalitu hromadnej osobnej dopravy z hladiska rych-
losti. Toto kritérium mozno vyjadrit vo forme Casovej dostupnosti
obci [1]. Casovd dostupnost obce je Easové vyjadrenie odporu, ktory
musia obyvatelia obce prekonat pri cestovani do centier ich akti-
vity. Centrami aktivity su mesta, do ktorych Iudia dochadzaju za
pracou a do $kol, ako aj administrativne centra (krajské mesto
a okresné mesta), ktoré su sidlami dolezitych institucii (uradov,
sudov, policie) a zdravotnickych zariadeni.

2. Metoda riesenia
2.1 Taiisko centra a tazisko obce

Zistit casovii dostupnost obce znamena vyhladat v cestovnom
poriadku autobusovej a Zelezni¢nej dopravy najrychlejSie spojenie,
ktoré umoznuje v danom casovom intervale dopravu do centra
dochadzky. PretozZe v kazdom centre a vo vacsine obci je viacero
autobusovych a neraz aj zZelezniCnych zastavok, musime najprv

* Ing. Cudmila Janosikova, CSc., Ing. Alexander Kubani

This paper deals with a method for quality analysis of mass trans-
port in a region. Time accessibility of villages was chosen as a quality
criterion. The region of Zilina was examined. The combination of bus
and train transport was taken into account. Accessibility was examined
in dependence on three categories of passengers: irregular passengers,
working people and students. The results were analysed using a geo-
graphic information system.

1. Introduction

This paper deals with a model for evaluation of mass trans-
port services quality in a region. The region of Zilina is examin-
ed. The paper is concerned with mass transport, which still plays
the main role in personal transport in spite of individual transport
growing, and it is on behalf of environment to preserve this pro-
portion.

Quality of mass transport can be regarded from various points
of view such as speed, safety, reliability, cost, distance to the place
of service (to the nearest bus or railway station), information avail-
ability and possibility of choice between bus and railway transport
[2, 4]. In this paper we evaluate quality of mass transport in terms
of speed. This criterion can be expressed in the form of time
accessibility of villages [1]. Time accessibility of a village is the
resistance (measured in time units) to move between a village and
an activity centre. Activity centres are cities where people travel
for work and to schools as well as administration centres, i.e.
centres of regions and districts where important institutions (like
police, offices, courts and hospitals) reside.

2. The solution method
2.1 Reference points of centres and villages

To compute time accessibility of a village, the shortest connect-
ion between the village and the centre in a particular time period
has to be found out in a bus or railway timetable. Since there are
several bus stops and maybe several railway stations in a centre
and in most villages, we have to determine which bus stop and
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urcit, ktora autobusova a Zelezni¢na zastavka bude povazovana za
tazisko centra a obce.

Taziska centier sa uréia na zaciatku a zostavaju nezmenené vo
vSetkych vypoCtoch. Pri hladani spojenia z obce do centra je
tazisko centra cielovou zastavkou, pri hladani spiato¢ného spoje-
nia z centra je tazisko centra vychodiskovou zastavkou. Taziskom
centra pre zeleznicnt dopravu je hlavna Zeleznicna stanica v meste
(ak existuje). V autobusovej doprave je situacia zlozitejsia, lebo
autobusovych zastavok je v meste viac a musime z nich vybrat tu,
ktora je najviac vyuzivana, resp. je v strede mesta. Pretoze nemame
udaje o tom, kol'ko cestujucich denne vyuziva jednotlivé zastavky,
ur¢ime fazisko centra podla nasledujuceho pravidla: za taZisko
povazujeme zastavku, v nazve ktorej sa vyskytuje ,autobusova
stanica“, alebo zastavku, v nazve ktorej sa vyskytuje ,Zelezni¢na
stanica“ a podla mapy je zZelezniCna stanica v centre mesta, alebo
je taziskom zastavka, ktora sa podla nazvu nachadza pri vyznam-
nom objekte centra, napr. obecny urad.

Tazisko obce sa uréi az po vyhladani spojeni zo vsetkych
zastavok obce. Hoci sa prispevok zaobera len ¢asovou dostupnos-
tou, vznikol ako sucast SirSej analyzy, pri ktorej sa posudzovala aj
cena dopravy. Preto sa pri vybere taziska obce berie do uvahy
Casova aj cenova dostupnost. Najprv sa vypocita aritmeticky
priemer ¢asov najrychlejSich spojeni z kazdej zastavky obce do
taziska centra. Vypocita sa tiez aritmeticky priemer cien tychto
spojeni. Za tazisko sa potom povazuje zastavka Z, ktora je z hla-
diska casu a ceny najblizSie k tymto priemerom, t. j. zastavka
s najmensou hodnotou vyrazu:

\/(priemerny_c'as - éas(Z))2 + (priemernd_cena — cena(Z))2

2.2 Vyhladanie spojenia v kombinovanej doprave

Dostupnost sme vySetrovali zvlast pre autobusovi dopravu,
zvlast pre Zelezni¢nu dopravu a potom aj s pouzitim kombinova-
ného spojenia. Spojenia sme vyhladavali v elektronickych cestovnych
poriadkoch pomocou kniZnice funkcii zakipenej od spolo¢nosti
INPROP Zilina. BohuzZial, tato kniZnica zatial neumoziuje vyhla-
davat kombinované spojenia, preto sme museli sami navrhnut
postup, ako tieto spojenia vyhladavat.

Najprv treba urcit dvojice zastavok autobusova - Zeleznicna,
medzi ktorymi je mozny prestup. To znamena, Ze v zozname auto-
busovych zastavok musime urCit zastavky, ktoré si v blizkosti
Zelezninej stanice. Vychadzame opét z nazvu autobusovej zastavky.
Ak sa v nazve vyskytuje vyraz ,Zeleznicna stanica“ alebo ,Zelez-
ni¢na zastavka®, vytvorime prepojenie medzi touto autobusovou
zastavkou a prislusnou Zelezni¢nou zastavkou v obci. Ak sa nepo-
dari prestupnu autobusovu zastavku identifikovat podla nazvu
a napriek tomu vieme, zZe v obci je ZelezniCna stanica, moZeme eSte
overit, ¢i v autobusovom cestovnom poriadku nie je pri niektorej
zastavke vyznaceny prestup na Zelezni¢nu dopravu. V krajnom
pripade sa spolahneme na vlastnu skusenost alebo odhad.

Vyhladanie kombinovaného spojenia cez vSetky mozné pre-
stupné zastavky by trvalo neumerne dlho, preto si dopredu stano-
vime pre kazdu autobusovu aj Zelezni¢nu zastavku tzv. kandidatov

railway station will be regarded as a reference point of the centre
and the village, respectively.

Reference points are determined at the beginning and kept
unchanged during the accessibility computations. A centre's refe-
rence point is the destination of connections from villages, and
the origin of connections from the centre to villages. The centre's
reference point for railway transport is the central railway station
in the city (if there is one). The situation in bus transport is more
complicated, since there are several bus stops in the city, and we
have to choose the one that is most frequently used or that is in
the city centre. Since information regarding the number of pas-
sengers using a particular stop is not available, a reference point
of the centre is defined according to the following rules. The refe-
rence point is a stop, which name contains “bus station”, or a stop
which name contains “railway station” and the railway station is
situated in the city centre, or a stop near an important institution,
e.g. a municipal corporation.

A village reference point is determined after connections from
all stops of the village have been found. Although the paper deals
with time accessibility only, it originates in a broader analysis
regarding transport cost as well. Therefore, time and cost is taken
into account when the reference point of the village is chosen.
First, an average of the shortest connection times from all stops
in the village to the centre is computed. An average cost of these
connections is computed as well. The reference point is then bus
stop Z, which is the closest one to these averages. It is the stop
with the minimal value of the following term:

\/(average_time - time(Z))2 + (average_cost — cost(Z))2

2.2 A procedure for finding out a combined connection

Accessibility was examined for bus and railway transport,
separately, and then as combined transport. Connections were
found in the electronic timetables using the library purchased
from the company INPROP Zilina. Unfortunately, this library
does not assist in finding a combined connection. Therefore, we
had to propose our own procedure.

First, the couplings of bus stop and railway station have to be
defined allowing the change of transport. This means we have to
determine a bus stop near railway station. We came up with the
name of the bus stop. If the name contains the term “railway
station” or “railway stop,” we make an interconnection between
this bus stop and the corresponding railway station. Even if we
cannot identify junction this way, we still know that there is
a railway station in the village, and we can check if a bus timetable
indicates the possibility of change. In an extreme case we rely on
our experience or estimate.

Finding out a combined connection through all junctions
would take too long. Therefore, candidates for a combined con-
nection are computed for every bus stop and railway station. The
candidate is a sequence of junctions. The lower bound of combi-
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na kombinované spojenie. Kandidatom budeme rozumiet postup-
nost prestupnych zastavok, pre ktoré plati, Zze dolny odhad doby
spojenia cez tieto zastavky je lepsi neZz doba spojenia len tym
druhom dopravy, ku ktorému patri pociato¢na zastavka. Dolny
odhad ur¢ime ako sucet ¢asov najrychlejsich spojeni z pociatocnej
zastavky do prvej prestupnej zastavky, medzi prestupnymi zastav-
kami navzajom a z poslednej prestupnej zastavky do cielovej
zastavky plus Cas potrebny na prestupy. Neberieme pritom do
uvahy ¢asovi nadvaznost spojov. Dobu potrebnu na prestup sme
stanovili jednotne pre vSetky dvojice prestupnych zastavok na 10
minut. Pri hladani realneho spojenia v danom ¢asovom intervale
potom testujeme len zapamatanych kandidatov.

2.3 Kategorie cestujucich

Podla ucelu cesty mozeme cestujucich rozdelit do troch kategorii:

1. nepravidelne cestujuci - cestujui za ucelom vybavenia uradnych
zalezitosti alebo navstevy zdravotnickeho zariadenia;

2. pracujuci - dochadzaju denne do prace;

3. studenti, ktori denne dochadzaju do strednych a vysokych skol.

Kazda kategoria cestujicich pozaduje poskytnutie prepravne;j
sluzby v inom ¢asovom intervale. Urime ho na zaklade analyzy
zacCiatkov a koncov pracovnej doby, vyucovania, uradnych hodin
a ordinacnych hodin v zdravotnickych zariadeniach.

U nepravidelne cestujucich sme za centra dochadzky povazo-
vali krajské mesto a okresné mesto, t. j. administrativne centra,
v ktorych sidlia urady, sudy, policia, nemocnice. Dostupnost sme
vysetrovali v ¢ase 7.00 - 9.00 h pre prichod do centra a 12.00 -
14.00 h pre odchod z centra.

Pri stanoveni centier dochadzky pre pracujucich a Studentov
sme vychadzali zo Statistickych udajov z roku 1998 o pocte docha-
dzajucich obyvatelov do jednotlivych miest. U pracujicich sme za
centra dochadzky povazovali:
® mestd v okrese, v ktorom sa obec nachadza, z ktorych pocet

dochadzajucich ekonomicky aktivnych obyvatelov je aspon 1000,
® mesta v susednych okresoch, kde pocet dochadzajicich pracu-
jucich prekracuje 2000.

Pre prichod do centra dochadzky sme uvazovali ¢asovy inter-
val 5.00 - 7.00 h, pre odchod 14.00 - 16.00 h.

U studentov sme za centra dochadzky povazovali

® mesta v okrese, kde pocet dochadzajucich Studentov dosahuje
aspon 500,

® mesta v susednych okresoch, do ktorych dochadza aspon 1000
Studentov.

Pre prichod do centra dochadzky sme uvazovali Casovy inter-
val 7.00 - 8.00 h, pre odchod 12.00 - 14.00 h.

Tab. 1 udava prehlad centier dochadzky pre pracujucich a $tu-
dentov podla jednotlivych okresov.

KOMNIKCCle

C O M M UNICATI ON:S

ned connection time through these junctions is better than con-
nection time using only one kind of transport.The lower bound
equates the sum of the shortest connection times from the station
of origin to the first junction, times between junctions and from
the last junction to the destination station plus delays for chan-
ging. Time consecution of connections is not taken into account.
Delay for changing was set as 10 minutes for each junction. To
find out a real connection in a particular time period, just the
stored candidates are tested.

2.3 Categories of passengers

According to the purpose of their journey, passengers can be

divided into three categories:

1. irregular passengers - they journey to arrange their office busi-
ness or to attend health centre;

2. working people - they journey daily for work;

3. students - they journey daily to secondary schools and uni-
versities.

Each category of passengers requires transport service in
a different time period. Important time periods can be derived
from the beginning end the end of working hours, office hours
and lessons at schools.

Regional capital and district towns where offices, courts, police
and hospitals reside are considered as centres for irregular pas-
sengers. Time periods 7.00 - 9.00 for arrival to a centre and 12.00
- 14.00 for departure were taken into account, respectively.

The centres for working people and students were determined
according to statistical data from 1998 using numbers of incom-
ing people to particular cities. For working people these cities were
considered as centres:

® cities in the district where a particular village lies and the
number of incoming working people is at least 1000,

® cities in the neighbouring districts where the number of incom-
ing working people is at least 2000.

Time periods 5.00 - 7.00 for arrival to a centre and 14.00 -
16.00 for departure were taken into account, respectively.

For students these cities were considered as centres:

® cities in the district where the number of incoming students is
at least 500,

® cities in the neighbouring districts where the number of incom-
ing students is at least 1000.

Time periods 7.00 - 8.00 for arrival to a centre and 12.00 -
14.00 for departure were taken into account, respectively.

Tab. 1 lists the centres for working people and students sorted
by districts.

KOMUNIKACIE / COMMUNICATIONS 4/2000 e 11



KOMNIKCCle

C O M M UNICATI ON:S

Centra dochadzky pre pracujucich a Studentov
Centres for working people and students

Tab.1

District Centres for
working people students
Bytca (BY) Bytéa, Zilina Zilina
Cadca (CA) Cadca, Krasno nad Kysucou, Kysucké Nové Mesto, Cadca, Kysucké Nové Mesto, Zilina
Turzovka, Zilina
Dolny Kubin (DK) Dolny Kubin, Istebné, Ruzomberok Dolny Kubin, Istebné, Ruzomberok
Kysucké Nové Mesto (KM) Kysucké Nové Mesto, Cadca, Zilina Kysucké Nové Mesto, Cadca, Zilina
Liptovsky Mikulas (LM) Liptovsky Mikulas, Liptovsky Hradok, Ruzomberok Liptovsky Mikulas, Liptovsky Hradok, Ruzomberok
Martin (MA) Martin, Vrutky, Ruzomberok, Zilina Martin, Vrutky, Ruzomberok, Zilina
Namestovo (NA) Namestovo, Nizna, Trstena Namestovo
Ruzomberok (RU) Ruzomberok, Liptovsky Mikulas, Dolny Kubin, Ruzomberok, Liptovsky Mikulas, Dolny Kubin,
Martin Martin
Turcianske Teplice (TT) Turcianske Teplice, Martin, Vrutky Tur¢ianske Teplice, Martin
Tvrdosin (TS) Tvrdosin, Trstena, NiZzna, Namestovo Tvrdosin, Nizna, Namestovo, Dolny Kubin
Zilina (ZA) Zilina, Martin, Vrutky Zilina, Martin

2.4 Dostupnost pre viac centier dochadzky

Komplexny obraz o kvalite dopravy pre danu obec a danu kate-
goriu cestujucich poskytuje dostupnost vypocitana podla vztahu

S er
=1 '

Ai = n
> CF,
j=1
kde: 4, -je dostupnost obce i, i=1,2,...,m
I; -jeodpor, t. ]. Cas spojenia z obce i do centraj,j = 1, 2,

CF; - je komplexny faktor atraktivity centra j.

Dostupnost je teda vaZenym aritmetickym priemerom casov
spojenia, pricom vyznam jednotlivych ¢asov je urceny vahou - atrak-
tivitou centra [3]. Atraktivita centier je ina pre kazdu kategoriu
cestujucich. U nepravidelne cestujicich st obidve centra (krajské
aj okresné mesto) rovnako atraktivne, preto CF; = 1 pre vietky
j=1,2, ..., n. U pracujucich je atraktivita centra dana poctom
dochadzajuceho ekonomicky aktivneho obyvatelstva a u Studen-
tov poctom dochadzajucich Studentov.

3. Vyhodnotenie kvality

V ramci rozsiahlej analyzy sme skumali kazdy druh dopravy
zvlast, ako aj kombinované spojenia. V tomto prispevku zhrnieme
vysledky pre kombinovanu dopravu.

Vypocitané hodnoty dostupnosti sme graficky znazornili
pomocou geografického informac¢ného systému IDRISI (pozri obr.
1 az 3). Podla vypocitanych Casov mozeme obce rozdelit do
Styroch kategorii:
® obce s dostupnostou do 40 minut - uroven obsluhy dobra

2.4 Accessibility for more activity centres

A complex image of quality of transport for a particular village
is given by the accessibility formulation

NWAYE

e
j=1

where: 4; -is accessibility of village i, i = 1, 2, ..., m
I; -is resistance, i.e. time of connection from village i to
centre j,j = 1,2, ...,n
CF;- is a complex factor of attraction of centre ;.

4 =

i

Accessibility is then a weighted arithmetic average of connect-
ion times taken as a weight factor attraction of centres [3]. Attract-
ion of a centre is different for every category of passengers. For
irregular passengers both centres (regional capital and district
town) have the same attraction, hence CF, = 1 for every j = 1, 2,
..., n. For working people and students, attraction of a centre is
given by the number of incoming working people and students,
respectively.

3. Quality evaluation

In the framework of a broad analysis we investigated every
kind of transport separately as well as combined transport. In this
paper we present the results for combined transport.

The values of accessibility are graphed in Fig. 1 to 3 using
geographic information system IDRISI. According to computed
accessibility, villages can be divided into four categories:
® villages with accessibility up to 40 minutes - good service level
® villages with accessibility up to 60 minutes - satisfactory service

level
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® obce s dostupnostou do 60 minut - uroven obsluhy uspokojiva
® obce s dostupnostou do 100 mint - uroven obsluhy neuspokojiva
® obce s dostupnostou nad 100 minut - Groven obsluhy zla.

Vo vyslednych mapovych zostavach su tieto kategorie znazor-
nené odtienmi sivej farby, od bielej po tmavosivi.

Na obr. 1 je znazornena vysledna dostupnost obci pre nepra-
videlne cestujucich pre prichod do centra v casovom intervale
7.00 - 9.00 h. Ziskané vysledky poukazuju na dobru uroven spojenia
v okresoch BY, KM, ZA a MA. Na prijatel'nej urovni sa pohybuje
aj vacsina obci v okresoch CA, RU, TT a DK. Neuspokojivé udaje
sa objavuju v okrese LM. V okresoch TS a NA je uroven dostup-
nosti vyrazne neuspokojiva. Charakteristiky dopravy pre odchod
z centra v ¢ase 12.00 - 14.00 h su o nieco horSie ako pre prichod.
V kazdom okrese, okrem BY, KM a RU, sa niekol'ko obci presu-
nulo do horsej kategorie.
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® villages with accessibility up to 100 minutes - unsatisfactory
service level
® villages with accessibility above 100 minutes - bad service level

In the resulting maps these categories are graphed by shades
of grey from white to dark.

Accessibility of villages for irregular passengers arriving to
a centre in the time period 7.00 - 9.00 is presented in Fig. 1. The
results indicate a good level of connections in districts BY, KM,
ZA and MA. Satisfactory level is in districts CA, RU, TT and DK.
Villages on the unsatisfactory level are detected in district LM. In
districts TS and NA, accessibility is on a bad level. Transport
performance for departure from a centre in the time period 12.00
- 14.00 is a bit worse than for arrival. In every district except BY,
KM and RU, some villages moved to a worse category.

Obr. 1. Nepravidelne cestujiici, prichod 7.00 - 9.00 h
Fig. 1 Irregular passengers, arrival at 7.00 - 9.00

V tejto kategorii cestujucich sa na nevyhovujicej dostupnosti
obci Oravy a horného Liptova podpisala ich vel'ka vzdialenost do
krajského mesta. Skiimali sme preto, i sa problémy vyriesia novym

One of the reasons for unsatisfactory accessibility of villages
in the area of Orava and Liptov is their large distance to the region-
al capital. Therefore, we investigated whether the proposed terri-
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uzemnospravnym Clenenim Slovenska, podla ktorého by okresy
NA, TS, DK, MA, TT, RU a LM patrili do kraja s centrom
v Ruzomberku. Aj ked sme si vedomi toho, ze nové uzemno-
spravne Clenenie prinesie zmenu cestovnych poriadkov, vysledky,
ktoré sme ziskali za sucasného stavu, mnohé naznacuju. Predovset-
kym sme zistili, Ze vytvorenie nového kraja s centrom v Ruzomber-
ku by zlepsilo dostupnost obci v okresoch DK, RU a LM. V okre-
soch NA, TS a TT by sa vSak situacia vyrazne nezlepsila. Spojenie
Oravy s Ruzomberkom sa da zlepsit v autobusovej doprave, kde je
k dispozicii kvalitna cesta E77 spajajica okresy DK a TS priamo
s Ruzomberkom. Zelezni¢na doprava v tejto oblasti nema vel'ké
moznosti zlepSenia, vyuzit by sa dali rezervy v nadviznosti vlakov
v Kralovanoch.

Na obr. 2 je znazornena vysledna dostupnost obci pre pracu-
jucich pre prichod do centra v ¢asovom intervale 5.00 - 7.00 h.
Vysledky ukazali horSiu dostupnost obci v zapadnej Casti okresu
CA a v juznej Casti okresov MA, TT a RU. Dostupnost pre Cas
odchodu z centra medzi 14.00 a 16.00 h ma podobny charakter,
ale neuspokojiva je aj v juznej Casti okresu ZA.

tory and administrative structure of the Slovak Republic can help
to solve the problem. According to the new structure, districts NA,
TS, DK, MA, RU and LM are supposed to be a part of the region
with the capital Ruzomberok. Although we are aware that the new
regional structure will cause changes in timetables, our present
results are interesting. We found out that the new region with the
centre in Ruzomberok improves accessibility of villages in districts
DK, RU and LM. However, the situations in districts NA, TS and
TT are not much better. The connection between Orava and
Ruzomberok can be improved in bus transport where a good road
(E77) connecting districts DK and TS with Ruzomberok is avail-
able. Railway transport in this region does not have much possi-
bility for improvement. Reserves in time consecution of trains in
Kralovany could be exploited.

Accessibility of villages for working people arriving to a centre
in the time period 5.00 - 7.00 is presented in Fig. 2. The results
indicate worse accessibility of villages in the west part of district
CA and in the south part of districts MA, TT and RU. Transport
performance for departure from a centre in the time period 14.00
- 16.00 is similar, but unsatisfactory accessibility is also in the
south part of district ZA.

Obr. 2. Pracujiici, prichod 5.00 - 7.00 h.
Fig. 2. Working people, arrival at 5.00 - 7.00
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Na obr. 3 je znazornena vysledna dostupnost obci pre Stu-
dentov pre prichod do centra v ¢asovom intervale 7.00 - 8.00 h.
Vysledky su podobné vysledkom, ktoré boli ziskané pre skupinu
pracujucich. Dobra kvalita dopravy sa potvrdila v okresoch BY,
KM, DK, NA a LM, mierne nedostatky sa prejavili na hraniciach
kraja v okresoch ZA, TS, MA, TT a RU. Najhorsie obslizenym
okresom je okres CA.
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Accessibility of villages for students arriving to a centre in the
time period 7.00 - 8.00 is presented in Fig. 3. The results are similar
to those calculated for the group of working people. Transport ser-
vices are of good quality in districts BY, KM, DK, NA and LM.
Moderately insufficient quality is indicated along the borders of
the region in districts ZA, TS, MA and RU. The worst accessibi-
lity is in district CA.

Obr. 3. Studenti, prichod 7.00 - 8.00 h
Fig. 3. Students, arrival at 7.00 - 8.00
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EKONOMICKY EFEKTIVNE RIADENIE ZASOB

V PODMIENKACH RIZIKA

COST-EFFECTIVE INVENTORY CONTROL UNDER RISK

Zdasobovacie systéemy zohrdvajii vyznamnui ulohu v organizdcidch
vyroby a sluZieb pri podporovani plynulosti vyroby alebo obsluhy. Vyvoj
v Case a prostredie rizika obvykle charakterizujii c¢innost' takychto
systémov. NdleZité riadiace pravidla su potrebné pre rozhodovanie
o doplnujuicich objedndvkach. Ak stochastickd dynamika vyvoja sys-
tému vykazuje markovovsku vlastnost, potom na odhalenie ekono-
micky efektivnej stratégie riadenia zdsob mozno pouzit Markovove
rozhodovacie modely. V ¢lanku je predstaveny jednopolozkovy zdso-
bovaci systém s periodickou kontrolou v iidrzbdrskom stredisku vyrob-
nej alebo dopravnej organizdcie, v ktorom dopytové pozZiadavky na
nahradné komponenty tvoria Poissonov vstupny tok. Pre sekvencné
rozhodovanie o velkostiach objedndvok pocas nekonecného planova-
cieho horizontu je popisany prislusny Markovov rozhodovaci model
s diskrétnym casom a konecnym stavovym a riadiacim priestorom.
Strednd hodnota priemernych ndkladov za jednotku casu (pri dlho-
dobom fungovani systému) je kritériom optimality, ktoré md mini-
malizovat optimdlna stratégia riadenia zdsob.

Kliicové slova: Markovove rozhodovacie procesy, riadenie zdsob,
zdsobovacie systémy s periodickou kontrolou

1. Riadenie zasob

V mnohych vyrobnych alebo dopravnych organizaciach vznika
problém urcenia vhodnej stratégie zasobovania nahradnymi kom-
ponentmi, aby bola zabezpeCena prevadzkyschopnost vyroby ¢i
obsluhy. Stredisko technickej udrzby musi mat k dispozicii prime-
rany pocet nahradnych komponentov na promptné vykonavanie
oprav vyrobnych alebo obsluznych zariadeni. Pred zasobovacim
dispeCerom udrzbarskeho strediska stoji otazka, kedy a kol'ko
komponentov objednavat. Spravna odpoved na tito otazku moze
vyrazne znizit prevadzkové naklady. Ak uroven zasob nahradnych
komponentov je prili§ vysoka, stvisiace skladovacie naklady
(obvykle spojené s platbou urokovych sadzieb za finanéné pro-
striedky viazané v zasobach) predrazuju ¢innost systému. Na druhej
strane, ak je uroven zasob prili§ nizka, existuje vel'ké riziko nedo-
statku nahradnych komponentov v poZadovanom ¢ase. To zname-
na, ze v pripade vyskytu poruchy vyrobné ¢i obsluzné zariadenie
nemozno opravit, o ma za nasledok financ¢nu stratu z vypadku
produkcie alebo obsluhy.

* Ing. Ondrej Bartl, PhD.,

Inventory systems play an important role in manufacturing and
service providing organisations to support fluency of production or
service. Evolution in time and environment of risk usually characterise
operation of such systems. Proper control rules are required for deci-
sion making on replenishment orders. If stochastic dynamics of system
motion exhibits the Markovian property, then Markov decision models
can be employed to reveal a cost-effective inventory control policy.
A single-item periodic-review inventory system in the maintenance
centre of a manufacturing or transportation organisation with a Poisson
arrival stream of demand requirements for spare components is intro-
duced in the paper. The corresponding discrete-time Markov decision
model with finite state and action spaces is described for sequential
decisions on order sizes over an infinite planning horizon. The long-run
expected average cost per unit time is the criterion of interest to be
minimised by an optimal inventory control policy.

Keywords: Markov decision processes, inventory control, periodic-
review inventory systems

1. Inventory control

In many manufacturing or transportation organisations the
problem arises to determine an appropriate inventory policy for
spare components in order to ensure production/service opera-
tion ability. A proper number of spare components must be avail-
able in the maintenance centre of the organisation to repair
production/service facilities promptly. An inventory dispatcher in
the maintenance centre is confronted with the question when and
how many components to order. A sophisticated answer to this
question can reduce operation costs in a crucial way. If the inven-
tory level of spare components is too high, the corresponding
holding costs (usually associated with payments of interest rates
for financial resources fixed in the inventory) overcharge the
system operation. On the other hand, if the inventory level is too
low, there is a great risk of lacking spare components in the time
required. This means that in a failure-occurrence case the produc-
tion/service facility cannot be repaired, which results in a finan-
cial loss due to production or service breakdown.

Department of Special Technologies, Faculty of Management Science and Informatics, University of Zilina, Velky diel, SK-010 26 Zilina,
Slovak Republic, Tel.: +421-89-5134 133, Tel./Fax: +421-89-5254 613, E-mail: bartl@kst.fri.utc.sk
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Zasobovacie systémy posobia v Case - su teda dynamické. Ich
vyvoj je ovplyviiovany nahodami (Cas vyskytu poruchy vyrobného
i obsluzného zariadenia nemozno vopred naplanovat). V svojej
podstate su teda zasobovacie systémy stochastické. Posobia v pro-
stredi rizika. Vyvoj systému v podmienkach rizika odraza skutoc-
nost, Ze nahodné faktory majuce vplyv na spravanie systému su
popisané nejakymi (plne identifikovanymi) rozdeleniami pravde-
podobnosti. Ak pravdepodobnostné zakony vyvoja - ktorym pod-
liecha stochasticka dynamika zasobovacich systémov - vyhovuju
markovovskej vlastnosti, problém urcenia vhodnej ekonomicky
efektivnej zasobovace;j stratégie mozno formulovat ako Markovov
rozhodovaci problém. Vyvoj systému, riadeny vybranou stratégiou
riadenia, je potom reprezentovany riadenym nahodnym procesom,
ktory spifia markovovsku vlastnost. Taky proces - oznacovany ako
Markovov rozhodovaci proces - ma svoju budicnost zavisli len
od pritomného stavu systému a nasledne prijatého riadiaceho zasahu
ale nie od minulej historie vyvoja systému.

Rozhodnutia o dopliujucich objednavkach mozno povazovat
za rozhodnutia o (technologickych) operaciach. Sustava riadiacich
pravidiel, urcujucich ¢i a kol'ko nahradnych komponentov objed-
nat, je potom stratégiou pre dynamické riadenie operacii v pod-
mienkach rizika.

Pri urCovani stratégie riadenia v stochastickych dynamickych
systémoch treba brat do uvahy dve skuto¢nosti:
® vplyv aktualnych rozhodnuti na buduce rozhodovacie situacie,
® existenciu mnoziny nahodnych odoziev systému na riadiaci zasah.

Vzhladom na ekonomické dosledky riadiacich zasahov sa na
porovnanie stratégii pouZiva kritérium strednej hodnoty priemer-
nych nakladov za jednotku Casu. Cielom je najst stratégiu riade-
nia zasob minimalizujucu hodnotu kritéria pre kazdu pociato¢nu
uroven zasob. Teoria Markovovych rozhodovacich procesov moze
pomoct odhalit taka stratégiu v pripade markovovskej dynamiky
systému.

2. Zasobovaci systém v stredisku udrzby

Predmetom uvah je zasobovaci systém v udrzbarskom stredisku
vyrobnej alebo dopravnej organizacie, kde sa v sklade uchovava
jeden typ nahradnych komponentov (napr. motorov alebo riadia-
cich jednotiek strojov). Nahodny charakter dopytu po komponen-
toch je typickou ¢rtou takého systému.

2.1 Vymedzenie zasobovacieho systému

Uroveii zasob na sklade sa vyhodnocuje v pravidelnych ¢aso-
vych okamihoch (napr. kazdy mesiac). Po zisteni aktualnej urovne
zasob sa prijima riadiace rozhodnutie o dopliujicej objednavke
nahradnych komponentov. Casové okamihy, kedy sa zistuje stav
zasob a nasledne prijima rozhodnutie o riadiacom zasahu, sa nazy-
vaju okamihmi rozhodovania. Casové intervaly medzi po sebe
nasledujucimi okamihmi rozhodovania su tzv. intervaly kontroly
alebo etapy s rovnakou dizkou trvajucou jednu Gasovu jednotku.
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Inventory systems act in time - hence, they are dynamic. Their
evolution is influenced by hazards (the occurrence time of a pro-
duction/service facility failure cannot be planned beforehand).
Thus, in nature inventory systems are stochastic. They act in an
environment of risk. System evolution under risk reflects a fact
that random factors, having their impact on the system behaviour,
are described by some (fully identified) probability distributions.
If probabilistic laws of motion - which underlie stochastic dyna-
mics of inventory systems - follow the Markovian property, the
problem to determine an appropriate cost-effective inventory policy
can be formulated as a Markov decision problem. A controlled
random process that satisfies the Markovian property then repre-
sents evolution of the system, directed by a control policy chosen.
Such a process - referred to as the Markov decision process - has
its future dependent only on the present state of the system and
a subsequent control action taken, but not on the past history of
the system motion.

Decisions on replenishment orders can be regarded as deci-
sions on (technological) operations. The set of control rules, spe-
cifying whether or not and how many spare components to order,
is then a policy for dynamic operations management under risk.

When determining a control policy in stochastic dynamic
systems, two facts must be taken into account:
® the impact of current decisions on future decision making situ-
ations,
® the existence of a set of random responses of the system to
a control action.

Due to economic consequences of control actions the crite-
rion of the expected average cost per unit time is taken to compare
policies. The objective is to find an inventory control policy mini-
mising the criterion value for each initial inventory position. The
theory of Markov decision processes can help to reveal such
a policy in the case of the Markovian system dynamics.

2. An inventory system in a maintenance centre

An inventory system in the maintenance centre of a manu-
facturing or transportation organisation is considered, where one
type of spare components (e.g. engines or control units of ma-
chines) is held in stock. Random nature of demand for components
is a typical feature of such a system.

2.1 The inventory system specification

The inventory level in stock is reviewed at regular points of
time (e.g. each month). After observing the current inventory
position a control decision on the replenishment order of spare
components is made. Time points, when the inventory position is
reviewed and a subsequent decision on the control action is taken,
are decision epochs. Time intervals between consecutive decision
epochs are so called review intervals or stages with the same dura-
tion of unit time. Stages are numbered by non-negative integers
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Etapy su Cislované nezapornymi celymi ¢islami Startujuc od 0,
ktora je pouZita pre pociatoénu etapu. Cas, kedy sa zagina proces
riadenia zasob, je 0. Rozhodnutia o velkosti dopliujucej objed-
navky sa teda v tomto jednopoloZzkovom zasobovacom systéme
s periodickou kontrolou vykonavaju v ekvidistanénych ¢asovych
bodoch 0, 1, 2, .... Predpoklada sa, Ze dodavka objednaného
mnoZstva sa prijima na sklad vo vel'mi kratkej oneskorovacej dobe
po objednavke. To je s uritou mierou idealizacie reprezentované
nulovou dodacou lehotou.

Systém ma konecny kladny skladovaci limit L vzhladom na
obmedzenu kapacitu skladu. Ak dopyt pocas intervalu kontroly
prevysi zasobu, ktora je k dispozicii na sklade, vznikne deficit. Pre
situacie nedostatku zasob sa uvazuje s koneénym nezapornym
limitom deficitu K. Ak aktualna uroven zasob je —K, odmietaju sa
nové poziadavky na nahradné komponenty. Stav zasob sa teda
moze pohybovat v ramci mnoZiny hodndt od —K po L. Zaporné
celé cisla zodpovedaju registrovanej velkosti deficitu. Registrovany
deficit zasob je vyplneny okamZite po prijati dodavky.

Ekonomické dosledky Cinnosti zasobovacieho systému sa
odrazaju v nakladoch vynalozenych pocas intervalov kontroly.
Predpoklada sa, Ze prislusné nakladové funkcie st ¢asovo homo-
génne. Zavisia od stavu zasob a nasledného riadiaceho zasahu
v aktualnom okamihu rozhodovania. O¢akava sa dlhodobé posobe-
nie systému v nemeniacich sa dopytovych a finanénych podmien-
kach. Proces riadenia zasob prebieha potom v ramci nekonecného
planovacieho horizontu.

2.2 Proces dopytu

Stredisko udrzby musi koordinovat troven zasob nahradnych
komponentov drzanych na sklade s nahodnym charakterom dopytu.
Poziadavky na nahradné komponenty prichadzaju do udrzbarskeho
strediska takym sposobom, Ze doby medzi prichodmi su nezavislé
a rovnako rozloZené nezdporné nahodné veliciny V, =V, k = 1,
2, ..., s exponencialnym rozdelenim pravdepodobnosti. Kazda
poZziadavka prichadzajuca do strediska udrzby je poziadavkou len
na presne jeden nahradny komponent. S pouzitim spolo¢nej distri-
buénej funkcie G(1) = PV <1} =PV, <t} =1—¢ ™ 1= 0,
k=12, ..., 0<A< o mozno lahko overit, Ze

PIV>1+z|V>1)=PV>z], V1i,z20. (1)

Rovnica (1) je matematickym vyjadrenim bezpaméatovej vlast-
nosti exponencialneho rozdelenia. Ak U = V' — t oznacuje zvysok
doby medzi prichodmi V, potom vlastnost (1) dava

PIU>z|V>1=PV>z), V1,220, )

To znamena, Ze zvysok (U) doby medzi prichodmi ma rovnaké
rozdelenie pravdepodobnosti ako samotna doba medzi prichodmi
(V) nezavisle od toho, kol'ko ¢asu (#) uz uplynulo od posledného
prichodu. Nahodna veli¢ina, ktora predstavuje Casovy interval
medzi okamihom rozhodovania a prvym prichodom dopytovej
poZiadavky po vybere rozhodnutia, ma teda exponencialne rozde-
lenie pravdepodobnosti so strednou hodnotou 1/A bez ohladu na

starting with 0 used for the initial stage. Time of the beginning of
the inventory control process is 0. Thus, decisions on the reple-
nishment order size are made at equidistant time points 0, 1, 2, ...
in this single-item periodic-review inventory system. The delivery
of the amount ordered is supposed to be received in stock in
a very short lead-time after the order. With some level of idealisa-
tion it is represented by a zero delivery lag.

The system has a finite positive storage limitation L due to the
limited capacity of the stock. If the demand in a review interval
exceeds the inventory of stock on hand, a shortage occurs. A finite
non-negative deficit limitation K is considered for the lack-of-
inventory situations. In case the current inventory position is —K,
new demand requirements for spare components are rejected.
Hence, the inventory position can range within the set of values
from —K to L. Negative integers correspond to the registered
amount of shortage. The registered inventory deficit is filled imme-
diately after the delivery receipt.

Economic consequences of the inventory system operation are
reflected in costs incurred during review intervals. The corres-
ponding cost functions are supposed to be time homogeneous.
They depend on the inventory position and the subsequent control
action at a current decision epoch. The system is expected to act
under unchanged demand and financial conditions for a long time.
The inventory control process then runs in an infinite planning
horizon scheme.

2.2 The demand process

The maintenance centre has to co-ordinate the inventory level of
spare components held in stock with the random nature of demand.
Requirements for spare components arrive into the maintenance
centre in such a manner that interarrival times are independent
and identically distributed non-negative random variables V, =V
k=1, 2, ..., with an exponential probability distribution. Each
requirement, arriving into the maintenance centre, is a requirement
for exactly one spare component only. Using the common proba-
bility distribution function G(r) = P[V =t} =PV, =t} =1—
—e M= 0k=12,...,0 <A< oo, it can be easily verified that

PIV>1+z|V>1)=PV>z], Vi,z20. 1)

Equation (1) is a mathematical representation of the memory-
less property of the exponential distribution. If U = V' — ¢ denotes
the rest of the interarrival time V, then the property (1) yields

PIU>z|V>1=PV>z), V1,220, )

It means that the rest (U) of the interarrival time has the same
probability distribution as the interarrival time (V) itself indepen-
dently on how much time (¢) has already elapsed since the last
arrival. Hence, a random variable representing the time interval
between a decision epoch and the first demand requirement arrival
after the decision choice has the exponential probability distribu-
tion with mean 1/A no matter whether the decision epoch coin-
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to, €i sa okamih rozhodovania kryje s ¢asom predoslého prichodu
alebo nie. Nech v kazdom intervale kontroly oznacuje Y, mnoz-
stvo ¢asu od zacCiatku intervalu kontroly do prichodu A-tej dopyto-
vej poZiadavky po okamihu rozhodovania. Veli€ina Y, je sutom
k nezavislych a rovnako rozlozenych exponencialnych nahodnych
veli€in, ¢o indukuje k-Erlangovo rozdelenie u ndhodnej veliciny Y.
Zodpovedajuca distribuéna funkcia G, a hustota pravdepodobnosti
g, su dané vztahmi

k=1 )
Gy=1-> ™ . .')
i=0 L

11
Pretoze Gy(1) = [ g(u)du, 1=0, k=1, 2, ..., plati pre
0

k-Erlangovo rozdelenie nasledujuca identita:

gk([) _ )\ef)" ()\[)k71
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cides with a previous arrival time or not. Let, in each review inter-
val, Y, denote the amount of time from the beginning of the review
interval to the k-th demand requirement arrival after the decision
epoch. The quantity Y, is a sum of k independent and identically
distributed exponential random variables, which induces an Erlang-
k distribution for the random variable Y. The corresponding
probability distribution function G, and the probability density
function g, are stated by

, A>0,t=0,k=1,2, ... (3)

(k—1)!

As G (1) = ft gwdu, t=0, k=1, 2, ..., the following
0

identity holds for the Erlang-k distribution:

’ (/\u)k_l k—1 ()\Z)/
e M—"——du=1- M =0,k=12, ... 4
Jo C k=™ ,;)e F )

Aby sme nasli rozdelenie pravdepodobnosti pre vel'kost dopytu
v jednotlivych intervaloch kontroly, vyuZijeme pojem procesu
obnovy.

Nech V, = 0. Ak [V, k = 1, 2, ...} je postupnost nezavislych
a rovnako rozlozenych nezapornych nahodnych veli¢in, potom
pocitaci proces {N(¢), t = 0} taky, Ze

N1) = sup{n nef0,1,..

je procesom obnovy. Nahodna veli¢ina V) oznacuje dobu medzi

vyskytom (k—1)-vej a k-tej obnovy, k = 1, 2, ..., kde §tart procesu

v Case 0 sa interpretuje ako 0-ta (t. j. neprava) obnova. Nahodna

veli¢ina N(r) predstavuje pocet obnov do Casu ¢, ¢iZze N(¢) pocita

vyskyty obnovy v ¢asovom intervale <O, t>. Cas vyskytu k-tej obnovy
k

ja dany nahodnou veli¢inou S, = Z Viok=

i=1

1,2, ..

Ked'Ze casové intervaly medzi po sebe nasledujucimi prichodmi
dopytovych poziadaviek na nahradné komponenty v udrzbarskom
stredisku su nezavislé a rovnako rozloZzené nezaporné nahodné
veli¢iny V,, k = 1, 2, ..., s exponencidlnym rozdelenim so strednou
hodnotou 1/A, mozno kazdy prichod povazovat za vyskyt obnovy.
Cas S, =V, + V, + + ... + V, kteho prichodu ma k-Erlangovo
rozdelenie so strednou hodnotou /A, ktorého distribuéna funkcia
PS,=t]=GJ(r)jeur€enav (3)pret=0ak =12, .... Nech
V, je identicky rovné nule. Nahodna veli¢ina N(7), vyhovujuca
rovnici (5), predstavuje pocet prichodov do Casu 7. Nech S, = 0
a Gy(t) =P[Sy= 1}, t=0.Potom Gy(t) =P[0=1}]=1,1t=0.
Uvedomiac si, Ze

NOH=ke S, =<t

mozno odvodif pravdepodobnostnu funkciu pre pocet N(¢) nahrad-
nych komponentov poZadovanych do ¢asu ¢ takto:

To find the probability distribution for the size of demand in
particular review intervals, we use a concept of the renewal process.

Let V, =0.1If{V,, k = 1,2, ...] be a sequence of independent
and identically distributed non-negative random variables, then
the counting process {N(z), = 0} such that

1D Ve=tg =0,
k=0

is a renewal process. The random variable V, denotes the intero-
ccurrence time between the (k—1)-st and k-th renewal, £k = 1, 2,
..., where the start of the process at time 0 is interpreted as the
0-th (i.e. dummy) renewal. The random variable N(7) represents
the number of renewals up to time 7; i.e. N(¢) counts renewal occur-
rences in the time interval (0, t>. The kth renewal occurrence

(%)

k
time is given by the random variable S, = Z Viok=1,2,...
i=1

As time intervals between consecutive arrivals of demand
requirements for spare components in the maintenance centre are
independent and identically distributed non-negative random vari-
ables V,, k = 1, 2, ..., with the exponential distribution with mean
1/A, each arrival can be regarded as a renewal occurrence. The time
S, =V, +V,+ ..+ V, of the k-th arrival has the Erlang-k
distribution with mean k/A, whose probability distribution function
P[S, =t} = G,(1) is specified by (3) fort=0and k=1, 2, ....
Let ¥, be identically equal to zero. The random variable N(7) satis-
fying equation (5) represents the number of arrivals up to time .
Let Sy =0and Gy(1) = P{Sy =1},t = 0. Then Gy(r) = P[0 =1} =
= 1, ¢t = 0. Noting that

t=0,k=0,1,2, ..,

the probability mass function for the number N(¢) of spare compo-
nents that have been required up to time ¢ can be derived as follows

(A*

PING) =k} = PIN(t) =k} = PINO) = k + 1} = P[S, <1} — P[S;s, =11 = G,()) — G, (1) = e ™ g k=0L2.=0. ()
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To dokazuje, Ze nahodna veli¢ina N(¢) ma Poissonovo rozde-
lenie so strednou hodnotou Az, £ = 0, A > 0. Nahodny proces pri-
chodov dopytovych poziadaviek do udrzbarskeho strediska je teda
Poissonovym procesom {N(¢), t = 0} s intenzitou A nahradnych
komponentov za jednotku Casu, ¢o je Specidlny pripad procesu
obnovy.

Poissonov proces sa regeneruje v Iubovolnom bode casu.
TakzZe pre [ubovolné pevné s = 0 je proces [N'(7), t = s} sN'(¢) =
= N(t) — N(s) pravdepodobnostnou kopiou procesu {N(¢), t = 0}.
Pocet prichodov od ¢asu s do ¢asu t ma teda rovnaké rozdelenie
pravdepodobnosti ako pocet prichodov od ¢asu 0 do Casu ¢t — s
bez akejkolvek zavislosti od vyvoja procesu od Startu v ¢ase 0 do
Casu s. Podrobnosti pozri v dodatku na konci ¢lanku.

Nech Z, oznacuje velkost dopytu v intervale kontroly medzi
Casmitar+ 1, kde t€{0, 1, ...}. Z regenerativnej vlastnosti Pois-
sonovho procesu vyplyva, Ze veliCiny Z,, pohybujice sa v ramci
mnoZiny hodnot Z = {0, 1, ...}, st nezavislé a rovnako rozloZené
nahodné veli¢iny so spolo¢nou pravdepodobnostnou funkciou:

q(k) = P{Z,= k} = P[N(t + 1) — N(t) = k} = PIN(1) = k} = ef)‘)\—

Aplikovanim rovnice (A4) zaloZenej na rovnici (A3) z dodatku
¢lanku je odovodnené pouzitie vztahu P{N(¢t + 1) — N(t) = k} =
= P[N(1) =k}pre kEZat=0, 1, ... v(7). Rovnica (7) odraza
stacionarny charakter procesu dopytu v uvazovanom zasobovacom
systéme.

Vzhladom na vzajomnu nezavislost nahodnych veli¢in Z,,
reprezentujucich dopyty v intervaloch kontroly, determinuje prav-
depodobnostné zakony vyvoja systému markovovska vlastnost.
Finanény vysledok spravania systému sa meria strednou hodno-
tou dlhodobych priemernych nakladov za jednotku ¢asu. Sustava
pravidiel pre postupné rozhodnutia o dopliujucich objednavkach
tvori stratégiu riadenia zasob s periodickou kontrolou. Pre najde-
nie ekonomicky efektivnych riadiacich pravidiel je potrebné zosta-
vit prislusny Markovov rozhodovaci model s diskrétnym casom.

3. Zodpovedajici Markov rozhodovaci model
riadenia zasob

Rozhodovaci model markovovského typu je zostaveny, ak si
definované stavové a riadiace premenné, $pecifikovany je stavovy
priestor a priestor riadeni, uréené su pravdepodobnosti prechodu
a funkcia (strednej hodnoty) nakladov a formulované je kritérium
optimality.

Casova mnozina T systému je mnoZina

¢o zodpoveda mnozine okamihov rozhodovania, ako aj mnozine
etap, t. j. mnoZine poradovych Cisel intervalov kontroly. Pre kazdé
tETje etapa ¢ intervalom kontroly medzi okamihmi rozhodovania
tat+ 1, ktory sa oznacuje ako #ty interval kontroly.

This verifies that the random variable N(¢) has the Poisson
distribution with mean Az, = 0, A > 0. Hence, the random process
of demand requirement arrivals into the maintenance centre is the
Poisson process {N(¢), ¢t = 0} with rate A spare components per
unit time, which is a special case of a renewal process.

The Poisson process regenerates itself at any point in time.
Thus, for arbitrary fixed s = 0 the process {N'(7), t = s} with
N'(1) = N(t) — N(s) is a probabilistic replica of the process {N(?),
t = 0}. That is, the number of arrivals from time s to time 7 has the
same probability distribution as the number of arrivals from time
0 to time ¢ — s without any dependence on the process evolution
since the start at time 0 till time s. See an appendix at the end of
the paper for details.

Let Z, denote the demand size in the review interval between
times 7 and ¢ + 1, where t€{0, 1, ...}. The regenerative property
of the Poisson process implies that the quantities Z,, ranging within
the set of values Z = {0, 1, ...}, are independent and identically
distributed random variables with the common probability mass
function:

k
a keZ=10,1,...},t€{0, 1, ...}. @)

An application of equation (A4) based on equation (A3) from
the appendix of the paper justifies the use of the relation P{N(z +
+ 1) — N1) =k} = PIN(1) = k}fork€EZandt =0, 1, ... in (7).
Equation (7) reflects the stationary nature of the demand process
in the inventory system under consideration.

Because of mutual independence of the random variables Z,,
representing demands in review intervals, the Markovian property
underlies probabilistic laws of the system motion. The financial
outcome of the system behaviour is measured by the long-run
expected average cost per unit time. The set of rules for sequential
decisions on replenishment orders constitutes a periodic-review
inventory control policy. To find cost-effective control rules, the
corresponding discrete-time Markov decision model must be built.

3. The corresponding Markov decision model of
inventory control

The decision model of a Markovian type is built up when the
state and action variables are defined, the state and action spaces
are specified, the transition probabilities and the (expected) cost
function are determined and the criterion of interest is formulat-
ed.

The time set T of the system is the set
T=1{0,1,...},
which corresponds to the set of decision epochs as well as to the
set of stages, i.e. to the set of ordinal numbers of review intervals.

For each €T the stage ¢ is the review interval between decision
epochs 7 and ¢ + 1 referred to as the #th review interval.
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Stav X, systému v okamihu rozhodovania t €T je uroven zasob
na sklade v Case tET, t. j. poCet nahradnych komponentov na
sklade k dispozicii v ¢ase (kontroly) ¢ pred prijatim rozhodnutia
o dopliujucej objednavke. Zaporné hodnoty stavu indikuju nedo-
statok zasob. TakZe, ak je X, < 0, potom |X,| predstavuje velkost
registrovaného deficitu zasob v ¢ase 7. Vzhladom na limit deficitu
K a skladovaci limit L je stavovy priestor X systému reprezento-
vany mnozinou

X={-K -K+1,...,L}.

Riadenim g, je mnoZstvo nahradnych komponentov objedna-
nych podla rozhodnutia vybraného v ¢ase tET. Velkost dodavky
musi byt postacujuca na vykrytie registrovanej velkosti deficitu
zistenej v okamihu kontroly (ak deficit existuje) a nesmie sposobit
prekrocenie skladovacieho limitu v Grovni zasob. Mnozina A(i)
pripustnych riadeni v stave /€X zohladnuje tieto poziadavky, co
zodpoveda vztahu:

A(l_):{{|i|,|i| + 1| + LY,

{0,1,...L—1i},

Priestor riadeni 4 je zjednotenim A(i), i€X, takze
A=1{0,1,...,L+K].

Sumarizujuc zavedené oznacenie:

X, - stav systému v ¢ase €T, t. j. uroven zasob v case tET,

a, - riadenie v Case t€T, t. j. velkost dopliujucej objednavky
v Case €T,

Z, - (nahodna) velkost dopytu v +tom intervale kontroly medzi
Casmirat+1,t€T,

K - limit deficitu (0 = K < »),

L - skladovaci limit (0 < L < o),

Z - mnoZina hodndt ndhodnych veli¢in Z,, Z = {0, 1, ...},

mozno $pecifikovat prechodovii dynamiku vyvoja systému. Systém
sa sprava v sulade s prechodovou rovnicou:
X1+1 = max[X, + a4

Pravdepodobnostné zakony vyvoja systému st stanovené (sta-
cionarnymi jednokrokovymi) pravdepodobnostami prechodu:

r

pGij, @) =p, (@) = P, =j| X, = i,a, = a] = 4

0,

.

q(i +a —j)=e "
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The state X, of the system at decision epoch tET is the inven-
tory position at time tE7, i.e. the number of spare components in
stock on hand at (review) time ¢ before taking a decision on the
replenishment order. Negative values of the state indicate the lack
of inventory. Thus, if X, < 0 then |X,| represents the registered
inventory deficit size at time ¢. Due to the deficit limitation K and
the storage limitation L the state space X of the system is repre-
sented by the set

X=[{-K -K+1,..,L]}.

The action g, is the amount of spare components ordered
according to the decision chosen at time r&T. The delivery size
must be sufficient to fill the registered shortage quantity (if any)
recognised at the review time and must not cause the inventory
position to exceed the storage limitation. Hence, the set 4(i) of
feasible actions in state /€X follows these requirements, which
corresponds to:

i€[—K, —K+1, ..., —1],
i€fo, 1, ..., L}.

The action space A4 is the union of A(i), i€X, therefore

(®)

A=10,1,...L+K].

Summarising the notation introduced:

X, - the system state at time tE7, i.e. the inventory position at
time tE€T,

a, - the action at time €7, i.e. the size of a replenishment order
at time t€T,

Z, - the (random) demand size in the #th review interval between
timeszand t +1, t€T,

K - the deficit limitation (0 = K < ),

L - the storage limitation (0 < L < o),

Z - the set of values of random variables Z,, Z = {0, 1, ...},

the transition dynamics of the system motion can be specified.
The system behaves in compliance with the transition equation:

~ 7, —K} =X, +a,— min{Z,, X, + a, + K}, tET. )

The probabilistic laws of system motion are stated by (statio-
nary one-step) transition probabilities:

© i+ta+K—1 )\k
> oty =1-¢* ~.j=-K
k=ita+K =0 K
i+a—j

ﬁ, je{*K‘F 1, *K+2,...,[+a],(10)
ITa—J)

jElita+li+a+2, ..,L}

a€A(i), ieEX={-K, —-K+1,..., L}, t€T.

Cinnost zasobovacieho systému ma svoje ekonomické dosled-
ky. Stacionarna nakladova funkcia c(i, @) vyjadruje naklady vyna-

Operation of the inventory system has its economic conse-
quences. A stationary cost function c(i, a) expresses the cost incur-
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loZené pocas intervalu kontroly, ked' stav systému v okamihu roz-
hodovania na zaciatku intervalu kontroly je i a nasledné riadenie
je a. Dopytovo-zasobovacie naklady c(i, a) pozostavaji zo suctu
funkcie objednavacich nakladov D(i, a), funkcie skladovacich
nakladov S(i, a), funkcie nakladov deficitu N(i, a) a funkcie nakla-
dov odmietnutia B(i, a). Zodpovedajice ndhodné veli¢iny C, =
=X, a). D, = DX, a), S, = S(X,, a), N, = NX,, a), B, =
= B(X,, a,) predstavuju nakladovu Strukturu v #tom intervale kon-
troly, tET. Veli¢ina c(i, @) mdzZe byt nahodnou veli¢inou, aj ked
je Specifikovany aktualny stav a nasledné riadenie. Jednoznacna
kvantifikacia ekonomickych dosledkov Cinnosti systému pocas
intervalu kontroly je potom dana funkciou strednej hodnoty (dopy-
tovo-zasobovacich) nakladov c(i, a):

c(i,a) = E[C,|X, =i,a,=al]l = Elc(X,, a,) |X, =1

red during a review interval, when the system state at the decision
epoch at the beginning of the review interval is / and the subse-
quent action is a. The demand-inventory cost c(i, @) consists of the
sum of the ordering cost function D(i, a), the holding cost func-
tion S(i, a), the shortage cost function N(i, a), and the rejection
cost function B(i, a). The corresponding random variables C, =
= c(X,, a,), D, = D(X,, a,), S, = S(X,, a), N, = N(X,, a,), B, =
= B(X,, a,) represent the cost structure in the #th review interval,
tET. The quantity c(i, @) may be a random variable although the
current state and the subsequent action are specified. Unequivo-
cal quantification of the economic consequences of the system
operation during a review interval is then given by the expected
(demand-inventory) cost function ¢ (i, a):

a,=al = EID(X,, a) + S(X,, a)) + N(X,, a) + B(X,, a) | X, = i,a,= a] =

= E[D(X,, a)|X, = i, a,= a]l + E[SX,, a) | X, = i, a,= a] + E[N(X,, a)| X, = i, a,= a] + E[B(X,, a)|X, = i, a,= a] = (11)

=D(i, a) + S, a) + N(i, a) + B(i, a), a€A(), i€EX, tET.

Funkcia strednej hodnoty objednavacich alebo dodavacich
nakladov D(i, a) odraza ocakavané naklady spojené s podanim
objednavky. Pozostava z nakupnych nakladov a nakladov dodavky
s moznostou mnozstevnej zlavy.

D(i,a) = EID(X,, a) | X, = i,a,=a] =

The expected ordering or delivery cost function D(i, a) re-
flects the expected expenses associated with a placement of an
order. It consists of the purchasing cost and the delivery expense
with a quantity discount possibility.

0, a=0,
ca+ b, 0<a<M,
(1 =PB)a+b, a=M,

(12)

a€A(), iEX, teT.

Cenovy koeficient ¢ je nakupna cena za komponent a b su fixné
(nastavovacie) naklady platené za dodavku (ak je nejaka). Ak sa
objedna aspon M nahradnych komponentov, uplatni sa mnoz-
stevna zlava vo forme 1008 %-mnej cenovej modifikacie, kde

BE(0,1) je diskontny faktor.

Funkcia strednej hodnoty skladovacich alebo uchovavacich
nakladov S(i, a) vyjadruje ocakavané ndklady na skladovanie
nahradnych komponentov v sklade pocas intervalu kontroly o dizke
jednej Casovej jednotky. Nech x(u) oznaCuje stav systému, t. j.
uroven zdsob, v Case u po aktudlnom okamihu rozhodovania, Y,
predstavuje Cas prichodu k-tej dopytovej poZiadavky merany od
vyberu aktualneho rozhodnutia a s su naklady na skladovanie
jedného komponentu pocas jednotky casu. Kedze sa predpoklada
okamzita dodavka, je v kazdom okamihu rozhodovania tET stav
z4sob na sklade (v ¢ase 0 po prijati rozhodnutia) x(0) = X, + a,.
Mame:

S, a) = E[S(X,, a) | X, = i, a,= a]

i+a

k=1

X, ta, i+a
=E[s 2 min{1, ¥,}| X, = i, a,= a} = E[s > min(l, Yk]} =5 > E[min[l, V],
k=1 k=1

:E[s JOI max{0, x(u)}du |X, =ia= a:| = E[s z

The cost coefficient ¢ is a purchasing cost per component and
b is a fixed (setup) cost paid for delivery (if any). If at least M
spare components are ordered, a quantity discount in the form of
10083 % price break is applied, where BE(:O,I) is the discount
factor.

The expected holding or storage cost function S(i, ) express-
es the expected expenses for holding spare components in stock
during a review interval of a time unit length. Let x(u) denote the
state of the system, i.e. the inventory position, at time u after the
current decision epoch, Y, represent the k-th demand requirement
arrival time measured since the current decision choice, and s be
the cost incurred per component held in stock per unit time. As
instantaneous delivery of order is assumed, at any decision epoch
tET the inventory position (at time 0 after the decision take) is
x(0) = X, + a,. We have:

X ta,
Wk|X,=i,a,=a =

k=1

(13)

a€A(), i€X, tET.
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Rovnica (13) vyplyva z toho, Ze na oblast, ktoru predstavuje
urcity integral v (13), sa mozno divat ako na riadkovii oblast miesto
tradicnej stipcovej reprezentacie, o vedie k suctu nahodnych
veli¢in W, = min{1, Y} v rovnici (13). PouZit4 je konvencia, Ze
sucet ¢lenov sa rovna nule, ak horna hranica sumacného indexu
je mensSia nez dolna hranica. Aplikaciou vety o uplnej strednej
hodnote a vyuZitim (erlangovskej) identity (4) spolu s ozna¢enim
(7) pre pravdepodobnosti dopytu moZeme odvodit pre funkciu
strednej hodnoty skladovacich nakladov S(i, a), Ze:

i+a i+a

KOMNIKOCIe
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Equation (13) follows, since the area represented by the defi-
nite integral in (13) may by regarded in a row-like way instead of
a traditional column-like way, which leads to the sum of random
variables W), = min{l, Y,} in equation (13). The convention is
employed that the sum of terms equals zero if upper limit for sum-
mation index is less than lower limit. Applying the law of total
expectation and utilising the (Erlangian) identity (4) together with
notation (7) for demand probabilities, we can derive for the expect-
ed holding cost function S(i, ) that:

i+a

53, a) —sz f E[min{1, Y} | Y, = u]gk(u)du—sz f min(1, ulg,(u)du —sZ[f ug (u)du + f gk(u)du}

ita

3 k 1)
- E[Ajo K

k=1

1 )\ k—1
e Mdu+ 1 *j Quy”
o (k— 1)

ita k )\/’ k—1 )t/
Ae™™M dy _SZ Z e+ D> e =
j=0 J Jj=0 g

(14)

—s’f[ ( Zqo))+2qm]—sf[ [l—q(k)]+<1—§)24(i)}

a€A(), i€X, tET.

Funkcia strednej hodnoty nakladov deficitu alebo nedostatku
N(i, @) odraza ocakavané vydaje vynalozené, ked' nastane deficit
zasob. Cenovy koeficient v su pokutové naklady na chybajuci kom-
ponent z dovodu nedostatku zasob. Mo6zu reprezentovat naklady
spojené s prerusenim produkcie, ktoré je vyvolané nedostatkom
nahradnych komponentov. Po zavedeni funkcie O(i, a, k) predpi-
som

0,

k—(i+a),
K,

0G, a, k)=

The expected shortage or non-availability cost function N(i, a)
reflects the expected expenses incurred when an inventory deficit
occurs. The cost coefficient v is a penalty cost per missing com-
ponent due to the lack of inventory. It may represent the cost asso-
ciated with a break of the production forced by the shortage of
spare components. Introducing a function O(i, a, k) by:

k=i+a,
ita+1=k=i+a+K,
k=i+a+K+1,

(15)

i€EX, a€A(i) C A, kEZ,

predstavuje nahodna veli¢ina O, = O(X,, a,, Z,) velkost registro-
vaného deficitu zasob pocas etapy t€T, ktory bol akceptovany
v udrzbarskom stredisku medzi okamihmi rozhodovaniara ¢ + 1.
Potom uréime N(i, a) takto:

the random variable O, = O(X,, a,, Z,) represents the size of the
registered inventory deficit during stage r&7, which has been
accepted in the maintenance centre between decision epochs ¢
and 7 + 1. Then we specify N(i, ) as follows:

NG, a) = E[N(X,, a,) |X, =i,a,=al = EVOX,, a, Z,) |X, =ia=a] =
= > EWOX,,a, Z)|Z, = k. X,=i,a=alP{Z,= k|X,= i, a,=a) = Z EvO(i, a, k)|P{Z, = k} =
k=0
w i+atk w (16)
=> 000, a. bk =y > (k—i—agk)+K > qk)|=
k=0 k=i+a+1 k=i+a+K+1
i+a+K i+a+K i+a+K
=y > k) —(G+a) > q)+K[1-> qk)]].
k=i+a+1 k=i+a+1 k=0
a€A(i), i€X, tT.
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Funkcia strednej hodnoty nakladov deficitu N(i, a) sa niekedy
moze uvazovat v tvare, kde sa pouZiva cenovy koeficient y na vyjad-
renie nakladov vynaloZenych za chybajici komponent pocas jednot-
ky Casu v situacii vyCerpania zasob. Na odvodenie funkcie strednej
hodnoty nakladov deficitu N(i, @) pre takuto modifikaciu nakla-
dov deficitu pouzijeme rovnaké nahodné veliciny x(«) a Y, ako v pri-
pade funkcie strednej hodnoty skladovacich nakladov. Poznamena-
vame, zZe uroven zasob x(u) v ase u (ktory sa meria od aktualneho
okamihu rozhodovania €7, ked u = 0) musi spifiat obmedzenie
—K = x(u) = L pre u = 0. Potom mame pre a€A(i), i€X, tET:

The expected shortage cost function N(i, a) can sometimes be
considered in the form, where a cost coefficient y is employed to
express the cost incurred per unit time per missing component in
running-out-of-stock situation. To derive the expected shortage
cost function N(i, ) for such a modification of deficit expenses,
we use the same random variables x(«) and Y, as in the expected
holding cost function case. We remark that the inventory position
x(u) at time u (which is measured from the current decision epoch
t€T, when u = 0) must satisfy the constraint —K =< x(u) = L for
u = 0. Then we have for a€A(i), i€EX, tET:

N(i,a) = EINX,, a) | X, =i, a=a] = E[y fol — min{0, x(u)}du | X, = i, a,= a} =

Xyta+K
=E|y Z (1 —min(L, Y,))| X, = i, a,

k=X+a+1
i+at+K

=y S

k=ita+1"0

1 1
[JO gk(u)du*fo ugk(u)du]

Po substitucii prislusnych vyrazov z (3) za G,(1) a G, (1)
v (17) obdrzime:

ita+K

=y >

k=i+a+1

:a}:E[y N (1mm{1,Yk})}=
k=ita+1

[ Bt = min{L, ;)| ¥, = ulgwydu =y >

ita+K

an
ita+K

f:[l — min{1, u}]g(u)du =

k=it+a+1

i+a+K

=y S

k
[Gk(l) - Gk+1(1)] :
k=ita+1

After substituting the corresponding expressions from (3) for
G,(1) and G, (1) in (17) we obtain:

_ i+a+K k—1 k k
N(i,a) = EINX, a)|X,=i,a=al =y > {1 - > q0) - ;[1 - zqw]} =
=0 =0

k=it+a+1

i+a+K

.

k k—1 ] k o
=K+ T 240~ (= qk) |, a€AG), I€X 1ET.
k=ita+1 Jj=0

Funkcia strednej hodnoty nakladov odmietnutia alebo vratenia
nazad B(i, a) reprezentuje ocakavané vydaje tykajlice sa situacii,
ked dopytova poziadavka je odmietnuta v dosledku prekrocenia
limitu deficitu. Cenovy koeficient r st pokutové naklady za chy-
bajuci komponent pozadovany v pripade zamietnutia akceptacie
dopytu. Mo6zu zodpovedat nakladom platenym za mimoriadnu
dodavku chybajuceho komponentu (ak prevysujici dopyt mozno
poslat nazad - ako ignorovany udrzbarskym strediskom - len for-
malne). Zistime, Ze:

(18)

The expected rejection or back-sending cost function B(i, a)
represents the expected expenses concerning situations, when
a demand requirement is rejected because of a deficit limitation
overrun. The cost coefficient 7 is a penalty cost incurred per missing
component required in the case of the demand acceptance disap-
proval. It can correspond with the cost paid for an extraordinary
delivery of a missing component (if demand in excess may be sent
back - as ignored by the maintenance centre - only formally). We
find:

B(i,a) = E[B(X,, a,) | X, = i, a,= a] = E[rmax[0, Z, — (X, + a, + K)}| X, = i, a,= a] =

8

=" Elrmax{0,Z, — X, — a,— K}| Z, = k, X,
k=0

8

k

= E[rmax[O,k—i—a—K]]P{Z,zk}zr{
0

=1ia=alPlZ = k|X, =ia=al=

(19)
o i+a+K
> kq(k)—(i+a+10[1 -> q(k>]}=
k=ita+K+1 k=0

i+a+K—1
—r1A+(i+a+K—A) > q(k)—(i+a+K)[1—q(i+a+K)]}, a€A(), i€X, tET.

k=0

Riadeny nahodny proces {X,, tET} s pravdepodobnostami pre-
chodu (10) je Markovov rozhodovaci proces s diskrétnym ¢asom
spifajuci formulaciu markovovskej vlastnosti:

PX, 1 :jl/\,z =ha=u,X_ ) =i, =y, ...

V€T, VY jii_y..

win 0€X, Y u,u,_y, ..

The controlled stochastic process {X,, t€T} with transition
probabilities (10) is a discrete-time Markov decision process satis-
fying the Markovian property formulation:

s Xo = dgs ag = up} = PlX,44 :./'|Xz =ia,=u},
(20)
LUy, UGEA.
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Predpis na vyber riadenia v kazdom stave v nejakom okamihu
rozhodovania je riadiace pravidlo. Nech d, oznacuje riadiace pra-
vidlo na prijimanie riadeni v okamihu rozhodovania tET. Postup-
nost 6 = {d,},er tvori stratégiu (t. j. stratégiu riadenia). Stratégia
je eventualitny plan, ktory predpisuje prislusné riadenie pre kazdy
stav systému v fubovolnom okamihu rozhodovania poc¢as plano-
vacieho horizontu. Stratégia & zloZena z rozhodovacich funkcii
d,: X — A, tE€T, sa nazyva Markovova stratégia.

Vzhladom na markovovsku vlastnost (20) a stacionarny cha-
rakter spravania systému je opodstatnené pouzit v uvazovanom
zasobovacom systéme s periodickou kontrolou stacionarnu Mar-
kovovu stratégiu riadenia

8=1d)i o d,=d V¥
pre sekvencné rozhodovanie o dopliujicich objednavkach pocas
nekonecného planovacieho horizontu. Na oznacenie stacionarnej
Markovovej stratégie sa ¢asto pouziva symbol d miesto 6.

Ekonomické dosledky uplatnenia stratégie vyjadruje kritérium
optimality v tvare strednej hodnoty priemernych nakladov za jed-
notku casu pri dlhodobom pdsobeni systému. Hodnota kritéria je
pre pociatocny stav /EX a stacionarnu Markovovu stratégiu ¢ dana
rovnicou:

n—1

2.

dy; : 1
A(i) = lim E|—
n—o | n
Hodnotu veliciny A%(i) zodpovedajucu stratégii d mozno ziskat
z (22) takto:

n—1

D e,

=0

ay = tim El L
A%(i) =lim E
n—o | n

Z

= 11m
=54

Z{ZE[C( La) | X, =j a, = dDIPIX, = j| Xo = i, d]} =
eX

1

{nz e, d())p}(d)

0

o1
= lim nz

%N iex|: }

= Z{co d(j)) lim [ Z P0(d)

JEX

kde limitné pravdepodobnosti:

n—1

e (])—llm —ZP[X il Xo

su limitami zkrokovych pravdepodobnosti prechodu p(’) (d) =
= PlX, = |X0 = i, d} v zmysle Cesara, ked  konverguje do neko-
necna a pouZiva sa stacionarna Markovova stratégia d. Ak existuju
obycajné 11m1ty 11m p(’)(d), potom sa limity v zmysle Cesara s nimi
zhoduju.

Limitné pravdepodobnosti nezavisia od poc€iatoéného stavu
v pripade, ze Markovov retazec indukovany stratégiou d nema viac
nez jednu uzavretu triedu stavov, z ktorej nie je mozny Ziadny unik

X.a)| Xy =i, d}, i€X, a,=d(X),t€T.

{ZE[c(X,, a)|X,=j Xy =i, d\PIX, = j| X, = i, d)
J
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A prescription for selecting an action in each state at some
decision epoch is the control rule. Let ¢, denote a control rule for
taking actions at decision epoch tET. The sequence 6 = [d,},cr
constitutes a policy (i.e. a control policy). The policy is a contin-
gency plan prescribing an appropriate action for each system state
at any decision epoch over the planning horizon. The policy &
consisted of decision functions d, : X — A4, tE€T, is referred to as
a Markov policy.

Due to the Markovian property (20) and the stationary nature
of the system behaviour a stationary Markov policy

t€T=10, 1, ...],

d:X—4, (1)
is justified to be applied for sequential decision making on reple-
nishment orders over the infinite planning horizon in the periodic-
review inventory system under consideration. The symbol d is

often used to denote the stationary Markov policy instead of 6.

Economic consequences of the policy application are express-
ed by the criterion of interest in the form of the long-run expected
average cost per unit time. The criterion value is stated for an
initial state /€ X and a stationary Markov policy d by the equation:

(22)

The value of the quantity A%(i) corresponding to the policy d
can be obtained from (22) as follows:

. 1 .
ca)| Xy =i d|=lim - ZOE[C(X,, a)|Xo=1i,dl =
=

}:

(23)
= lim_ Z{co d(j)) — Zp“’ (d)} =
H Zc(z, d())m (j) = g iEX,
| where the limiting probabilities:
= i,d} = lim —me(d) i, jEX, (24)

are the Cesaro limits of #step transition probabilities p(’) (d) =
=PlX, = |)(O = [, d}, when t approaches infinity and a stationary
Markov policy d is employed. If the ordinary limits hm p(’) (d)
exist, then the Cesaro limits coincide with them.

Limiting probabilities are independent of the initial state in
case the Markov chain induced by the policy ¢ has no more than
one closed class of states, from which no escape is possible. Then
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von. Potom 7 (j) = w(j) pre vietky i, jEX, kde w%(j) =
1 n—1

= lim — Z p,("j-(d) je limita #krokovych pravdepodobnosti pre-
n=e N i=o

chodu do stavu jEX v zmysle Cesara (bez zavislosti od pociatoc-
ného stavu /). Okamzity dosledok je, Ze kriterialna hodnota 4%(i)
je rovnaka pre vsetky pociatocné stavy i€X, ak stratégia d indu-
kuje Markovov retazec, ktory nema Ziadne dve disjunktné uzav-
reté triedy stavov. Stratégia d je potom charakterizovana tym, ze:

A% =D (. dG)T() =g V¥ iEX. (25)
JEX

Nech

A*(i) = min A°(), I€X. (26)

Stacionarna Markova stratégia d* sa nazyva optimalna, ak

AT = A*(), Y iEX. 27

Na urcenie optimalnych stacionarnych Markovovych stratégii
poskytuje teoria Markovovych rozhodovacich procesov efektivne
prostriedky [1], [2], akymi su metdda iteracie podla stratégie,
metoda iteracie podla hodnoty, ¢i formulacie prostrednictvom
linearneho programovania.

Optimalna stratégia d* je optimalnou stratégiou riadenia zasob.
Predpisuje najvhodnejsiu vel'kost dopliujucej objednavky pre kazdu
moznu aktualnu uroven zasob, ktora sa zisti v [ubovol nom okamihu
rozhodovania. Aplikacia stratégie d* pocas nekonecného plano-
vacieho horizontu vedie k vynalozeniu minimalnej strednej hodnoty
dlhodobych priemernych nakladov za jednotku ¢asu. Tym su odha-
lené riadiace pravidla pre ekonomicky efektivne dynamické riade-
nie operacii v podmienkach rizika v zasovobacom systéme s perio-
dickou kontrolou.

Pristup zaloZeny na Markovovych rozhodovacich modeloch
mozno pouzif na rieSenie optimalizacnych problémov v riadeni
z4sob s periodickou kontrolou vZdy, ked je splnena markovovska
vlastnost. Ak sa proces dopytu lisi od Poissonovho vstupného
prudu, avsak mnoZstva dopytu v intervaloch kontroly nasleduju-
cich po sebe st navzajom nezavislé nahodné veliiny, je riadeny
vyvoj zasobovacieho systému reprezentovany Markovovym rozho-
dovacim procesom s diskrétnym ¢asom. V [3] mozno najst Mar-
kovove rozhodovacie modely riadenia zasob s diskrétnym Casom
a nekoneCnym horizontom pre tri varianty jednopolozkového
zasobovacieho systému s periodickou kontrolou, kde velkosti
dopytu v intervaloch kontroly st nezavislé¢ a rovnako rozloZené
diskrétne nahodné veli¢iny s kone€nou mnozinou ich moznych
hodnét.

4. Dodatok: Regenerativna vlastnost
Poissonovho procesu

Poissonov proces je proces obnovy {N(), t = 0}, kde doby V,
k=1, 2, ..., medzi po sebe nasledujicimi vyskytmi obnov su
nezavislé a rovnako rozloZené exponencialne nahodné veliCiny. Pocet
N(t) obnov do Casu ¢ je nahodna veli¢ina s Poissonovou pravde-
podobnostnou funkciou:

n—1
7 (j) = w(j) for all i, JEX, where 7%(j) 2“2&% Z p(d) is the
=0
Cesaro limit of #step transition probabilities into the state jEX
(without dependence on the initial state /). The immediate conse-
quence is that the criterion value 4%(i) is the same for all initial
states i €X, if the policy d induces a Markov chain with no two dis-
joint closed classes of states. The policy d is then characterised by:

Ay =D e, do)Ti() = ¢’ V iEX. (25)
JEX

Let

A*(i) = min A%, i€X. (26)

A stationary Markov policy d* is said to be optimal if

AT = A*(), VY iEX. 27

Efficient methods as policy iteration, value iteration or linear
programming formulations are available [1], [2] in the theory of
Markov decision processes to determine optimal stationary Markov
policies.

Optimal policy d* is the optimal inventory control policy. It
prescribes the most appropriate value of the replenishment order
size for each possible current inventory position that can be
recognised at any decision epoch. The application of the policy d*
over the infinite planning horizon results in incurring the minimal
long-run expected average cost per unit time. Hence, the control
rules for the cost-effective dynamic operations management under
risk in the periodic-review inventory system are revealed.

The approach based on the Markov decision modelling can be
employed to solve optimisation problems in periodic-review inven-
tory control whenever the Markovian property is satisfied. If the
demand process differs from a Poisson arrival stream, but the
demand quantities in consecutive review intervals are mutually
independent random variables, a discrete-time Markov decision
process represents the controlled evolution of the inventory system.
The infinite horizon discrete-time Markov decision models of
inventory control can be found in [3] for three variants of a single-
item periodic-review inventory system, where demand sizes in
review intervals are independent and identically distributed dis-
crete random variables with a finite set of their possible values.

4. Appendix: The regenerative property of
a Poisson process

The Poisson process is a renewal process {N(¢), t = 0}, where
the interoccurrence times V,, k = 1, 2, ..., between consecutive
renewals are independent and identically distributed exponential
random variables. The number N(¢) of renewals up to time ¢ is
a random variable with the Poisson probability mass function:
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e ) ey
PNt =k}l =¢e ’T,k:O, 1,2,..1:=0. (A0) PNit)=k}l=¢ ’T,kzo, L2,..,t=0. (A0)
Ak s a u st Iubovolné nezaporné realne Cisla, potom aplika- If s and u are arbitrary non-negative real numbers, then an
cia vety o uplnej pravdepodobnosti na pocet N(s + u) obnov od | application of the law of total probability for the number N(s + u)
¢asu 0 do Casu s + u dava: of renewals from time 0 to time s + u yields:

P[NGs + u) = n) = iP[N(s +u) = n| N(s) = k}P[N(s) = k} =
k=0

n ()\S)k (Al)
= ZP[N(S +u)= n|N(s) =k} ef“T, su=0,n=0,1,2,...
k=0 :
Na druhej strane, ak pouzijeme binomicku vetu na vyjadrenie On the other hand, if we use the binomial theorem to express

n-tej mocniny suctu s + u vo vzorci pre pravdepodobnost P{N(s + | the n-th power of the sum s + u in the formula for the probability
+ u) = n} podla pravdepodobnostnej funkcie (A0), dostaneme: P{N(s + u) = n} according to the probability mass function (A0),
we get:

+ n )\" /\" n
P[N(s + u) = n} = e*)‘(”")M = ef’\(”“)—' (s +u)' = e Mt — <n>sku”k =
n

n! ! n! &=o\k
_ _ A2)
n )\n k )\k | n A n—k A k (
— Ze—)tse—)m niskun—k — ze—/\u & e—As ( S) s u= 0’ n= 0, 1’ 2,
= n! kl(n—k)! =0 (n — k)! k!
Porovnanim (A1) s (A2) a pouzitim (AO) vidime, zZe pre Pois- Comparing (A1) with (A2) and using (AO) we see that the
sonov proces plati nasledujuca rovnica: following equation holds for the Poisson process:
o )
P{N(s+u)=n|N(s)=k]=e W=P[N(u)=n—k},s,u20,k=0, l,...n,n=0,12,... (A3)
n—k)!
Rovnica (A3) odraza na historii nezavisly vyvoj Poissonovho Equation (A3) reflects the history independent evolution of
procesu. the Poisson process.
Na zistenie rozdelenia pravdepodobnosti pre pocet obnov od To find the probability distribution for the number of renewals

Casu s = 0 do Casu 7 = s mozno pouzif vetu o Uplnej pravdepo- | from time s = 0 to time ¢ = s, the law of total probability can be
dobnosti na pravdepodobnost P{N(¢) — N(s) = i}. Potom mame: employed for the probability P{N(t) — N(s) = i}. Then we have:

NN iy — Ny = & PING) = NGs) = 1 NGs) =) o
PING) = NGs) = 1} —Z PIN(1) = N(s) = i| N(s) = jIPIN(s) = J} —Z PING) =] PINGs) = j} =
= PIN(G) =j + i, Nis) =] & &
=> P}(f ’: () =) PIN(s) =) = > PING) =j + i| Ns) = jiPIN(s) = j} = > PIN(t — 5) = i}P[N(s) = j] = (A4)
= (N(s) = J) = =

=P{N(t—s)=i]§P[N(s)=j] =P[Nt—s5)=1i},t=s=0,i=0,1,2, ...
j=0

Rovnica (A3) bola pouzita v (A4) pre zapis rovnosti P{N(1) = Equation (A3) has been used in (A4) to write the equality
=j+ i|N(s) =j} = P[N(t — 5s) = i]. Rovnica (A4) deklaruje sta- | P{N(¢) =j + i|N(s) =j} = P[N(t — s) = i}. Equation (A4) declares
cionarnost (t. j. Casovi homogénnost) Poissonovho procesu. the stationarity (i.e. the time homogeneity) of the Poisson process.

The relationship between a previous history of the Poisson
Vztah medzi predoslou historiou Poissonovho procesu a jej | process and its continuation is given for times 1 = s = 0 by the
pokraCovanim je pre €asy t = s = 0 dany nasledujiicou rovnicou: | following equation:

PIN() — Nis) =i, N(s) =j} _ PIN(1) =) + i, N(s) =}

PIN(?) — N(s) = i|N(s) = j} = - = - =P[N@) =j+i|N(s) =]} =
| PIN(s) = /1 PN(s) = j} |
(AS)
=P[Nt—s)=i}=P[Nt)—Ns)=1i},t=5=0,i,j=0,1,2, ...
Posledna rovnost v (A5) vyplyva z (A4) a predposledna The last equality in (AS5) follows from (A4) and the next to

rovnost z (A3). Rovnica (A5) ako priamy dosledok rovnice (A3) | last equality from (A3). Equation (AS5) as a straightforward con-
ukazuje, Ze Poissonov proces ma nezavislé prirastky.
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Rovnice (A4) a (A5)/(A3) potvrdzuju, Ze vyvoj Poissonovho
procesu po [ubovolnom nezapornom realnom ¢asovom okamihu
s je pravdepodobnostnou kopiou vyvoja procesu od casu 0 bez
akejkolvek zavislosti od historie procesu do casu s. Poissonov
proces sa teda regeneruje v [ubovolnom bode Casu.
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PYRAMIDOVA METODA PRE ULOHU

OBCHODNEHO CESTUJUCEHO

THE PYRAMIDAL METHOD FOR TRAVELING SALESMAN PROBLEM

Najkratsi pyramidovy cyklus (SPT) je dobre riesitelny pripad
ttlohy obchodného cestujiiceho (TSP), ked matica vzdialenosti je
Mongeho matica. Studuje sa heuristika pre maticu vzdialenosti bez
obmedzeni, ktord vychddza z opakovaného pouZitia metody pre SPT.
Nova procediira pre vypocet SPT je zaloZend na hladani najlacnejsej
cesty v sieti. Dobré vysledky stochastickej verzie demonstrovanej metody
sa prezentujii uz na riesenych Euklidovskych instanciach TSP

1 Uvod

V tomto prispevku budeme pouzivat terminoldgiu zavedenu
Burkadom a Deinkom [1]. Ulohu obchodného cetsujiiceho (TSP)
mozno formulovat jednoducho a presne takto: Je dana n X n matica
vzdialenosti C = (c;), hlada sa cyklickd permutacia 7 mnoZiny
N = {1, 2, ...} ng minimalizujuca funkciu

om) =D e ). (1
i=1

Mnozinu celych Cisel budeme znacit Z a budeme predpokla-
dat, bez straty vSeobecnosti, ze ¢; € Z. Budeme pouzivat zatvorky
<> na rozliSenie reprezentacie cyklickej permutacie v tvare 7 = <1,

(1), m(m(1)), ) vzhladom na alternativnu reprezentaciu m =
= (m(1), m(2), ..., m(n)). Je zname, Ze uloha TSP je NP-taiky
problém. Viac informacii mozno najst v monografii Lawler,
Lenstra, Rinnooy Kan a Shomoys [2]. Niektoré $pecialne pripady
uloh TSP su riesiteIné v polynomialnom ¢ase vzhladom na Speci-
alnu kombinatoricku Strukturu matice vzdialenosti (kapitola 4

v [2]). Mezi nimi je tloha TSP s Mongeho maticou.

2 Mongeho matica

Matica C = (c;) typu n X n sa nazyva Mongeho matica, ak
spiia nasledujiice podmienky pre vietky indexy i, j, k, [ € N také,
Zeprei<kaj<l

Gitear=cytoe;. (2)

F. Supnik [3] ukazal, ze <1, 3,5, ...,6,4,2)je rieSenim tlohy
TSP so symetrickou Mongeho maticou. Na charakteristiku opti-

* RNDr. Stefan Pesko, CSc.

A shortest pyramidal tour (SPT) is a well-solved case of TSP when
a distance matrix is the Monge matrix. We study heuristic repeating
method for SPT with the distance matrix without restriction. A new
procedure for computing SPT is based on a shortest path in the
network. Good results for solved the Euclidean TSP instances with the
stochastic version of the demonstrated method are presented.

1 Introduction

In this paper we will use the terminology from Burkad and
Deinko [1]. The traveling salesman problem (TSP) can be stated
clearly and exactly in simple terms: Given an n X n distance matrix
C = (cy), find a cyclic permutation 7 of the set N = {1, 2, ...} ng
that minimize the function

o(m) =D cali). (D
i=1

We will note Z the set of integer numbers and presuppose
without loss of generality that ¢; € Z. We use brackets () to distin-
guish the cyclic representation of a permutation in the form 7 =
= <1, (1), m(m(1)), > from the alternative representation 7 =
= (m(1), m(2), ..., m(n)). The TSP is known to be NP hard. For
more information refer to Lawler, Lenstra, Rinnooy Kan and
Shomoys [2]. Several special cases of the TSP are solvable in
polynomial time, due to special combinatorial structures of the
distance matrix, see the chapter 4 in [2]. Among them is TSP with
a Monge matrix.

2 Monge matrix

An n X n matrix C = (c;) is called a Monge matrix if it
satisfies the following conditions for all indices i, j, k, / € N with
i<kandj<l/

Gt =cyto. (2)

Supnik [3] showed that the TSP with a symmetric Monge
matrix is solved by the tour <1, 3,5, ..., 6,4, 2). In order to cha-

Faculty of Management Science and Informatics, University of Zilina, Slovak Republic
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malneho rieSenia uloh TSP s asymetrickymi Mongeho maticami
potreboval koncepciu pyramidového cyklu, t. j. permutacie 7 v tvare

7T:<1, P ST R n,jl,jz,...j”,r,z), (3)

kdei, <i,<..<iaj, >j,>..>j, _,_,. Uloha TSP ziZena
na triedu matic sa nazyva pyramidovo riesitelnd, ak pre [ubovolnu
maticu tejto triedy existuje optimalny pyramidovy cyklus. Zatial
¢o pocet pyramidovych cyklov s » mestami je exponencialny k #,
najkratsi pyramidovy cyklus mozno najst pomocou dynamického
programovania v ¢ase O(n?). Viaceri autori [2], [4] ukazali, Ze
ulohy TSP, ktoré si ziiZené na asymetrické Mongeho matice, su
pyramidovo riesitelné.

Kombinatoricka Struktura matice vzdialenosti zavisi od ocis-
lovania jej riadkov a stipcov. Matica C = (c;) sa nazyva permuto-
vand Mongeho matica, ak existuje takd permutacia ¢ jej riadkov
a stipcov, Ze permutovana matica C, = (¢iye() J& Mongeho
matica. Permutovana Mongeho matica moze byt identifikovana
[4] v Gase O(n?).

R. E. Burkad a V. G. Deinko [1] zaviedli relaxaciu Mongeho
podmienky (2). Matica C = (c;) typu n X n sa nazyva relaxovand
Mongeho matica (RM-matica), ak splna nasledujuce podmienky pre
vsetky indexy i, i + 1,/,j+ 1,/ € Ntaké, Zzeprei + 1 <j # [:

Cim1 TG =cyt ¢ i “4)
Gt i TG =G T ¢ (%)

Poznamenajme, Ze diagonalne prvky matice C nie si zahr-
nuté v definicii relaxovanej Mongeho matice a mozu ostat nadalej
neSpecifikované. Autori ukazali, Ze uloha TSP, ziZena na syme-
trické RM-matice, je pyramidovo rieSite[na. Je ukazané, Ze systém
(4)-(5) je ekvivalentny so systémom s O(nz) nerovnostami, takze
uloha TSP s permutovanou RM-maticou je identifikovatel'na a rie-
Sitelna v case O(n?).

3 Najkratsi pyramidovy cyklus

Ukazeme, Ze najkrat§i pyramidovy cyklus mozno hladat ako
najlacnejsiu cestu v Specialne konstruovane;j sieti v Case O(nz).

Asymetricka uloha TSP sa v teorii grafov formuluje nasle-
dovne. Je dany ohodnoteny uplny digraf K = (X,,, ), hlada sa naj-

s

racterize optimal solution of the TSP with asymmetric Monge
matrices one needs the concept of pyramidal tour, i.e. permutation
7 with

= (L iy by o b Mo oy 1 ), 3)

where i} <i, < ...<i,and j, >j,>...>j, _,_,. The TSP
restricted to a class of matrices is called pyramidal solvable if for
every matrix in this class there is an optimal tour that is pyrami-
dal. Although the number of pyramidal tours on 7 cities is expo-
nential in » a minimum cost pyramidal tour can by determined in
O(n?) time by a dynamic programming approach. It was shown by
several authors in [2], [4] that the TSP restricted to asymmetric
Monge matrices is pyramidally solvable.

The combinatorial structure of distance matrix depended on
the numbering of rows and columns. A matrix C = (c;) is called
a permuted Monge matrix if there is a permutation ¢ of its rows
and columns such that the permuted matrix C, = (¢yye()) 18
a Monge matrix. A permuted Monge matrix can be recognized in
O(n?) time [4].

Burkad and Deinko [1]introduced a relaxation of the Monge
condition (2). An n X n matrix C = (c;) is called a relaxed Monge
matrix (RM-matrix) if it satisfies the following conditions for all
indices i, i + 1,j,j+ ,IE Nwithi + 1 <j # L.

Gt T =cyt ¢ i )]
Gt i TG =G T g %)

Note that diagonal elements of C are not involved in the
definition of relaxed Monge matrices and thus may as well remain
unspecified. Authors showed that the TSP restricted to symmetric
RM-matrices is pyramidally solvable. It is shown that the system
(4)-(5) is equivalent to the system of O(nz) inequalities, so the
TSP with a permuted RM-matrix can be recognized and solved in
0(n?) time.

3 Shortest pyramidal tour

We show that the shortest pyramidal tour can be recognized
as a minimal path in the special constructed network in O(n?)
time.

The asymmetric TSP is stated in the graph theory as follows.
Given weighted complete digraph K = (I_()n, ¢), find a Hamilto-

ofoleYofoloToYofofRe)e

Obr. 1. Pyramidovy cyklus v K
Fig. 1. Pyramidal tour in K
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lacnejsi Hamiltonovsky cyklus C, = [m(1), m(2), ..., @(n)].
V tomto prispevku budeme nazyvat Hamiltonov cyklus, t. j. a cyklus
obsahujuci vSetky vrcholy 0, cyklus. Priklad pyramidového cyklu
{1, 4,8,9,11, 12,10, 7, 6, 5, 3, 2>V1?12je na obr. 1.

Zdruzenym digrafom pre pyramidovy cyklus ¢ = <1, non— 1,
2 jesiet G¥ = ({s} U UU V' U {1}, 4, d), ktora ma 2n vrcho-

lov, jeden zdroj s a jedno ustie t, pricom

U = {uy,us, o, )

Vo= [ .nv, 4]

A4 = ATUA;UAL UAZ UATUA;UATUA,
N {ls, ] - u; € U}
s {[s,v]:v, €V}

NN
=+
I

AT = {{u, 1] u, € U)
A, = (v, tl:v,€V]

A; = {lug, vl :u, € Uy, €V}
Ay = b ul i uy, €Uy €V}
AL = {lu;, ] EUX Ui <}
A= = [yl €V XTV:ii<j}

Ohodnotenie hran d : A — Z sa definuje

-

0 ak h €4,
k
Crprr T ch,j—l ak h=[s,u] €A’
=2
"
Gt Zc_/—l,_/ ak h=1[s,v] EA,
j=2
dh) =3 ¢t > Gt ak h=lup €47 (6)
J=k+1
Cur T Z G-1; ak h=|[v,t]€A,
J=k+2
j—1
¢+ z -1 ak h=[u,u] EAL
I=i+2
J—1
Gt Z Cr—1,1 ak h=[v,n]EA_
L~ S

Specialny sled [1, 4, 3, 5, 4, 8, 7, 10, 9, 11, 10, 12], ktory je
jednoducho zdruzeny s pyramidovym cyklom 7 = <l, 4, 8,9, 11,
12, 10, 7, 6, 5, 3, 2) v digrafe K s pyramidovym cyklom ¢ = <1, 12,
11. 2> je reprezentovany bodkovanymi §ipkami na obr. 2. Naj-
lacnejsi pyramidovy cyklus v K mozno najst ako najlacnejsi cyklus

_— —
-
-
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nian cycle C,. = [m(1), m(2), ..., m(n)] of minimal cost. In this
paper we call a Hamiltonian cycle, i.e. a cycle containing all verti-
ces in 1?,,, a tour. Example of pyramidal tour <1, 4,8,9, 11, 12, 10,
7,6,5, 3, 2> in 1?12 is shown in Figure 1.

The associated digraph for the pyramidal tour ¢ = <1, non—1,
2> is the network G¥ = ({s} U U U V U {1}, 4, d) having
2n vertices with one source s and one sink t where

U = {uy,uycoiu, ]

Vo= [, .nv, ]

A4 = ATUA;UAL UAZ UATUA,UATU A,
47 = llsul:uy€U)

4, = {lsvl:venN

AT = {lu, 1]y, € U}
A, = (btl:v, €N}
A_? = {lug, vl :u, € U,v, €V}
A_Z = v, ue ] 1, €U, v,f S .V}
AZ = {lup, ] EUX Ui <}

A~ = {[v,v] €EVXTV:i<j}

2oy

The weight of arcs is d : A — Z with

-

0 if hed,
k
Cp g1 T zﬁ_‘;,j—l it h=I[s,u) €A’
j=2
Jk
G 1 T Zécj—l.j if h=1Is,w] €A,
=
dh) =4 ¢t > G i h=lun €47 (6)
Jj=k+1
Gt D Gy if h=[v, 1] €47
Jj=k+2
Jj—1
¢t Z €11 it h=[u,u]€AL
1=i+2
Jj—1
Gt D Gy if h=[, ] EAZ
L I=i+1

The dotted arrows in Figure 2 represent a special walk [1, 4,
3,5,4,8,7,10, 9, 11, 10, 12] which is a sample associated with
the pyramidal tour 7 = <1, 4,8,09, 11, 12, 10, 7, 6, 5, 3, 2> in the
digraph K with the pyramidal tour ¢ = <1, 12, 11. 2>

~

o¥oYoRoSoNoRo20J0scqOR0

Obr. 2. Sled pre pyramidovy cykilus v K
Fig. 2. Walk for pyramidal tour in K

z cyklov indukovanych najlacnejSou s — ¢ cestou v zdruZenej sieti
G*? a cyklu ¢. Ako moZeme vidiet na obr. 3 sled pre cyklus 7 je

The shortest pyramidal tour in K can be found as a minimal
tour from the tour inducted by the shortest s — ¢ path in the
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zobrazeny bodkovanymi Sipkami a indukovana cesta hrubymi
Sipkami.

associated network G¥ and the tour ¢. As we see in Figure 3
a walk by tour 7ris figured by dotted arrows and the inducted path
by bold arrows. The admissible walk in the graph K is the

Obr. 3. Cesta a sled pre pyramidovy cyklus v G?
Fig. 3. Path and walk for pyramidal tour in G*

Pripustny sled v digrafe K je len fiktivny sled v sieti G™. Naj-
lacnejsia s — ¢ cesta je jeden sposob ako vybrat nas Specialny naj-
lacnejsi sled, ktory je zdruzeny s pyramidovym cyklom. Pretoze siet
G* je acyklickd a |4 =2((n —2)+ (n 1) + ... + 1) = O(n®)
najlacnejsiu s — 7 cestu mozno najst v éase O(n*) napr. Bellman-
Fordovou metédou [2].

4 Algoritmus

Pouzijeme prezentovany grafovy algoritmus na hladanie pyra-
midového cyklu v digrafe K ako zaklad pre dve heuristické algoritmy
na rieSenie asymetrickej ulohy TSP. Symetricky pripad Studujeme
ako Specialny pripad, ked c; = ¢;.

Nech € = (2, 3, ..., n, 1) a definujeme mnoZinu X(¢) = {,
Ye, ..., e, ]t

X)) = {(. . ...
W, Yy -

sy — b )y (W s ooy Y Y1),
o P o) (W s s i, - D)

Definujeme K, = (I_()n, ¢,,) kde w € X(i) a cena hrany [, j] je
ColisJ1 = Coiyary- Deterministicka heuristicka metoda na hladanie
optimalneho rieSenia 77* v K je zapisana ako algoritmus v Pascale:

function 7* = PYRAMIDAL (X(w))
begin

™ =(w, 0, ® . Wy
¢0:={w, 0, o, ..., w,,>;
while 7 # ¢ do begin

for € X(¢) do begin

find shortest pyramidal tour 7in K ;

n> Yn — 1 e

fictive walk in the network G only. The shortest s — 7 path is only
one way how to select our special shortest walk which is associated
with a pyramidal tour. Since the network G¢ is acyclic and |A | =
=2(n—2)+ @ 1)+...+1)=0(n* shortests — ¢ path can
be found in time O(n?), e.g. by Bellman-Ford method [2].

4 Algorithm

We use the presented graph algorithm for searching the pyra-
midal path in digraph K as a base of two heuristic algorithms for
solving asymetric TSP. We can study the symmetric TSP as a special
case when ¢; = ¢;.

Let e = (2, 3, ..., n, 1) and define the set X(¢) = (¢, e, ...,
Ye, _ ] ie.

X)) = (W, ¥, ..
(s, . -

o Wy W) (B, s e W, ),
s s ) (W s i, DY

We define K, = (1?", ¢,,) where w € X(i) and the weight of arc
[i, /1 s c,lis /1 = Coiywpy- The deterministic heuristic method for
searching the optimal solution 7* in K in a Pascal-like algorithm
is:

function 7* = PYRAMIDAL (X(w))

begin
7™ =W, 0 @, s .. w2>;
¢:=(w), 0, 03, ..., ,);

while 7% # ¢ do begin
for w € X(¢) do begin
find shortest pyramidal tour 7 in K ,;
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if ¢(7*) > c(r) then begin
o:=m, T =
end
end
end
end PYRAMIDAL (X(w)).

Algoritmus PYRAMIDAL(X) vracia rieSenie 7*, ktoré zavisi
od Startujucej mnoziny X(w). Napriklad mozeme poloZit w = €.
Tato vlastnost mdze byt potlacana nasledujucim stochastickym
algoritmom. Budeme pouzivat nahodny generator RANDOM
PERMUTATION(N) cyklickej permutacie mnoziny N.

function 7* = RANDOM\PYRAMIDAL
begin
step : = 0;
7* : = RANDOM\PERMUTATION(N);
while step < n do begin
step . = step + 1;
{y : = RANDOMn PERMUTATION(N);
7 : = PYRAMIDAL(X());
if ¢(7*) > c(r) then begin
w* =, step: = 0;
end
end RANDOM\PYRAMIDAL

Nie je jednoduché Studovat ich zloZzitost, pretoze while cyklus
kon¢i po n netspesnych hladaniach. Po¢itacové experimenty uka-
zujtt, Ze PYRAMIDAL metoda ma zlozitost O(n’) a RANDOM
PYRAMIDAL metdda zlozitost O(n*):

5 Vysledky
Pascalovsky program algoritmu RANDOM_PYRAMIDAL

sme pouzili na niektoré [6] publikované Euklidovské inStancie
uloh TSP s najlep§imi zndmymi rieSeniami.
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C O M M UNICATI ON:S

if ¢(7m*) > c( ) then begin
o =7 T =
end
end
end
end PYRAMIDAL (X(w)) .

The algorithm PYRAMIDAL(X) returns the solution 77* which
depends on start set X(w). For example, we can set w = €. This
property can be suppressed by the following stochastic algorithm.
We will use a random generator RANDOM PERMUTATION(N)
of the cyclic permutation of the set N.

function 7* = RANDOM\PYRAMIDAL
begin
step . = 0;
7* : = RANDOM\PERMUTATION(N);
while step < n do begin
step : = step + 1;
¢ : = RANDOMn PERMUTATION(N);
7 : = PYRAMIDAL(X(¥));
if ¢(7*) > c(7r) then begin
7 =, step: = 0;
end
end RANDOM\PYRAMIDAL

It is not easy to study complexity of these algorithms because
while cycles terminate after n unsuccessful searchings. The com-
putation experiments show that PYRAMIDAL method has com-
plexity O(n*) and RANDOM PYRAMIDAL has complexity 0(n4):

5 Results
Using the PASCAL program for the algorithm RANDOM _

PYRAMIDAL on an Euclidean TSP we have obtained the best
known solutions in almost selected instances [6].

Vysledky vybranych Euklidovskych instancii z TSPLIB Tab. 1 Results of selected Euclidean instances from TSPLIB Tab. 1
Instancia Rozmer  NajlepSie zname  Pyramidové  Pomer Instance Size Best known Pyramidal Ratio
n rieSenie rieSenie n solution solution
berlin52 52 57642 57642 1,0000 berlin52 52 57642 57642 1.0000
eil76 76 306 306 1,0000 eil76 76 306 306 1.0000
rd100 100 7910 7910 1,0000 rd100 100 7910 7910 1.0000
ch130 130 6110 6124 1,0023 ch130 130 6110 6124 1.0023
ch150 150 6528 6526 0,9997 ch150 150 6528 6526 0.9997
tsp225 225 3919 3919 1,0000 tsp225 225 3919 3919 1.0000
pcd442 442 50778 51353 1,0113 pcd442 442 50778 51353 1.0113

Zhrnutie vysledkov exporimentov mozno vidiet v tabulke 1.
Pre inStanciu ch150 sa podarilo najst lepsie rieSenie nez je publi-
kované. Stochasticka analyza oboch heuristik moze byt zaujimava

A summary of the results can be seen in Table 1. In instance
ch150 a better solution was found then the one all ready publish-
ed. The probabilistic analysis of both heuristics may be very inter-
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ako aj navrhnuty smer vyvoja aproximacného algoritmu pre ulohu | esting an well as a proposed direction in the development of TSP
TSP. Mohli by byt zaujimavé tiez studie pyramidovych vlastnosti- | approximation algorithm. It would be interesting to study the
dalsich NP-tazkych kombinatorickych optimalizacnych problé- | pyramidal property for other NP-hard combinatorial optimization
mov. problems.
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DOPRAVNO-OPTIMALNY ROZKLAD REGIONU

TRANSPORT-OPTIMAL PARTITIONING OF A REGION

V tomto ¢lanku za zaoberame iilohou clenenia obyvaného regionu.
Takéto clenenie sa vykondva kedykolvek sa meni verejnosprdavna
sustava. Na dostupnost sluzieb md vplyv aj formovanie podregionov
aj umiestnenie ich stredisk. Ak je sluzba poskytovand obyvatelom

umiestnend v stredisku podregionu, moéZe byt vycislend dostupnost

a moZe byt riesend iiloha optimdlneho rozkladu regionu a umiestne-
nia stredisk. Tento clanok uvddza rozne iilohy rozkladu a prislusné
metody ich rieSenia pre rozsiahlé pripady z praxe.

1. Uvod

Struktura kazdej verejno-spravnej sustavy odraza lokalne a glo-
balne politické udalosti a ma do istej miery vplyv na socialne zale-
Zitosti. Okrem tychto suvislosti §truktira ovplyviiuje dizku cesty,
ktoru musi obyvatel regionu prejst, aby sa dostal k sluzbe, ktora je
obvykle umiestnena v stredisku regiénu. Tuto dopravnu charakte-
ristiku je mozné lahko vyhodnotif a aj ked nemdze byt povazo-
vana za univerzalne kritérium kvality verejnospravnej sustavy,
mala by byt povinnou castou kazdého navrhu verejnospravnej
sustavy.

Dostupnost sluzieb ako meradlo kvality verejnospravnej
sustavy moze byt definované ako priemerna dizka, ktorti musi pre-
cestovat obyvatel podregionu, aby dosiahol najblizSie stredisko
podregionu. Toto kritérium kvality moze byt vyhodnotené pre
[ubovol'ny navrh Struktiry verejnospravnej sustavy, danej umiest-
nenim stredisk podregionov za predpokladu, Ze prislusné podregi-
ony su vytvorené priradenim obyvatela k najblizSiemu stredisku
podregionu. Navyse je mozné formulovat a riesit ulohu optimal-
neho vyberu umiestneni stredisk podregionov za danej mnoziny
moznych umiestneni tak, aby vysledné kritérium dostupnosti bolo
¢o najlepsie.

Kritérium dostupnosti nepokryva celkom pojem kvality navrhu
verejnospravnej sustavy, pretoze pojem kvalita ma aj ekonomické
aspekty. Tieto aspekty nedovoluju ani vytvorif fubovolny pocet
podregionov, ani umiestnit strediska podregionov v fubovolnych
miestach. To je dovod, pre¢o obmedzenie poctu podregionov vstu-
puje do tejto ulohy ako protivaha dostupnosti.

* Prof. RNDr. Jaroslav Janacek, CSc.

This paper deals with a problem of inhabited region partitioning.
The partitioning is performed when a public administration system is
changed. Location of subregion centres is usually connected with the
partitioning. Both of these activities, the location subregions centres
and forming of the subregions, have impacted public service accessibi-
lity. When the service provided to inhabitants is concentrated in the
subregion centres, accessibility can be evaluated and the problem of
optimal partitioning and centre location can be solved. This paper
shows various partitioning problems and reports on associated solution
techniques and results obtained for real-sized instances.

1. Introduction

The structure of any public administration system reflects local
and global political affairs and has an affect upon social events to
some extent. Beside these connections, the structure influences
the length of a trip, which has to be travelled by an inhabitant of
a region to access a service that is usually located at a regional
centre. This transport characteristics of a public administration
structure is easy to evaluate and even if it cannot be considered as
universal quality criterion of a public administration system, it
should be an obligatory part of every public administration system
design.

The service accessibility as a measure of the public adminis-
tration system quality can be defined as average length, which
must be travelled by an inhabitant of the subregion to reach the
closest subregion centre. This quality criterion is possible to eva-
luate for any public administration system structure design given
by subregion centre locations on consideration that the associated
subregions are formed by assignment of an inhabitant to the closest
subregion centre. Furthermore, it is possible to formulate and solve
the problem of optimal selection of subregion centre locations
from a given set of possible locations, so the resulting accessibility
criterion would be the best possible.

However, the accessibility criterion does not cover the whole
term of the quality of public administration system design, because
this term “quality” even has economical aspects. These aspects
allow neither to form an arbitrary number of subregions nor to
locate subregional centres in arbitrary places. That is why the con-
straint on the number of subregions enters this problem as a coun-
terbalance to the accessibility.

Department of Transportation Networks, Faculty of Management Science and Informatics, University of Zilina, 01026,

E-mail: jardo@frdsa.fri.utc.sk

KOMUNIKACIE / COMMUNICATIONS 4/2000 e 35



KOMNIKCCle

C O M M UNICATI ON:S

V rozsahu tohto ¢lanku sa pokusime odhadnut vplyv poctu
podregiénov na priemernu dopravnu zitaz obyvatela. Dalej budeme
studovat dosledky poziadavky na rovnomerné rozdelenie obyvate-
lov medzi navrhovanymi podregionmi z hladiska vyuZzitia vypocto-
vych metod.

2. Uloha dopravno-optimalneho rozkladu regionu

V nasledujtcej sekcii budeme predpokladat, Ze v celom regione
je dana dopravna siet. Siet spaja n obci a je znamy pocet obyvate-
lov b; v kazdom mieste j = 1, ..., n. Oznacujeme {d;} maticu vzdi-
alenosti medzi kazdou dvojicou obci. Nasim cielom je vytvorit
p zhlukov (podregiénov) obci a ur€it pre kazdy zhluk S, k = 1,
..., p jedno stredisko i/, podregionu z mnoZiny moZnych umiest-
neni stredisk {1, ..., m} tak, aby miera dostupnosti, dana nasle-
dujucim vyrazom, bola ¢o najmensia.

P n D

Uvedeny vyraz vyjadruje priemernu vzdialenost obyvatela od
strediska podregionu a koeficient ¢, ; je prispevok miesta j k tomuto
kritériu v pripade, Ze miesto je priradené k stredisku 7.

Oznacme x; € {0, 1} nula-jednotkovi premennu, ktora vyjad-
ruje, €i obec j ma alebo nema byt priradena stredisku podregiénu
i. Nula - jednotkova premenna y; € {0, 1} modeluje rozhodnutie,
Ci stredisko podregionu ma alebo nema byt umiestnené v mieste i.
Potom model optimalneho vytvarania podregionov moze byt zapi-
sany nasledujucim spésobom:

minimalizujte Z z Cy Xy (D
=1 j=1

za podmienok Z x;=1 prej=1,..n 2)
i=1
xl-,»fyi prei = 1,...,m,j=1,...,n (3)
> n=p 4)
i=1

Xp ¥, €00, 1} prei=1,....m, j=1,...,n. (5)

Co je uloha o p-mediane v sieti s kladnymi ohodnoteniami
hran.

V modeli podmienky (2) zabezpecuju, aby kazda obec bola
priradena prave jednému miestu z mnoziny moznych umiestneni.
Podmienky (3) sposobia, Ze ak je obec priradena niektorému
z moznych miest, tak tam bude umiestnené stredisko podregionu.
Podmienka (4) nepovoluje prekroCif pozadovany pocet podregio-
nov. Skuto¢nost, Ze ohodnotenia hran su kladné sposobi, Ze bude
umiestnenych presne p stredisk.

3. Riesenie ulohy dopravno-optimalneho rozkladu regionu
Zavedme Lagrangeov multiplikator fpre podmienku (4), ktora

bude uvol'nena, potom tloha (1) - (5) mo6ze byt preformulovana
nasledujucim spdsobom:

Within scope of this paper, we try to estimate an influence of
the number of subregions to an inhabitant’s average transport load.
Furthermore, we shall study consequences of the demand on
uniform distribution of inhabitants over designed subregions from
the point of exploitation of the computational methods.

2. Transport-optimal region partitioning problem

In the following sections, we shall assume that a transport
network covers the whole region. The network connects n dwelling
places and there is known number b, of inhabitants at each place
J=1,...,n. We denote {d,;} matrix of distances between each pair
of dwelling places. Our goal is to form p clusters (subregions) of
dwelling places and to determine one subregional centre i, for
each cluster S, k = 1, ..., p from a set of possible centre locati-
ons {1, ..., m}, so the measure of accessibility given by the follow-
ing expression be as small as possible.

y4 n P

The referred term expresses the average distance of inhabitant
to subregional centre and the coefficient Cij is the contribution of
the dwelling place j to this criterion in the case that the dwelling
place is assigned to the centre i,.

Let us denote x; € {0, 1} the zero - one variable, which
expresses if dwelling place j should or should not be assigned to
subregional centre i. Zero - one variable y, € {0, 1] models the
decision if a subregional centre should or should not be located at
place i. Then a programme of optimal subregion forming may be
completed in the following way:

minimise i 21 Cy X (1
i=1 j=1

subjet to i x;=1 forj=1,....n 2)
i=1
X; =V, fori=1,...,mj=1...,n 3)
insp 4

X, €00, 1) fori= 1, ....om, j=1,..,n. )

What is p-median problem in a network with positive weights
of edges? In this programme, constraints (2) ensure that each
dwelling place must be assigned to exactly one place from the set
of possible locations. Constraints (3) cause a subregion centre to
be placed at possible location i/ whenever some dwelling place is
assigned to the location. Constraint (4) does not allow to overstep
the demanded number of subregions. The fact that all weights of
edges are positive causes that p centres will be placed.

3. A technique for transport-optimal region
partitioning problem

Let us introduce Lagrangean multiplier f for constraint (4),
which is to be relaxed, and then the problem (1) - (5) can be
reformulated this way:
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Najdite f= 0, také, aby hodnoty premennych y;, i =1, ...,
m optimalneho riesenia ulohy (6), (2), (3), (5) spinali podmienku
(4) ako rovnost. Uvazovana ucelova funkcia je

m m n
DRI (6)
i=1 i=1j=1

Ak f je pevne zvolené,
potom model (6), (2), (3), (5)
opisuje kapacitne neobmedzenu
umiestiovaciu ulohu. Pre rieSe-
nie tlohy s nezapornymi hodno-
tami f a {c;}, sme vyvinuli
a implementovali procediru
BBDual [1], [3], [4]. Pri testo-
vani v priebehu vypoctovych
experimentov s velkymi sietami,
proceduira preukazala svoju
schopnost riesit rozsiahle ulohy
dostatoéne rychlo na to, aby ju
bolo mozné pouzivat opakovane
v zlozitejSich algoritmoch. Aby
sme nasli pozadovani hodnotu f, konstruovali sme algoritmus,
v ktorom funkcia Q(f, c¢) vydava pocet premennych y;, ktorych
hodnota je rovna jednej v optimalnom rieSeni tulohy (6), (2), (3),
(5) pre zadané £, c.

Obr. 1.
Fig. 1.

n

0. Poloitef,,, =0, foux = Z max{c;:i=1,,m},
Jj=1
f: (fmax _fmin)/z‘
1. Pokial (Q(fs C) F p) a (fmax _fmin = 6) Opakujte'
Ak (Q(f, ¢) > p, potom poloZte f,,,, = f, inak polozte f,,,. = f.
POIOZth: (fmax _fm[n)/2~

Optimalne rieSenie <y, x) ulohy (6), (2), (3), (5) pre vysledné
fnemusi nutne spifat podmienku (4) ako rovnost. Napriklad pre
sief na obr. 1 neexistuje Ziadne f také, pre ktoré by optimalne rie-
Senie (6), (2), (3), (5) spialo podmienku (4) ako rovnost. V sieti
na obr. 1 sa predpoklada b; = 1 pre obce j = 1, ..., 10, dalej Ze
mnozina moZnych umiestneni je totozna s mnozinou obci a ze
p=2.

Po vykonani experimentov na realnych siefach uvedenych
v nasledujucej sekcii bolo zistené, Ze vyssie uvedeny algoritmus vo
vsetkych pripadoch nasiel rieSenie s pozadovanym po¢tom podre-
gionov.

4. Uloha kapacitne obmedzeného rozkladu regionu

V tejto sekcii sa budeme zaoberat pripadom, ked treba okrem
podmienky neprekrocenia maximalneho poctu p podregionov res-
pektovat aj podmienku, Ze pocet obyvatelov ziadneho podregionu
nesmie byt mens§i ako zadany pocet ¢. Tato tiloha je riesitelna iba
ak plati nasledujiica nerovnost ¢ < b/p, kde b oznacuje celkovy
pocet obyvatelov v delenom regione. NavySe, ak je splnena pod-
mienka b/(p+1) < g podmienka (4) nemusi byt sucastou prislus-
ného modelu.
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Find f= 0, so that values of variables y,, i = 1, ..., m of the
optimal solution of problem (6), (2), (3), (5) meet constraint (4)
as equality. The considered objective function is

3

m n

fyit 2> Xy (6)
1

i=1j=1

If fis fixed, then problem (6), (2), (3), (5)
forms an incapacitated location problem. To
solve the problem for nonnegative values of
fand {c;}, we devised and implemented proce-
dure BBDual [1], [3], [4]. Being tested during
computational experiments with large net-
works, the procedure proved to be able to
solve large-sized problems quickly enough to
be used repeatedly in more complicated algo-
rithms.

To find demanded value f, we have
completed an algorithm, in which function
O(f, ¢) gives number of variables yi ,which
value is equal to one in the optimal solution of
problem (6), (2), (3), (5) for given £, c.

0. Set fr =0, frupe = > maxfc; : i =
= Sonin)2. =l

l’ ’m}> f: (fmax -

1. While (Q(f; ¢) # p) and (f,,,,x — fruin = €) Tepeat.
If (Q(f, ¢) > p then set f,,;,, = f, otherwise set f,,,. = f.

setf: (fmax _fmin)/z'

Optimal solution {y, x) of the problem (6), (2), (3), (5) for f
resulting from the algorithm above provides both subregional
centres (there are those, for which y, = 1 holds) and subregions
given by the assignment of dwelling places to subregional centres
(dwelling place j is assigned to place / if and only if x; = 1 holds).

It is necessary to remark that the optimal solution (y x> of
problem (6), (2), (3), (5) for resulting f need not necessarily meet
constraint (4) as equality. For example, there is no f, so that an
optimal solution of (6), (2), (3), (5) meets constraint (4) as equa-
lity for the network in Fig. 1. In the network in Fig. 1, there is con-
sidered b; = 1 for dwelling placesj = 1, ..., 10, the set of possible
locations in identical to the set of dwelling places and p = 2.

Having performed the experiments on real networks reported
in the next section, it was found that the above-mentioned algo-
rithm reached solution with the demanded number of subregions
in all instances.

4. The capacitated region-partitioning problem

In this section, we shall focus on a case, when not only the
constraint of maximal number p of subregions should be kept but
also number of inhabitants of no particular subregion should be
lower than given number ¢. This new problem is solvable only if
the following inequality holds ¢ < b/p, where b denotes the total
number of inhabitants of the partitioned region. Furthermore, if
in addition the constraint b/(p+1) < ¢ is met, constraint (4) need
not be included into the associated model.
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Zavedme nula-jednotkové premenné x; a y;, aby sme modelo-
vali tie isté rozhodnutia ako v predchadzajucej sekcii a pouzime
tie isté oznacenia koeficientov, potom moZeme opisat tito novi
ulohu nasledovne:

m n

minimalizujte Z Xy )
i=1j=1 '
m

za podmienok Z x;=1 prej=1,...n (8)

i=1

X; =y, prei=1,...m, j=1,...,n (9)

ijxl.quy,. prei=1,...,m (10)
J=1

xi,,yiE{O,l] prei=1,...mj=1,...,n. (11)

Vo vyssie uvedenom modeli podmienky (8) zabezpecuju, aby
kazda obec bola priradena prave jednému miestu z mnoZiny
moznych umiestneni. Podmienky (9) sposobia, ze ak je obec pri-
radena niektorému z moznych miest, tak tam bude umiestnené
stredisko podregionu. Podmienky (10) zabezpecuju, Ze kedykolvek
bude stredisko podregiénu umiestnené v mieste i, tak mu musi byt

priradenych prinajmensom ¢ obyvatelov.

5. Riesenie ulohy kapacitne obmedzeného
rozkladu regionu

Pre riesenie ulohy (7) - (11) sme navrhli heuristicki metédu,
ktorej vystupom nie je iba suboptimalne rieSenie, ale aj dolna
hranica optimalneho rieSenia. Metdda pozostava z exaktného rie-
Senia Lagrangeovej relaxacie ulohy (7) - (11) a z dvojfazovej
vymenne;j heuristiky.

Ziskané rieSenie Lagrangeovej relaxacie poskytuje dolnu hra-
nicu hodnoty optimalneho rieSenia. Dvojfazova heuristika Startuje
z nepripustného rieSenia ziskaného exaktnym rieSenim Lagrange-
ovej relaxacie a znizuje nepripustnost vzajomnymi vymenami obci
z roznych podregionov.

Lagrangeova relaxacia bola pouzita pre uvolnenie podmienok
(10). Pre kazdu podmienku tohto typu bol zavedeny Lagrangeov

m n
multiplikator u;, pre i = 1, ..., m a sucet Z u; <qyi - Z b; xii)
i=1 j=1

bol pridany k ucelovej funkcii (7). Tymto spésobom sme ziskali
nasledujuci model:

m

minimalizujte g(u, x, y) = Z(uiq)yl. + Z Z(c,-j = buy)x; (12)
=1

i=1,=1

za podmienok (8), (9), (11).

To je opat kapacitne neobmedzena uloha, ktora je riesiteIna
pre pevne nezaporné u, vyssie uvedenou procedurou BBDual.

Let us introduce zero to one variables x; and y; to model the
same decisions as in previous section and let us use the same nota-
tion of the coefficients, then we can describe this new capacitated
problem by the model:

m n
minimise Z Z Cy Xy 7

i=1j=1

m

subjet to z x;=1 forj=1,...,n (8)

i=1

X =V fori=1,...,m, j=1 .., n 9%

U

ijxi]. =qy, fori=1,...m (10)
Jj=1

xp €10, 1 fori=1,...mj=1..n. (11)

In the above programme, constraints (8) ensure that each
dwelling place must be assigned to exactly one place from the set
of possible locations. Constraints (9) cause a subregion centre to
be placed at possible location / whenever some dwelling is assign-
ed to the location. Constraint (10) ensures that whenever a sub-
region centre is located at place i, then there must be assigned at

least ¢ inhabitants to the place.

5. A technique for the capacitated region
partitioning problem

To solve problem (7)-(11), we designed a heuristic method,
whose outputs are not only a suboptimal solution but also a lower
bound on the optimal solution. The method consists of exact
solving the Lagrangean relaxation of problem (7)-(11) and of -
a two-phase improvement exchange heuristic.

The obtained solution of the Lagrangean relaxation gives the
lower bound on objective function value of the optimal solution.
The two-phase exchange heuristic starts from the infeasible solu-
tion obtained by the exact solving of the Lagrangean relaxation
and lowers the infeasibility by mutual exchanges of the dwelling
places from different subregions.

The Lagrangean relaxation was used to relax constraints
(10). For each constraint of this type nonnegative Lagrangean
multiplier u;, for i = 1, ..., m m was introduced, and the sum

n

Z u; (qy,- - Z b; x,j) was added to the objective function (7).
i=1 j=1

This way we get the following model:

n

minimise g(u, x, y) = Z(u,q)y,- + Z (c; = bju)x; (12)
i=1

i=1j=1

subject to (8), (9), (11).

This is again an incapacitated location problem, which is sol-
vable by the above-mentioned procedure BBDual for fixed nonne-
gative u;.
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Hodnota tucelovej funkcie (12) optimalneho rieSenia ulohy
(12), (8), (9), (11) pre pevne zvolené u poskytne dolnu hranicu
(LB) tucelovej funkcie optimalneho rieSenia ulohy (7) - (11).
Hodnota ucelovej funkcie (7) pre [ubovolné pripustné rieSenie (7)
- (11) je hornou hranicou (UB) optimalneho riesenia ulohy (7) -
(11). Ak je znama horna hranica UB, potom mdze byt dolna hranica
zlepSena pouZzitim subgradientovej metddy s pravidlom zastavenia
uréenym hodnotou ,presnosti“ 6. Subgradientova metoda postu-
puje podla nasledujucich krokov:

0. Polozteu =0a LB = —oo.

1. Pre zadané u vypocitajte optimalne rieSenie ulohy (12), (8),
(9). (11) a oznaéte ho (x(u1), y(u)). Prislusni hodnotu icelove]
funkcie oznacte g.

2. Ak g > LB, potom chod’te na krok 3 inak chod’te na krok 4.

3. Polozte LB = g a urcte gradient G z funkcie g(u, x, y) obme-

dzeny na zlozky z u v bode <u, x(u), y(u))
podla G, = gy u) — > byx(u)prei =1, ..., m.
j=1
Vypocitajte G = > (G). A uréte a = 0.9(UB — LB)/G".
i=1

Ak a < §, koncte, inak definujte subgradient G podla
G, = (max{0,u;, + a G} — u;)/aprei =1, ..., m, a vykonajte
krok subgradientovej metody s pouzitim vztahu u; = u; + a G,
pre i = 1, ..., m a pokracujte krokom 1.

4. Ak a < 6 koncte, inak vykonajte krok subgradientovej metody
podla vztahu u; = u; — 0.1a G; pre i = 1, ..., m, poloite o =
= 0.9« a pokracujte krokom 1.

Aby sme ziskali pripustné rieSenie ulohy (7) - (11), vyvinuli
sme Lagrangeovu heuristiku, ktora vyuziva vysledné riesenie <x(u),
y(u)> zo subgradientovej metddy. Tato heuristika identifikuje kazdu
obec j, ktora moze byt priradena inému podregionu bez toho, aby
sa pocet obyvatelov zniZil pod hodnotu ¢. V dalSom kroku su iden-
tifikované vsetky sucasné podregiony, v ktorych je pocet obyvate-
ITov menSi ako ¢. Potom su $pecifikované obce priradené niektorému
zo Specifickych podregionov podla stratégie ,najlepsi vhodny* tak,
aby prisluchajice zvysenie ucelovej funkcie (7) bolo minimalne.
Ak po prehladani vSetkych pripustnych zmien nebolo najdené
Ziadne pripustné rieSenie, potom je vybraty podregion s najmensim
poctom obyvatelov a je zruSeny. Obce prisluchajiuce zruSenému
podregionu su priradené inym podregiénom podla spomenutého
pravidla.

Pre dalSie zlepSenie rieSenia ziskaného Lagrangeovou heuris-
tikou sme zostrojili vymennu heuristiku, zaloZenu na stratégii ,,prvy
vhodny*“. Tato heuristika postupne skuma pripustné dvojice obci,
ktoré su priradené réznym podregiénom a ktorych vzajomna vy-
mena nesposobi pokles poctu obyvatelov pod hodnotu ¢ v ziadnom
z dotknutych podregionov. Kedykolvek heuristika najde pripustnu
dvojicu obci, ktorych vymena sposobi pokles ucelovej funkcie (7),
vymena sa vykona. Heuristika ukonci svoju ¢innost, ak vSetky pri-
pustné dvojice su preskumané a ziadna z nich nie je vhodna pre
vymenu.

V priebehu numerickych experimentov sme zistili, Ze rozdiel
medzi hodnotou ucelovej funkcie vysledného riesenia tlohy (7) -

KOMNIKCCle

C O M M UNICATI ON:S

The value of objective function (12) for the optimal solution
of problem (12), (8), (9), (11) for fixed u gives the lower bound
(LB) on objective function value of the optimal solution of problem
(7) - (11). Objective function value (7) for any feasible solution of
(7) - (11) is an upper bound (UB) of the optimal solution of
problem (7) - (11). If current upper bound UB is known, the lower
bound may be improved using a subgradient method with stop-
ping rule given by value & of precision. The subgradient method
proceeds in accordance to the following steps:

0. Setu =0and LB = —oo.

1. For given u compute optimal solution of problem (12), (8),
(9), (11) and denote it as <x(u), y(u)). The associated objective
function value denotes g.

2. If g > LB, then go to step 3, otherwise go to step 4.

3. Set LB = g and determine gradient G of function g(u, x, y)

restricted on components of u at point (u, x(u), y(u)>
according to G; = qy(u) — Z by x(u)fori=1, ..., m.
m 7=1 ‘
Compute G2 = Z(G,)2 and determine o = 0.9(UB — LB)/G~
i=1

If @ < 6, then stop, otherwise define subgradient G in accord-
ance to G; = (max{0,u, + a G;} — u;)/afori=1,...,m, and
perform step of the subgradient method using expression u; =
u; + aG,fori=1, ..., m and continue with step 1.

4. If a < & then stop, otherwise perform step of the subgradient
method using expression u; = u; — 0.la G, proi=1, ..., m,
set &« = 0.9« and continue with step 1.

To obtain feasible solution of problem (7) - (11), we develop-
ed Lagrangean heuristic, which makes use of solution <x(u), y(u)>
resulting from the subgradient method. This heuristic identifies
each dwelling place j, which can be assigned to other subregion
without the number of inhabitants of the original subregion de-
creases below value ¢. In the next step, all current subregions are
identified, in which the number of inhabitants is less than ¢g. Then
the specified dwelling places are assigned to some of the specified
subregions in accordance to the strategy “best admissible”, so that
the associated increase of objective function (7) would be minimal.
If no feasible solution is obtained after fathoming all admissible
changes, then a subregion with the smallest number of inhabitants
is chosen and cancelled. The dwelling places associated with the
cancelled subregion are assigned to the other subregions in accord-
ance to the above-mentioned rule.

For the next possible improvement of the solution obtained by
Lagrangean heuristic, we developed an exchange heuristic based
on the strategy “first admissible”. This heuristic examines sequen-
tially feasible pairs of dwelling places that are assigned to different
subregions and that a mutual exchange does not decrease the
number of inhabitants below value ¢ in any of the two associated
subregions. Whenever the heuristic finds a feasible pair of dwell-
ing places where the exchange decreases the objective function
(7), the exchange is performed. The heuristic stops when all feas-
ible pairs are examined, and none are admissible for the exchange
operation.
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(11) a ziskanou dolnou hranicou bol privel'ky. To bol dévod, preco
sme navrhli zlepSenie vySSie uvedenej metddy s vyuZzitim ,zosil-
nujucej podmienky“ (4). Tato pévodne nadbytocna podmienka
bola vlozena do modelu (7) - (11). ZlepSeny algoritmus subgra-
dientovej metody opét pracuje podla krokov 0. - 4., ale v kroku 1
rie§i ulohu (7) - (11), (4) namiesto (7) - (11). Pri rieSeni ulohy
(7) - (11), (4) bola opif pouzita procedura opisana v sekcii 3.

6. Numerické experimenty

Numerické experimenty boli zamerané na zistenie ¢asovej
naro€nosti vyvinutych algoritmov pre rieSenie kapacitne neob-
medzenych, ako aj obmedzenych tuloh rozkladu regiénu. Pre algo-
ritmus rieSenia kapacitne obmedzenej ulohy rozkladu regionu bol
do sledovania zahrnuty aj rozdiel hodnoty ziskaného riesenia
a dolnej hranice. V suvislosti s tymto rozdielom bol skimany aj
vplyv vymennej heuristiky.

When numerical experiments were performed, we found that
the difference between the objective function value of the resul-
ting solution of problem (7) - (11) and the obtained lower bound
was too large. That is why we suggested an improvement of the
above method making use of the “strengthening” constraint (4).
This originally redundant constraint was inserted into the model
(7) - (11). The improved algorithm of the subgradient method
follows steps 0. - 4. again, but in step 1. solves problem (7) -
(11),(4) instead of problem (7) - (11). The procedure described
in section 3 was used to solve problem(7) - (11),(4).

6. Numerical experiments

Numerical experiments were focused on study of time con-
sumption of the developed algorithms for the incapacitated and
capacitated region-partitioning problem. Having considered the
algorithm for the capacitated problem, the gap between objective
function value of the obtained solution and lower bound were in-
cluded in the study. In connection with the gap, an influence of
the exchange heuristic was investigated.

Tab. 1
p 1 2 3 4 5 6
dikm] | 1373 | 787 | 599 | 519 | 476 | 443
t[s] 0 0 23 23 24 24
i 2 4 6 7 9 10

Ked boli skiimané riesenia kapacitne obmedzenej ulohy, zistili
sme, Ze uloha (7) - (11) nepokryva celkom praktické poziadavky,
dotykajuce sa tvaru podregionu. VSeobecne sa ocakava, ze vytvo-
reny podregion bude suvisly. To znaci, Ze Ziadna obec, priradena
inému podregionu nebude lezaf na najkratSej ceste, spajajucej
[ubovol'nu obec podregionu s prislusnym strediskom. Model (7) -
(11) nanestastie dovoluje vytvorenie nesuvislého podregionu. Pre
potreby nasho vyskumu bola tato nesuvislost kvantifikovana.

Predpokladajme, Ze rieSenie je urCené poctom p podregionov,
mnoZinami S, obci (S, oznaCuje ity podregion) a strediskami
a strediskami 7, podregionov pre k = 1, ..., p. Oznaéme S, pod-
mnoZzinou Sy, kde sa S, sklada z obci, pre ktoré na ich najkratsej
ceste do strediska 7, leZi obec priradend inému podregionu. Pre
kazdé j € S, symbol h(j) oznacuje index prvej obce z S, — S,
ktora lezi na najkratSej ceste zj do i, a ktora nie je nasledovana na
tejto ceste Ziadnou obcou z S,

Nestvislost meriame hodnotou nasledujuceho vyrazu

p n
(Z > b d,,-/,<,~>> / (Zb_,«) :
k=1jES; =1

Pre testovanie chovania algoritmov na tlohach velkych roz-
merov boli experimenty vykonané s cestnou sietou celej Sloven-
skej republiky okrem okolia Bratislavy. Siet obsahovala 2889 obci.
V testoch boli pouzité dve mnozZiny moznych umiestneni. Prva
mnozina zahrnovala sedem sucasnych krajskych miest (okrem
Bratislavy) a druhd mnozZina bola tvorenad sedemdesiatimi sucas-
nymi okresnymi mestami (okrem Bratislavy a niektorych mestskych
stvrti Kogic). Dizky hran siete boli prevzaté z popisu slovenskej

Tab. 1
p 1 2 3 4 5 6
dikm] | 1373 | 787 | 599 | 519 | 476 | 443
t[s] 0 0 23 23 2% 2%
i 2 4 6 7 9 10

When the capacitated problem was solved and the results
were examined, it was found that the model (7) - (11) does not
cover all practical requirements concerning the shape of a subre-
gion. It is commonly awaited that a formed subregion must be
connected. It means that no dwelling place assigned to another
subregion is allowed to lie on the shortest path connecting any
dwelling place of a subregion to the associated subregion centre.
Unfortunately, model (7) - (11) enables forming even a discon-
nected subregion. This disconnectedness was quantified for the
purposes of our research.

Let us assume that a solution is determined by number p of
subregions, sets S, of dwelling places (S, denotes k-th subregion)
and by centres i, of the subregions for k = 1, ..., p. Let us denote
by S, a subset of S,, where S, consists of the dwelling places,
which a dwelling place of other subregion lies on their shortest
paths to subregion centre i,. For eachj € S, symbol /(j) denotes
index of the first dwelling place from S, — S, which lies on the
shortest path from j to i, and which is followed by no dwelling
place from §,, on this path.

The disconnectedness is measured by value of the following
expression

(£ ) (S2)

To test behaviour of the algorithms for the cases, when solved
problems have a large size, the experiments were performed with
the road network of the entire Slovak Republic except surround-
ing Bratislava. The network contained 2,889 dwelling places. Two
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Tab. 2

P 1 2 3 4 5 6 7 8 9 10 11 12 13 14
d [km] 137.3 76.1 59.0 515 46.2 41.9 38.6 353 33.0 30.9 28.9 273 26.0 24.8
t[s] 9 70 83 297 483 597 1662 347 461 561 473 400 505 444
i 2 4 6 7 9 10 14 8 10 13 11 9 12 11

P 15 16 17 18 19 20 30 35 40 45 50 55 60 65

d [km] 23.8 22.9 220 21.3 20.7 20.0 15.0 13.4 12.0 11.0 10.2 9.6 9.1 8.7
t[s] 618 512 411 480 465 576 471 436 430 449 447 436 440 434
i 14 12 10 14 13 17 15 15 14 18 17 15 18 17

cestnej siete [2]. V tabulke 1 st uvedené vysledky, ziskané riese-
nim uloh s prvou mnozinou moznych umiestneni prep = 1, 2, ...,
6. V tabulke symbol d oznacuje optimalnu hodnotu dostupnosti
v kilometroch na obyvatela, ¢ oznacuje ¢as rieSenia ulohy v sekun-
dach a i uvadza, kolkokrat bola pouzita procedura BBDual v behu
algoritmu.

V tabulke 2 su uvedené vysledky pre pripady, ked mnozina
moznych umiestneni pozostavala zo sedemdesiatich miest. Uloha
bola rieSena pre dve postupnosti pozadovanych poctov umiest-
neni. Prva postupnost bola p = 1, ..., 20 a druha p = 30, 35, ...,
65.

Co sa tyka numerickych experimentov s heuristikami pre ulohu
kapacitne obmedzeného rozkladu regionu, tieto boli vykonané
taktiez vo vysSie opisanej slovenskej cestnej sieti s 2889 obcami,
ale bola pouzita iba prva mnozina moznych umiestneni, tvorena
krajskymi mestami.

Bolo riesenych pat pripadov kapacitne obmedzenej tilohy pre
qg=22, 15 11, 0.9 a 0.8 miliona obyvatelov na podregion.
Vysledky su uvedené v tabulke 3, kde p oznacuje vysledny pocet

different sets of possible locations were used in the tests. The first
set included seven centres of the current counties (excluding Bra-
tislava) and the second set was formed by seventy centres of the
current districts (excluding Bratislava and some quarters of KoSice).
Lengths of the network edges were overtaken from the Slovak road
network description [2]. In table 1, there are reported results obta-
ined by solving the problems with the first set of possible locati-
ons for p = 1, 2, ..., 6. In the table, symbol d denotes the optimal
value of accessibility in kilometres per inhabitant, ¢ denotes the
computational time in seconds associated with problem solving and
i is number of BBDual calls during the run of algorithm.

In table 2, there are reported results associated with the
instances, when set of possible locations consisted of 70 places.
The problem was solved for two sequences of locations’ required
numbers. The first sequence consisted of p = 1, ..., 20 and the
second of p = 30, 35, ..., 65.

Concerning the numerical experiments with heuristic for the
capacitated region partitioning problem, they were performed also
with the above described Slovak road network with 2,889 dwelling
places, but only the first set of possible locations formed by the
current county centres was used.

Tab. 3
BC BV BCM | BCV BC BV BCM | BCV BC BV BCM | BCV
71109 22 22 22 22 1.5 15 15 1.5 11 11 11 11
7 2 2 2 2 3 3 3 3 3 7 ) 3
d [km] 80.9 80.9 80.9 80.9 61.2 60.6 60.4 60.4 54.5 55.6 55.5 55.5
o 1%] 52 52 22 22 41 238 0.8 0.8 3.1 5.7 3.5 34
7 [%] 0.0 0.0 0.0 0.0 0.0 0.5 0.0 17 0.0 03 3.1 3.6
i 52 52 192 192 48 49 276 276 75 55 536 534
t[s] 39 884 194 248 72 597 477 562 491 1140 | 2045 | 2220
BC BV BCM | BCV BC BV BCM | BCV
7 110°] 0.9 0.9 0.9 0.9 0.8 0.8 0.8 0.8
» 4 4 5 5 6 6 6 6
d [km] 52.5 53.1 54.3 52.2 444 443 443 443
o 1%] 111 14.7 13.0 8.5 1.9 17 0.1 0.1
1 [%] 0.1 03 15.9 12.5 12 13 1.0 13
i 157 60 711 693 66 60 10 10
t[s] 208 800 1004 1163 35 2268 24 61
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podregionov, d vysledni hodnotu dostupnosti v kilometroch
a o uvadza dosiahnuti presnost vysledného riesenia ako rozdiel
medzi hodnotou ucelovej funkcie vysledného rieSenia a dolnou
hranicou v percentach dolnej hranice. Nesuvislost je oznacena
ako 7 a je uvedena taktiez v percentach dolnej hranice. Parametre
i a t maju ten isty vyznam ako v tabulkach 1 a 2. Kazdy pripad bol
rieSeny Styrmi modifikaciami heuristického algoritmu, aby bolo
mozné porovnat vplyv jednotlivych krokov na sledované para-
metre.

Modifikacie boli oznacené identifikatormi BC, BV, BCM,
BCV. Modifikacia BC sa sklada zo subgradientovej metddy pre
ulohu (7) - (11) a z Lagrangeovej heuristiky (bez vymenne;j fazy).
Modifikacia BV pridava vymennu fazu k algoritmu BC. Modifika-
cia BCM riesi Lagrangeovu relaxaciu ulohy (7) - (11), (4) namiesto
(7) - (11), to znadi, Ze je pri vypocCte dolnej hranice pouzita zosil-
nujuca podmienka. V tejto modifikacii nie je pouzitd vymenna
faza. Modifikacia BCV pridava vymennu fazu k pristupu pouzi-
tému v BCM.

7. Zaver

Uvedené vysledky ukazali, Ze kapacitne neobmedzena uloha
je rieSitelnd v rozumnom cCase, ale kapacitne obmedzena uloha
predstavuje znaény problém. Co sa kapacitne obmedzenej tilohy
tyka, bolo zistené, Ze pridanie zosilnujucej podmienky (4)
k Lagrangeovej relaxacii (7) - (11) vyznacne zlepSuje tesnost
dolnej hranice. AvSak toto zlepSenie je zaplatené vac¢§im vypocto-
vym ¢asom. Vymenna faza tieZ prispieva k lepSiemu rieSeniu, Spe-
cialne ked nie je pouzita zosilnujuca podmienka. Nanestastie toto
zlepSenie tak isto vyzaduje vacsi vypocCtovy Cas. Diskrétny proces
zhromazdovania s dvoma triedami priorit.
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Five instances of the capacitated problem for ¢ = 2.2, 1.5, 1.1,
0.9 and 0.8 million inhabitants per subregion were solved. The
results are reported in table 3, where p denotes the resulting number
of subregions; d is the resulting value of accessibility in kilometres
and o reports on attained precision of resulting solution expressed
as difference between objective function value of the resulting solu-
tion and the lower bound in percents of the lower bound. The dis-
connectedness is denoted as n and is reported in percents of the
lower bound, too. Parameters i/ and ¢ have the same meaning as in
tables 1 and 2. Each instance of the problem was solved by four
modifications of the heuristic algorithm to enable to compare influ-
ence of the particular steps on the studied parameters.

Identifiers BC, BV, BCM, BCYV, denoted these modifications.
Modification BC consists of subgradient method for problem (7)
- (11) and of the Lagrangean heuristic (without the exchange phase).
Modification BV adds the exchange phase to algorithm BC. Modi-
fication BCM solves Lagrangean relaxation of problem (7) - (11),
(4) instead of (7) - (11); it means that the strengthening con-
straint is used when lower bound is computed. In this modifica-
tion the exchange phase is not used. Modification BCV adds the
exchange phase to the approach used with BCM.

7. Conclusion

The reported results showed that the incapacitated region-
partitioning problem is solvable in reasonable computation time,
but the capacitated problem constitutes a considerable difficulty.
Concerning the capacitated region-partitioning problem, it was
found that the addition of the strengthening constraint (4) to the
Lagrangean relaxation of (7) - (11) considerably improves the
tightness of the lower bound. However, this effect is paid by
greater computation time. The exchange phase also contributes to
the better solution, especially, when a strengthening constraint is
not used. Unfortunately, this improvement also needs greater
computation time.

Acknowledgement
This paper was supported by grant VEGA 1/7211/20.

[1] CENEK, P, JANACEK, J., JANOSIKOVA, L.: Optimalizace stdtni sprdvy a tizemnésprdvni ¢lenéni. Scientific Papers of the Univer-
sity of Pardubice. Series D. Faculty of Economics and Administration 4 (1999). Universita Pardubice. pp 49-54

[2] CENEK, P., JANOSIKOVA, L.: Model dopravnej obsluhy regiénu. Horizonty dopravy. No. 1. 2000. pp. 10-12

[3] ERLENKOTTER, D.: 4 Dual-Based Procedure for Uncapacitated Facility Location. Operations Research. Vol. 26. No 6. November-

December 1978. pp. 992-1009

[4] JANACEK, J., KOVACIKOVA, J.: Exact Solution Techniques for Large Location Problems. In: Proceedings of the Mathematical

Methods in Economics. Ostrava. Sept. 9-11.1997. pp 80-84

4) ¢ KOMUNIKACIE / COMMUNICATIONS 4/2000



Julius Rebo *

KOMNIKCCle

C O M M UNICATI ON:S

DISKRETNY PROCES ZHROMAZDOVANIA

S DVOMA TRIEDAMI PRIORIT

THE DISCRETE PROCESS OF STORAGE WITH TWO PRIORITY CLASSES

Prispevok je venovany Specifickému modelu diskrétneho procesu
zhromazdovania elementov s dvoma triedami priorit. Kazdd trieda
priorit je tvorend nezdvislym vstupnym tokom elementov s Poissono-
vwm rozdelenim. Odvodené su niektoré potrebné zdkladné charakte-
ristické hodnoty a metoda pridelenia optimdlnych vystupnych kapacit
Jednotlivgm triedam priority a taktiez metéda optimalizdcie dizky
periody minimalizujiica prevdadzkové ndaklady systému.

1 Uvod

Nasledujuci model diskrétneho procesu zhromazdovania ele-
mentov s prioritami je zov§eobecnenim modelu zhromaZdovania
s deterministickym Casom obsluhy 7> 0 a Poissonovym vstup-
nym tokom elementov s intenzitou A > 0. Kapacitu zhromazdo-
vacieho priestoru stotoznime s nekoneénou dizkou éakacej fronty
a budeme predpokladat, ze akumulacia elementov kon¢i v kazdom
okamziku ¢, pricom T =t;, — t,_,, Vi. Bezprostredne po okam-
Ziku ¢, je obsluZeny bud’ cely front, ked jeho dizka je mensia ako
M, alebo skupina obsahujuca M elementov. ZvySok elementov,
ktoré neboli obsluzené, ¢aka na dalSiu obsluhu v nasledujucom
okamziku #,, |. Predpisanti dizku intervalu T = #, — t,_, nazyvame
periédou zhromaZdovania a jej dizka uréuje trvanie akumulacie ele-
mentov, kladnu celoCiselnu hodnotu M nazyvame maximdlna
vstupnd kapacita. Predpokladame, Ze vstupny tok elementov ma

(ATY

rl

e*)\T’

Poissonove rozdelenie s pravdepodobnostami m, =

Ze pocas jednej periody T vstupi prave r elementov, so strednou
hodnotou AT > 0. Pomer strednej hodnoty a maximalnej vystup-
nej kapacity M budeme nazyvat zataZenie systému p, pre ktoré
musi platit

_AT
p="7 <L

(1.1.)

Mnozstvo zhromazdenych elementov na konci n-tej periody
oznacujeme S, a nazyvame stavom na konci periody. Hodnota stavu
zataze na konci periody zavisi od poctu elementov X, ktoré vstu-
pili do systému pocas trvania periody a na zvysku elementov Z,
z predchadzajicej periody. Nahodnu premennu Z mozeme vyjadrit
ako hodnotu Z, = S, — M, ak mnozstvo zhromaZdenych elemen-

* RNDr. Jilius Rebo

This paper is devoted to a specific model of the discrete process of
storage with two priority classes. Every priority class of the elements is
formed by independent Poisson distributed incoming streams of the
elements. There are derived some basic characteristic values, a method
of assignment optimal out-going capacities for the classes of priority
and a costs minimising method for the length of the storage period as
well.

1 Introduction

The following discrete process of priority storage is a genera-
lisation of the storage process with a determining time of service
T > 0 and the incoming stream of elements following the Poisson
distribution with rate A > 0. Capacity of a storage area will be
identical with the infinite length of waiting line and we shall assume
that the accumulation of the elements ends in each moment of
time #,, so that 7=1r —t,_,, Vi. Either the group containing
M elements or all waiting line, when its length is below M, is
served immediately after the moment ¢,. The rest of the elements
which have not been served waits for their service at the next
moment 7, ;. Exactly prescribed time 7 is called a storage period
and its length defines a duration of the accumulation. The positive
integer M is usually called a maximum out-going capacity. We
assume that the incoming stream of elements follows the Poisson
distribution, so the probability to enter exactly r elements during

r

¢ with a mean value

storage period 7 has a form 7, = |
r

AT > 0 during period T. The ratio of the mean-value AT elements

during a storage period and maximum out-going capacity M will

be called utilisation factor p and it will satisfy

AT
p=", <1

(1.1)

We denote S, the amount of accumulated elements at the
moment when the nth period 7 ends, and it is called the state at
the end of the period. Value of the state at the end of the period
depends on the number of entered elements X, during period T’
and on the rest of elements Z, , from the last period. We can
express the stochastic variable Z by the form Z, = S, — M, if the

Department of Mathematical Methods, Faculty of Management Science and Informatics, University of Zilina, DP FRI Prievidza,
Bakalarska 2, 971 01 Prievidza, Slovak Republic, Tel.: ++421-862-542 30 56, E-mail: rebo@utcpd.sk

KOMUNIKACIE / COMMUNICATIONS 4/2000 e 43



KOMNIKCCle

C O M M UNICATI ON:S

tov pocas prebiehajucej periody je aspon M, alebo ako hodnotu 0,
ak zhromaZdenych elementov je menej ako M. Stavy S, na konci
periody mozZeme tak vyjadrit v nasledujuicom tvare

S, =Z, ,+ X, (1.2.)
kdevyraz Z,_, = max{S,_, — M, 0] strucne vyjadruje zvySok ele-
mentov z predchadzajicej periody.

Za podmienky (1.1.) mnoZstvo zataZe na konci periody S,
vytvara Markovov refazec majuci stacionarne rozdelenie pravde-
podobnosti stavov, pri ktorom stavy nezavisia od pocétu peridéd
a mozZeme index periody vynechat. Ak pravdepodobnost, Ze stav
na konci periody je S = k oznac¢ime p, = P(S = k) a pravdepo-
dobnosti, Ze pocas periody vstupi prave k elementov ako m, =

_ O

I ¢ T mozeme pravdepodobnosti stavov na konci periody

vyjadrit nekone¢nou sustavou rovnic

amount of accumulated elements during previous period is at least
as big as M, or by value 0, if the amount is below M. States S, at
the end of periods can be described in the following form

S, =Z, ,+Xp, (1.2)
where the term Z, ; = max[S,_, — M, 0} briefly expresses the
rest of elements from the last period.

Under the condition (1.1.) the amount of the elements at the
end of period S, forms a random variable of the Markov chain
having steady-state probabilities of states whereas those probabili-
ties are not dependent on the number of period and we can leave
out the index of period. If probabilities to have a state S = k ele-
ments at the end of the period are denoted as p, = P(S = k) and

0D
k! ’

probabilities to have k incoming elements as 7, =

then we can express the probabilities at the end of period by infi-
nite system of equations

Po=Pot o+ .. T pa)mg

=W+t .. )T Py T o T Dy, k=1,2,3,4, ...

Zakladné rieSenie sustavy (1.3.) predchadzajiceho modelu
procesu zhromazZdovania pomocou vytvarajucich funkcii je popi-
sané v [1] a podrobne ho doplfiaju vysledky z [2]. Strednti hodnotu
stavu na konci periody zvyCajne odvodime zo zodpovedajucej
vytvarajicej funkcie vypocitanim jej prvej derivacie v bode z = 1.
Tak dostaneme

M—1
J > "=,
r=0

dF(z)
dz

E(S) = =
) =1 dz| z

kde z, su korene charakteristickej rovnice z — ¢ PM(1 ~ 2 = o
pre M = 2 a metdda ich vypoctu s ich vlastnostami je opisana v [2].
Specialne pre M = 1 dostaneme

p(2—p)
21-p)°

Strednu hodnotu zvy$ku elementov na konci periody vyjad-
rime pomocou (1.2.), pri zanedbani indexu periody, v tvare

ES) = (1.4b.)

E(Z) = E(S) — AT. (1.5)

V dalSej Casti prispevku sa budeme zaoberat systémom zhro-
mazdovania s elementmi rozdelenymi do tried s prioritami obsluhy.
2 Model zhromazdovania s prioritami
2.1 Popis modelu a jeho rieSenie

Predpokladajme, ze mame dany diskrétny proces zhromazdo-
vania s predpisanou dizkou periody 7. Nech do systému vstupuji

MepM(l —z) _ 1

(1.3.)

The basic solution of the system (1.3.) using generating func-
tions is characterised in [1] and those results are completed in
detail from [2]. We can derive the mean-value of the state at the
end of period by a usual method of computing the first derivative
of the corresponding generating function at point z = 1. So, we get

M— (M- 2 M-1
S AD S -z
WD

(l.4a.)
z=1

where z, are roots of the characteristic equation z — ¢~PM(1 =2

= 0 for M = 2 and their computing method with characteristics is

completely described in [2]. For M = 1 we have a special form

E(S):M.

2(1 = p)

The mean-value of the rest of elements at the end of period is
expressed with a help of (1.2.), leaving out indexes of periods, as

(1.4b.)

E(Z) = E(S) — AT. (1.5)

In the next part of this paper we shall be interested in the storage
system with the elements divided into the classes of service priority.
2 Priority model of storage
2.1 Description of model and its solving method

Let us assume now that we have a defined discrete process of
storage with prescribed length of period 7. Let the elements of
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elementy rozdelené do réznych tried, napr. podla dodavatela. Pre
jednoduchost budeme predpokladat len dva nezavislé vstupné toky
s Poissonovym rozdelenim s intenzitami A, > 0, A, > 0. Akumu-
lacia vsetkych elementov prebieha v spoloénom zhromazdovacom
priestore. Obsluha sa vykonava bezprostredne po ukoncéeni periody
jednym spoloénym obsluznym zariadenim s celkovou maximalnou
vystupnou kapacitou M elementov sucasne. Akumulaciu a vlastnu
obsluhu elementov mézeme vykonavat dvoma nasledujicimi spo-
sobmi:

1. Kazda trieda elementov disponuje vlastnou kapacitou obsluhy
vyhradenou z celkovej maximalnej kapacity M, t. j. elementy
1. triedy maju vyhradenti maximalnu vystupnu kapacitu M,
elementy 2. triedy maju vyhradenu kapacitu M,, pricom
M, + M, = M. Obsluha zhromaZdenych elementov sa vyko-
nava tak, zZe elementy kazdej triedy su obsluhované samo-
statne takym sposobom, Ze ak ich je menej ako M;, obsluzia sa
vietky elementy. Ak ich je zhromazdenych viac nez M;, obsluzi
sa plna kapacita kazdej triedy M; a zvySok ¢akd na dalSiu
obsluhu v nasledujucej periode. Pre tento model obsluhy bola
rieSena uloha nakladovej optimalizacie dizky periody v [3].

2. Druha mozZnost je definovana nasledovne: Nazvime kazdu
triedu elementov ako triedu priority a ich obsluhu budeme
organizovat podla triedy priority. Je obvyklé, Ze nizSie Cislo
udava vyssiu triedu priority a vyssie ¢islo nizsiu triedu. Ozna-
Cené elementy prvej triedy budi mat teda vyssiu prioritu ako
elementy druhej triedy a budu sa obsluhovat prednostne. Vstu-
pujuce elementy do systému sa zoraduju podla tried priority do
frontu. Zo zhromazdenych elementov najskor obslizZime ele-
menty prvej triedy (vySSej priority). Podla ich mnoZstva je
bud M elementov obsliZenych, ak ich je viac nez M a zvySok
(spolu s elementmi druhej triedy) caka na obsluhu v nasle-
dujucej periode, alebo s obsluzené vsetky, ak ich je menej
ako M a zvySok z celkovej vystupnej kapacity M, je doplneny
elementmi 2. triedy nasledovne: Ak zhromazdenych elemen-
tov 2. triedy je menej ako zostatok z celkovej kapacity M,
obsadenej elementmi prvej triedy, su obsliZené vsetky, inak
zvySok ¢aka na dalsiu obsluhu v nasledujucej periode.

V nasledujucich ¢astiach sa budeme podrobne zaoberat druhou
moznostou.

Délezitou zmenou v druhom pripade je dopinanie volnej kapaci-
ty elementami druhej triedy. Deficitom D vystupnej kapacity nazve-
me rozdiel celkovej vystupnej kapacity M a aktualneho poctu obslu-
Zenych elementov prvej triedy (ANSE1) v prislusnej periode, t. j.
D = M — ANSE]1. Pretoze uvazujeme systém zhromazdovania s ne-
kone¢nym zhromazdovacim priestorom v stabilizovanom rezime, je
zrejmé, Ze pre stredni hodnotu obsliZenych elementov prvej triedy
E(ANSEN) a strednu hodnotu elementov prvej triedy, ktoré pocas
periody T do systému vstupili E(X7), plati E(ANSE1) = E(X;) =
= M T. Strednu hodnotu deficitu moéZeme potom definovat ako

E(D) = E(M — ANSE1) = M — E(ANSE1) = M — E(X;) = M — \,T.

Maximalna vystupna kapacita M, pre elementy druhej triedy
nemoZe byt zrejme vacsia ako stanovena stredna hodnota deficitu
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different classes enter the system e.g. according to a supplier. To

make it simple, we shall discuss only two independent incoming

streams with rates A; > 0, A, > 0 following the Poisson distribu-
tion. The accumulation of all elements performs at a common
storage area. One common machine provides their service with

a maximum outgoing capacity M at the same time, immediately

when a period of storage is finished. We can organise their own

accumulation and service in the following two ways:

1. Each class of elements disposes of a reserved self-capacity of
the service from the total maximum out-going capacity M (i.e.
the elements of the first class have a reserved maximum out-
going capacity M, the elements of the second class have the
maximum out-going capacity M, where M, + M, = M). The
service of accumulated elements is accomplished by serving
the elements of each class separately as if there are fewer of
them than M;, all of the elements are served. If there are accu-
mulated more of them than M, they are served to a full capa-
city M, of each class and the rest waits for its service in the next
period. For this model of service has been considered a cost
method optimising length of period in [3].

2. The second case is defined as: Denote each class of elements
as a class of priority and we shall organise their service accord-
ing to their priority classes. It is usual that the smaller number
denotes a higher class of priority and a higher number denotes
a lower class of priority. The marked elements of the first class
will have a higher priority than the elements of the second
class and they will be preferred. Incoming elements are ordered
to the waiting lines with respect to their priority class. Within
the accumulated elements first are served the elements of the
first class (higher priority). According to their amount either
M of accumulated elements are served, if there are more ele-
ments than M and the rest of them (together with elements of
the 2nd priority class) waits for the next service or if there are
fewer of them than M, they are served all and the rest of out-
going capacity M, is completed with elements of the second
class as follows: If the amount of the elements of the second
class is smaller than the remaining capacity M, filled with the
first class elements, they are served all, otherwise the rest of
them waits for the service in the next period.

We shall be interested in detail in the second case in the fol-
lowing chapters.

An important change in the second case is filling up of the
idle capacity with the elements of the second class. We shall call
a difference between the out-going capacity M and the actual
number of served elements of the first class (ANSE1) in a cor-
responding period as a deficit D = M — ANSE]I. Since we reason
a steady-state infinite storage area system, it is clear that the mean-
value of the served elements of the first class E(ANSE1) and a mean-
value of the entered elements E(X;) the system of the same class
during the period T will hold E(ANSE1) = E(X;) = A, T. We shall
define the mean-value of the deficit as

2.1)

Maximal out-going capacity M, for the elements of the second
class cannot probably be higher than the mean-value of the deficit
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E(D) = M — AT atak polozime M, = [M — A,T], kde [x] ozna-
Cuje celu cast Cisla x, najvacsie celé Cislo < x. Pre elementy prvej
triedy priority je teda vyhradend kapacita M, = M — M,. Teda,
obe vystupné kapacity M, M, st diskrétne zavislé od dizky zhro-
mazdovacej periody.

Predstavme si teraz, Ze nas

E(D) =M — M T, so we shall set M, = [M — A,T], where [x]
denotes an integer part of the number x, the greatest integer < x.
M, = M — M, assigns the capacity for the elements of the first
class. So, both the out-going capacities M,, M, are discreetly
dependent on the length of the accumulation period.

Imagine now that our system

systém zhromazdovania sa sklada T

of storage is composed of two dif-
ferent parts (two fictive subsystems)
when the accumulated elements

M, <[M-7T]

z dvoch roznych casti (dvoch fik-  ———Pp]
tivnych podsystémov), ked zhro-

mazdené elementy su obsluho-

vané v tom istom okamziku bez-

prostredne po ukonceni periddy T
zhromazdovania spolo¢nym zaria- >

denim s celkovou kapacitou M.
Prva cast disponuje vystupnou

are served at the same time imme-
diately after the end of the storage
period by a common machine with
the total out-going capacity M. The
first part disposes of the out-going
capacity M, and the second part of

kapacitou M, a druha kapacitou
M, pri danej periode T. Do
kazdého podsystému za jednu
periodu vstupuje nezavisly Pois-
sonov tok elementov so strednou
hodnotou po¢tu elementov A, 7" >
> 0, A,T> 0, pozri Obr. 1. Predchadzajice prisposobenie vlast-
nych vystupnych kapacit pre triedy priorit dava prijatelnu aproxi-
maciu systému s triedami priorit a umoznuje nam vyuzit metodu
rieSenia z [3].

Podmienka stability takéhoto systému je dana poziadavkou,
aby pre elementy kazdej triedy priority, ktoré pocas jednej periody
vstipia do systému, platila ekvivalentna podmienka (1.1.). Tak
dostaneme A,7 < M,, i = 1, 2. Koeficient zatazenia p[” pre kazdy
fiktivny podsystém triedy priority je dany nasledujucim tvarom

pll = AT AT pl2l = M‘

= a (2.2))
M, M-M, M,

Stavy jednotlivych podsystémov definujeme ako pocet zhro-
mazdenych elementov jednotlivych tried priority a stavy celého
systému budu definované ako ich sucet. Z nezavislosti vstupnych
tokov Iahko odvodime vytvarajucu funkciu rozdelenia pravdepo-
dobnosti stavov celého systému.

b WD, . L
[,11 = —"—e MT oznaluje pravdepodobnosti, Ze pocas

Nech 7
jednej periody vstupi do systému prave k elementov i-tej triedy pri-
ority. Pravdepodobnosti stavu S'"! na konci periody pre itu triedu
priority mézeme potom definovat v sulade s kap. 1 ako pravdepo-
dobnosti p[k’] =P(S[’] = k), i =1, 2, ktoré su vyjadrené sustavou

rovnic ekvivalentnou sustave (1.3.). Nech go[i](z) = Z 77[,[]2’,
r=0
Fll(z) = Z p[,i]z’ oznaCuju vytvarajuce funkcie pravdepodob-
r=0
nosti vstupu elementov do systému a stavov elementov i-tej triedy

priority na konci periody. Pravdepodobnosti stavov celého systému
mozeme vyjadrif v tvare

Obr. 1. Rozdelenie celkovej vystupnej kapacity M
pre obe triedy priority
Fig. 1. Dividing of the total out-going capacity M
Jor both classes of priority

capacity M, related to the existing
period T. To each part of a system
incomes independent stream of
elements respecting Poisson distri-
bution with the mean-value of
entered elements A, 7> 0, A, 7>
> (0, see Fig. 1. Previous adaptation of the self-out-going capacities
to the classes of priorities gives a feasible approximation for the
system with priority classes and enables us to use a solving method
from [3].

A stability condition of such an accumulation system is given
by a requirement so that an equivalent condition to (1.1.) applied
for entered elements of each class of priority. Thus, we have A,7 <
<M,, i=1, 2. The utilisation factor p[” for each fictive subsys-
tem of the priority class is given by a following expression

pm:M_ LT and plZlZM,

= (2.2)
M, M-M, M,

States of single subsystems are defined as a number of accu-
mulated elements of single priority classes and states of a whole
system will be defined as their sum. From an independence of
incoming streams we shall easily derive a probability generating
function of the states of the whole system.

Let expression 77[,("] = e M denote probabilities of

WD
T
incoming exactly k elements of the ith priority class. The probabi-
lities of state S'"! at the end of the period for the i-th priority class
can be defined according to chapter 1 as the probabilities p[k” =
= P(S' = k), i = 1, 2, which are expressed by a system of equa-

tions equivalent to (1.3.). Let ¢'(z) = > allz", Flll(z) = > plilz”
r=0 r=0
denote the probability generating functions of incoming elements

of ith class and states at the end of the period respectively. The
probabilities of the whole system states can be expressed by

k k
p=PS=k) = >SN =k — i s =iy = pltt 2!
=0 i=0

i=
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a zodpovedajucu vytvarajucu funkciu

F(z) = ipk ziz Pl P = FURFE).

Strednt hodnotu stavu na konci periody ziskame obvyklym
sposobom. Vypocitame prvu derivaciu vytvarajucej funkcie v bode
z = 1. Dostaneme
dF(z)

dz |:=1 dz

E(S) =

a Ciastocné stredné hodnoty E(S'") pre kazdu triedu priority dosta-
neme pomocou (1.4.).

Strednt hodnotu zvysku na konci periody vyjadrime z (1.5.)
pomocou (2.3.). Tak dostaneme

E(Z) = E(S) —
Celkova doba stravena v systéme je tvorena dobou, ktoru stravia

v systéme elementy kazdej triedy priority. Analogicky podla [1]
a pomocou (1.5.) mozeme tito dobu vyjadrit vo forme

[il — [i] )\lT —
w = E(Z )+T - T=

2.2 Optimalne rozdelenie celkovej vystupnej kapacity
pre triedy priorit

V tejto Casti sa budeme zaoberaf ulohou rozdelenia celkovej
vystupnej kapacity M pre jednotlivé triedy priority. Velkosti vystup-
nych kapacit su pre obe triedy priority diskrétne zavislé a podla
uvodného predpokladu zviazané vztahom M = M, + M,. Za kri-
térium optimalneho rozdelenia zoberieme strednti hodnotu zvysku
elementov po ukonceni periody. Budeme teda minimalizovat uce-
lovu funkciu

2T = EZ" + EZ"), (2.5.)

pri danej dizke periody zhromazdovania 7.

Vzhladom na zavislost jednotlivych vystupnych kapacit a sta-
bilizani podmienku (2.2.), nemoZeme hodnoty M,, M, volit
[ubovolne. Zo stabilizaénych podmienok pre obe triedy priority
dostavame, Ze A\ T < M, a A,T < M,. Z prvej podmienky dalej
dostaneme AT < M — M, a po uprave M, < M — A,T. Z oboch
podmienok dalej dostaneme podmienku

MLT<M,<M—- MT, (26.)
ktora urcuje konecny pocet celociselnych hodnét vystupnej kapacity
M, . Postupnym prepoctom kritérialnej funkcie (2.5.) najdeme taku
kapacitu, pre ktort (2.5.) nadobuda minimum. Hodnota M, vystup-
nej kapacity prvej triedy priority je uz potom ur¢ena jednoznacne.

Za strednu hodnotu zvysku na konci periody E(Z!") do (2.5.)
dosadime zodpovedajuce vztahy (1.4a, b.) upravené podla (1.5.).

d
e F”I(Z)FIZI(Z)
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and a corresponding generating function

©

F(z) = Z n =2, Z Pl PPz = FUEFGE).
We can obtain a mean-value of the state at the end of period

by a usual method. Compute the first derivative at point z = 1. So,
we get

= E(S" + E(st?y, (2.3)
1
and partial mean values E(S'") can be expressed by (1.4a, b.) for
each class of priority.

The mean-value of the rest at the end of period is expressed
again from (1.5.) by (2.3.). So, we can write

MT = M7= ES™M) — N, T+ ES™Y — AT = EZ™) + EZ™).

Overall time spent in the system is formed by the time which
elements of each class of priority spend in a system. According to
[1] and (1.5.) we can express the time in the form

(E(S[i]) _ M) - T.
2

2.2 Optimal decomposition of the total out-going
capacity to the priority classes

(2.4.)

In this part we shall deal with a problem of a decomposition
of out-going capacity M for individual priority classes. Proportions
of out-going capacities are for both priority classes discreetly depen-
dent and they are joined by the following preliminary assumption
M= M, + M,. For the optimal decomposition criteria we can
take the mean-value of the rest of the elements at the end of the
period. We shall minimise the objective function

2T = EZ"Y + Bz, (2.5.)

at given length of the storage period T.

According to the dependency of particular capacities and
steady-state condition (2.2.), we cannot choose the values M, M,
arbitrarily. The steady-state conditions for the both classes of prio-
rity yield A, T < M — M, and after setting we have M, <M — A T.
From the both conditions we shall have the condition

MLT<M,<M— MT, (26.)
which determines a finite number of integers of out-going capacity
M,. By a sequential computing objective function (2.5.) we take
such a capacity for which (2.5.) gets a minimal value. Value M, of
out-going capacity of the first class of priority is then determined.

We substitute corresponding terms (1.4a, b.) modified accor-
ding to (1.5.) for the mean-value of the rest at the end of period
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Stredna hodnota E(Z [i]) pre M = 2 zavisi od korenov charakte-

[7]

M.
ristickej rovnice vo vyraze 2 (1-2zy )~ ! pre zataZenia pm z(2.2),

k=0

ktoré hladame vhodnou numerickou metédou postupom opisanym
v [2]. Podla [3] pre podstatné zjednodusenie, mézeme pouzit

M.
linearnu aproximéaciu 2 (1= 2= s, ply = q,(M)p™ +
k=0

+ ay(M,), ktorej koeficienty zavislé od M, su v tvare

a,(M;) = 0.4045M, — 0.6609
Celkovy postup ukazeme na nasledujicom priklade.
Priklad: Pre systém zhromazdovania s dvoma triedami priorit
majme dané: intenzity vstupu A, = 3 el./h., A, = 2 el./h., spolocni

periodu zhromazdovania 7= 1,2 & a vystupnu kapacitu M = 10 el.

Po dosadeni do (2.6.) dostaneme 2,4 < M, < 6,4. Potrebné
vypocty zostavime do nasledujucej tab. 1.

E(Z") to (2.5.). The mean-value E(Z!"") for M = 2 depends on

M;

the roots of characteristic equation in the term 2(1 - z[,f')f1 for
=0

utilising factor pi” from (2.2.), which are searched for by a proper

numerical method using the procedure described in [2]. According

to [3], for a significant simplifying we can use a linear approxima-

M;
tion > (1 -2y = 1M, pl) = a,(M)p" + ag(M)),
k=0

whose coefficients dependent on M; have the form

, a(M,) = 0.525M, — 0.5114. (.7)

We show the overall previous procedure in the following example.

Example: Let us have given for the storage system with two
priority classes as follows: the incoming rates A, = 3 el./h., A, =
= 2 el./h., a common storage period 7 = 1.2 4 and the out-going
capacity M = 10 el.

From (2.6.) after substituting we shall obtain 2.4 < M, < 6.4.
Necessary calculations will be assembled to the Tab. 1.

Optimalne rozdelenie celkovej vystupnej kapacity M Tab. 1. Optimal decomposition of the total out-going capacity M Tab. 1.
M, | M| Y P | EEZ® | EZY) | 7)) M, | M | PP P EE®) | EZY |z
3 7 0,80 0,51 1,73 0,05 1,78 3 7 0.80 0.51 1.73 0.05 1.78
4 6 0,60 0,60 0,24 0,17 0,41 4 6 0.60 0.60 0.24 0.17 0.41
5 5 0,48 0,72 0,06 0,56 0,62 5 5 0.48 0.72 0.06 0.56 0.62
6 4 0,40 0,90 0,02 3,60 3,62 6 4 0.40 0.90 0.02 3.60 3.62

Z tabulky vidime, Ze optimalne rozdelenie celkovej vystupne;j
kapacity M = 10 el. je pre triedy priority nasledovné: pre prvu
triedu —M, = 6 el., pre druhu triedu —M, = 4 el.

2.3 Optimalna dizka periody zhromazdovania

Zavaznym problémom pri efektivnom riadeni procesov zhro-
maZdovania na €as je stanovenie okamzikov ukoncenia akumula-
cie elementov, t. j. stanovenie dizky periody. Optimalizaéna metoda
dizky periody uvedena v [3] berie do Gvahy prevadzkové naklady
systému zhromazdovania s dvoma nezavislymi vstupnymi tokmi
elementov, z ktorych kazdy druh ma rezervovanu vlastni maxi-
malnu vystupnu kapacitu zo systému. Po jednoduchej modifikacii,
moZeme tento postup pouzif pre uvazovany model s prioritami.
Oznaéme ¢! > 0 naklady na obsluhu jedného elementu,
W > 0 fixné néklady na prevadzku pocas jednej periody a
¢ > 0 naklady na pobyt v systéme a vo fronte pripadajiice na
jeden element i-tej triedy priority za jednotku Casu. Pocas jednej
periody systém priemerne obsluZi AT elementov a Ciastkové naklady
na ich obsluhu budia CY(7) = ¢\, T penaznych jednotiek pred-
pokladu linearnej zavislosti nakladov od mnoZstva obsluzenej

We can see from the Tab.1. that the optimal decomposition of
total out-going capacity M = 10 el. for the both priority classes is
as follows: for the first class —M; = 6 el., for the second class
—M, =4el

2.3 Optimal length of the storage period

A relevant problem within the effective time control of the
storage processes is a setting of the moments when the accumula-
tion of elements will end (i.e. the setting of the period duration).
The optimising method of the length of period in [3] regards the
costs of the storage system with two independent incoming streams
of elements where each variety of elements has a reserved actual
out-going capacity from the system. We can use that technique after
a simple modification for the reasoned model with priorities.

Let us denote c'/1 > 0 the service costs of one element, ¢! > 0
denotes fixed costs for performing the system during one period
and 0[3’] > () are the costs for remaining in the system and a waiting
line corresponding one element of the ith class of priority per time
unit. The system serves AT elements in average during one period
and their costs will be C((7T) = ¢!! \,T under the assumption of
linear dependence on the amount of the served elements. If we

48 ¢ KOMUNIKACIE / COMMUNICATIONS 4/2000



zataze. Ak ich upravime o fixné naklady, dostaneme C[{](T) =
= clIAT + . Ciastkové naklady na dobu stravenu v systéme
(2.4.) budu &init C1(T) = cPw! penaznych jednotiek.

Celkové naklady v zavislosti od dizky periody mdzZeme potom
vyjadrit funkciou celkovych nakladov

D =T + ATy = AT+ D + AW (28)

zdruzujicou ¢iastkové naklady na obsluhu a prestoje v systéme.

Pri danych nakladovych sadzbach mozeme celkové naklady
znizif tym spésobom, Ze budeme minimalizovat fixné naklady
c[2’] > (0 rozloZenim na vacsi pocet obsluZenych elementov tak, Ze
vyjadrime pomernu ¢ast celkovych nakladov (2.8.) pripadajucu na
jeden obsliZeny element vydelenim hodnoty C'(T) priemernym
poctom obsluzenych elementov zodpovedajticej triedy priority za
jednu periodu AT. Z nakladovej funkcie (2.8.) potom dostaneme

C (T) [7]

Nl
(N = AT A; T

=+ 22 AT +cf — (29.)

i

Pre obe triedy priority vytvorime zdruzenu nakladovu funkciu
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adjust them to fixed costs we shall get CV(T) = c[IAT+ 1
Partial costs for the time which the elements spent in the system
(2.4.) will be Cizi] (T = cg’] wl of the monetary units.

Total costs function of the length of the period T can be
expressed

) =N + ATy = PAT+ D+ AW (2.8)
which joins the partial costs for service and the time spent in the
system.

At given cost rates we can reduce the global costs if we mini-
mise fixed costs ¢4l > 0 by their distribution to a higher number
of served elements by expressing a relative part of the total costs
(2.8.) corresponding to one served element dividing the value
C'"N(T) by the average number of served elements corresponding
to the class of the priority per one period A, 7. From the costs func-
tion (2.8.) then we shall get

v _
AT

[i1

Nl
(N = AT

S (29.)

/\T

i

We construct comprehensive costs function for the both prio-
rity classes

n 21 my 2 2 &

N(T) = NU(T) + NPT = o =2 4 el o2 =2y 21 =

(=N (N =ch AT ST )\ZT ST
A T 21 02 T

—eiy 2 S gy g M) e G 6 gy AT (2.10.)
MT A 2 LN 2

Zo stabilizacnych podmienok A, T < M,, A,T < M, pre obe
triedy zhromazdovania dostaneme ohranicenie pre dizku periody

T < miny—,—
ATA,

Pre vypocet E(Z") v (2.10.) znovu vyuzijeme zodpovedajice
aproximacie (2.7.) upravené podla (1.5.).

Zavislost jednotlivych vystupnych kapacit M,, M, pre obe
triedy priority nam neumoznuje analytické rieSenie vo vzfahu
(2.10.). Pouzijeme teda metddu postupnych prepoctov pre vybrané
dizky periody aplikaciou podmienky (2.6.), z ktorych potom vybe-
rieme optimalnu hodnotu.

Priklad: Pre systém zhromazdovania s dvoma triedami priorit
majme dané: intenzity vstupu A; = 0,42 el/h, A, = 0,24 el./h
a vystupnu kapacitu M = 7 el.

Zo stabilizaénych podmienok pre obe triedy zhromazdovania

M, M
dostaneme ohranidenie pre dizku periody T < mm{—1 —2}

AA
Pre dané ciselné hodnoty mame

7 7
T < miny——, —— = 14,28.
0,42 0,24

Dalej polozme T = 1 a vypoéty zostavme do tab. 2. Z pod-
mienky (2.6.) uréime zodpovedajuce hodnoty vystupnej kapacity

From the stability conditions A\ 7'< M;, A,T < M, for the
both priority classes we shall get the limitation for the length of
M M,
the period T < miny—, —=
A A
For computing £(Z!) to (2.10.) we again use corresponding
approximation terms (2.7.) adapted according to (1.5.).

Dependence of the individual out-going capacities M, M, for
the classes of priority does not allow us an analytical solution in
(2.10.). Thus we use a method of consecutive calculations for the
chosen lengths of period by application the condition (2.6.), from
which we choose an optimal value.

Example: Let us have given for the system of storage with two
priority classes as follows: the incoming rates A, = 0.42 el./h,
A, = 0.24 el./h and the out-going capacity M = 7 el.

From the limitation for the length of the period

M M,
T < min " /\— , for given numerical values we have
1 2

T< mind—— 1 14.28
m —, (= . .
"M 0427 024

The next step is to set 7 = 1 and assemble calculations to the
Tab. 2. We define corresponding values of the out-going capacity
M, from the condition (2.6.). We shall get M, € {1, 2, 3, 4, 5, 6]
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M,. Pretoze 0,24 < M, <7 — 0,42, dostaneme, Ze M, € {1, 2, 3,
4, 5, 6). Pre kazdi hodnotu M, zo vztahu M =7=M, + M,
uréime hodnotu vystupnej kapacity M,. Pre zvolenu dizku periody
a ur€ené vystupné kapacity M, M, postupne vypocitame hodnoty
funkcie (2.10.). Optimalne naklady zistime jednoducho prehlada-
nim stipca N(1).

as 0.24 < M, <7 — 0.42. We shall define a value of the out-going
capacity M, for each value M, from M =7 =M, + M,. For
a chosen length of the period and determined out-going capacities
M,, M, we shall compute values of the function (2.10.) in succes-
sive steps. We shall find out the optimal costs simply by searching
the last column N(1).

Tab. 2 Tab. 3

M, M, o p? N(1) M, M, o p? NQ3)
6 1 0.07 0.24 2252.2 6 1 0.21 0.72 1317.8
5 2 0.08 0.12 2252.1 5 2 0.25 0.36 1083.0
4 3 0.11 0.08 2255.8 4 3 0.32 0.24 1076.1
3 4 0.14 0.06 2259.6 3 4 0.42 0.18 1088.0
2 5 0.21 0.05 2264.3 2 5 0.63 0.14 1153.4
1 6 0.42 0.04 2300.8

Zvolme T = 3. Z podmienky (2.6.) dostaneme pripustné
hodnoty vystupnej kapacity M, pre, ktoré st vypocty zoradené
v tab.3.

Pre T=5a T = 9 st vysledky zostavené v tab. 4. a tab. 5.

Let us choose 7' = 3. From the condition (2.6.) 072 < M, <
5.74 we shall obtain feasible values of the out-going capacity M,
whose calculations are aligned in the Tab. 3.

For T = 5 and T = 9 results are set in the Tab. 4. and Tab. 5.

Tab. 4 Tab. 5
M, M, ! p? NGS) M, M, p!! p?! N9
5 2 0.42 0.6 1054.1 4 3 0.98 0.7 2675.7
3 4 0.52 0.4 990.2
3 4 0.7 0.3 1066.0

Nasledujuci obr. 2. ukazuje zavislost nakladov vo funkcii
(2.10.) od dizky periody T pre vybrané parametre: A =042,
A =024, M=1T.

Ako vidime aj z obr. 2, podrobnejsim prepoctom pre T € <4;
5) zistime, Ze funkcia (2.9.) nadobuda minimum pre periodu T =
4,5 s nasledujucimi hodnotami: M, =4, M, = 3 zafaZeniami
pt'1'=0,47, p”! = 0,36 a hodnotou N(4, 5) = 983.

3 Zaver
V prvej Casti prispevku su definované a odvodené zakladné

stredné hodnoty popisujuce efektivnost ¢innosti uvazovaného sys-
tému zhromazdovania s dvoma trie-

Following Fig. 2. shows a dependency of the costs in the func-
tion (2.10.) on the length of period T for the selected parameters:
A =042, 0, =024, M=1T.

As we can see in the Fig. 2, exact computing for T € <4; 5)will
show that the function (2.10.) get the minimum for the period T =
4.5 with following values: M| = 4, M, = 3 the utilisation factors
oM =0.47, p”! = 0.36 and costs N(4.5) = 983.

3 Conclusions
In the first part of the paper basic characteristic mean-values

are defined and derived describing effective functioning of the
considered storage system with two

priority classes. It gives us a possi-

bility to exploit those characteristic

mean-values for deriving the optim-

al length period of element accu-

dami priorit. To nam diava moznost 2500
vyuzit tieto charakteristické stred- o fzgg
né hodn9ty pre odvodenie opti- § 1000
malnej dlzky periody zhromazdo- 500
vania elementov. V druhej Casti 0

mulation. In the second part of

prispevku je analyzovana metoda 0 2 4
nakladovej optimalizacie dizky pe-
riody minimalizujuca fixné naklady
podla poctu obsluzenych elemen-

Period T

Obr. 2. Zdvislost ndkladov funkcie (2.10.) na dizke periédy
Fig. 2. Cost dependency of the function (2.10.) on the length of period

the paper is analysed the costs
optimising method of the length
of period minimising fixed costs
according to the amount of served

6 8 10
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tov pocas jednej periddy. Taktiez je navrhnuta moznost optimal-
neho rozdelenia celkovej vystupnej kapacity pre triedy priorit mi-
nimalizujuca celkovy zvySok elementov bez ohladu na triedu prio-
rity.
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elements during one period. There is also suggested a possibility
of the optimal decomposing of the total out-going capacity for the
classes of priority minimising the cumulative rest of elements
regardless the class of the priority.
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Robert Tenzer *

APLIKACIA METODY MINIMALIZACIE MAXIMALNE]J CHYBY
V TRANSFORMACH POLYNOMICKOU APROXIMACIOU

APPLICATION OF THE MINIMALIZATION OF MAXIMAL ERROR METHOD
IN A TRANSFORMATION BY POLYNOMIAL APPROXIMATION

Metoda najmensich Stvorcov je spravidla pouZivand na odhad
koeficientov polynomickej transformdcie. Cldnok popisuje racionali-
zdciu polynomickej aproximdcie metodou minimalizdcie maximdlnej
chyby (Cebysevova aproximdcia).

1. Uvod - metéda minimalizacie maximalnej chyby

Pri transformacii medzi dvoma suradnicovymi systémami
v geodézii sa na odhad transformacnych koeficientov (napr. poly-
nomickej transformacie) spravidla pouziva metoda najmenSich
Stvorcov, ktora spo€iva v minimalizacii sumy oprav na diskrétnej
mnozine tzv. identickych bodov, ktorych poloha je definovana
v oboch suradnicovych systémoch. Dalsou moznosfou je metoda
minimalizacie maximalnej chyby, ktora vyhovuje podmienke

max [f() = Ry 0| = min, (1)
kde
P A o’
“”*mm*i¢ﬂ”%:1 @
=0

je Cebysevova racionalna aproximacia [1] vSeobecnej funkcie
f(x) definovanej v tomto pripade diskrétnou mnoZinou identic-
kych bodov na intervale <a, b).

2. Prakticka aplikacia

Pre 78 identickych bodov (n = 78) na uzemi Slovenska,
ktorych poloha v systémoch S-1942/83 a ETRS-89 je dana geode-
tickymi zemepisnymi suradnicami B', L' a B, L, s urené koefi-
cienty agg, apq. ..., bg, polynomickej
aproximacie

o do2s boos bios

dB;

NII
MN
M»

k=0 1=0

* Ing. Robert Tenzer

The least square method is generally used for an estimation of the
coefficients of polynomial transformation. The paper describes the
rationalization of polynomial approximation by the minimization of
maximal error model (Chebyshew approximation).

1. Introduction - the minimization of maximal error
method

To estimate the coefficients of transformation (e.g. the polyno-
mial transformation) in the transformation between two coordi-
nate systems in geodesy the least square method is generally used.
This method resides in the minimization of the sum of corrections
on a discrete set, which contains the identical points, whose posi-
tion is defined in both coordinate systems. Another possibility is
the minimization of maximal error method, which corresponds
with the condition

aénxa)éb |f(x)_Rm,k(x)| = min, (1)
where s A
P(x) ;W
B = 00 ! &)
t Z ":’/xj
=0

is the rational Chebyshew approximation [ 1] of the common func-
tion f{x) defined in this case by the discrete set of identical points
on the interval (a, b).

2. Practical application

For 78 identical points (n = 78) in the territory of Slovakia,
whose position in the systems S-1942/3 and ETRS-89 is given by
geodetic coordinates B', L' and B, L, the coefficients ay , a, ¢, ...,

g3 bogs bigs --.» Do, Of polynomial approximation are estimated

@ ABS AL = ag o + a;gAB; + ag,AL, + a; AB,AL, + a, (AB; + a,,AL;,

Department of Geodetic Survey, Faculty of Civil Engineering, University of Zilina, Komenského 52, SK-01001 Zilina
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2k
dL; = Z Zak—l,lAB;(_lALzl‘ = boo + bl,oABi

k=0 [1=0
kdeAB,=B,—n"'> B, AL, =L, — n"'> L, dB, = (B} — B)M,,
i=1 i=1

dL; = (L; — L)N;cosB,,
M je meridianovy polomer krivosti a N je prie¢ny polomer krivosti,
odhadom podla metody najmensich Stvorcov v systéme rovnic

(0)

) _ —
Aypxgp = lyp = Vap »

SXEJ%) = (A;BP asAas)” ! A;BP aBlaps

1 AB, AL, ABAL, AB}
1 AB, AL, AB,AL, AB? AL

AdB = AdL =
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+ bo AL, + ay,AB,AL, + by oAB} + by, AL, (3)

where AB,=B,—n'> B, AL =L —n"'> L, dB
i=1 i=1

= (B; — B)M,, dL, = (L; — L,)N;cosB;,
M is meridian radius of curvature and N is prime vertical radius of
curvature, using the least square method in the system of equations

(0)

0) _ —
Ay 8xap = Ly = var s

5)‘5102 = (AgLP arAar)” ! A;LP arlars

AL

1 AB, AL, ABAL, AB> AL’

(&G = (aby afy b af) a5y agh), (83 = (bgy b bG) BT 5% boh)., (4)
dB, (B), — B))M, dL, (L} — L))N,cosB,
dB, (B, — B))M, dL, (L, — L,)N,cosB,
Ly = : = : e : = : >
dB, (B, — B,)M, dL, (L), = L,)N,cosB,
PdB1 0 0 PdL1 0 0
0 Py, 0 0 Py, 0
Py = : : : o Py = : : : ,
0 0 .. Py 0 0 .. P,

n

za podmienky minimalizacie sumy oprav na diskrétnej mnoZine
bodovi=1,2,...,n,

(0)

n

(0) = ,OT (1) p—
ZvdB,de,-vdB,_ Vag Papvap = min.,
i=1

na intervale {? 1, 1>. Vahy su funkciou strednych stiradnicovych
chyb na identickych bodoch

Pyp, = fimgp,, Map.) »

Na obr. 1 a obr. 2 su znazornené vektory oprav v a velkost

zloziek v(d(f,?, v(dOL) vektorov oprav polyndmickej transformacie.

Podla druhého Remesovho algoritmu je mozné urCit koefi-
cienty Cebysevovej aproximacie rieSenim systému rovnic postup-
nymi iteraciami [2]

S .
ch(xi)f
J06) = Ry, (x) = flx) = L7——
> a0y
=0

i=0,1,...,s+t+1,[=0,1,...,pret # 0,

= (=1 max|m| = Zc,(xi)/ -
=0

under the condition of minimization of sum of corrections on the
discrete set of points i = 1, 2, ..., n,

n

0 0 _ (OTp (0)_ -
Zv(dL),deiv(dL),_ vy PdLV(dL) = min. (5)
=1
on the interval (—1, 1). The weights are function of the mean
coordinate errors on the identical points

Pyr, = Rmgy,, myy) .-

Figures 1 and 2 show the vectors of corrections ¥ and the
value of the correction vector components v, v% in the polyno-
mial transformation.

According to the second Remes’ algorithms it is possible to
determine the coefficients of Chebyshew approximation by solving
the system of equations using iterative operations consecutively [2]

[f(xi) - (—l)i max|m(l)| ] de(xi)j :f(xi) _ (_l)i max| m(i+1)|,
j=1

(6)
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Obr. 1. Vektory oprav v%

Fig. 1 Vectors of corrections v

(0)

polynomickej aproximdcie
of polynomial transformation

[m] 02 T T T T T
T = J'I'lln"ﬁﬂ\vfr ‘\'u-"lll\x, . / \\ s B .-"'. /\ﬂ ./“L MM I."ﬁ\ A l'r_\l'
VW \{ V W Visd
02 | | | l l | l
' 10 20 30 40 R0 1] il
[m] 0.2 | | T T T T T
VI D =t = ﬂ‘\;’r“\—if\vﬂk \J}ﬂ uﬁ Kw/\/\wﬂv—\\/‘ﬁ f“-, fod
v u
oz | | | l !
lﬂ 2|] an 40 A0 1] 70

Obr. 2. Velkost zloZiek oprdv v(o) (0) . polynomickej aproximdcie

Fig. 2. Value of correction vector components vig, v/

a pre 1 = 0 je systém linearnych rovnic v tvare

(N

fo) = > ex) = (= m.
j=0

Pri rieseni systému linearnych rovnic (7) pre pripad koefici-
entov polynomickej transformacie plati

WO of polynomial transformation

and for 1 = 0 a linear system of equations has a form

fox) = Dex) = (=m.
j=0

)

In solving the linear system of equations (7), for the coeffici-

ents of polynomial transformation applies
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Jap(x1) (BY — B)M,
Jap(x2) (B = By)M,
fdB(x) — 8 max |V} | = . — & max |V | = Ly — 8 max |V} | = } — 8, max |V} |,
Jap(x,) (8, — B,)M,
Jar(x1) (L, — L,)N,cosB,
© S () © (L, — Ly)N,cosB,
de(x)*Bmax|v = . *Smax|vd |—1dL*6max|v |— . *Smax|v (8)
f;iL(xn) (L,n - Ln)NnCOSBn
1 AB, AL, ABAL, AB} AL? §,
1 AB, AL, AB,AL, AB; AL} 3,
AdB = AdL = .o . . .
1 AB, AL, AB,AL, AB> AL? 3§,
6,=1pre v,=0a §=—1pre v,>0
(A = ) ol o} o ol o

0,; max | v)

INT
(8x7)
kde max | v

= i3 21
cie,/ =0, [,

(D (1) (1) (1) (1)
o boi bii by o max|v

(1)| st maximalne zlozky oprav /tej itera:

where max| W | max | v(1)| are the maximal components of cor-
rection Fiteration, / = 0, [, .
Koeficienty CebySevovho aproximac¢ného polynému boli
urcené podla rovnic

The coefficients of Chebyshew approximation polynomial are
determined using following equations
(1) (AdBP asdap) AdBP ap Uap(x) — 6; max | V(O) |] = (AaPapAap) ™ AupPup Ulip — 8 max | "(2!; | ]
9
Bxﬂ) (AdBPdBAdB) AdBPdB [far(x) — 8, max | V(0)| ] (AgLPdLAdL)ilAdTLPdL [ly, — 6; max | V(0)| I,
a pre vektory oprav plati | and for correction vectors applies
AdBSXdB [fap(x) — 6; max | V(O) |] = AdBSXdB [l — O; max | "(2!; | ] =vf,f,?,
(10)
AdLéde [ (x) — 6, max|v |] —AdLﬁde [l — 6 max|v(0)| 1=v
[m] 02 T T T T T T
01

2
J: & mi I‘l,. P\
Ao Lt B A Ak |
v “ A SN ) ?'I\ L ’ﬂ\,n‘ IFJ]\ u'LJI"—- I3 »J‘"II'.I' |Ir\/‘ll'1 i !
I VR SR TV A AV T R VAT RAV
v Co \ /L Vo j VNN
y
=01 |.1 e
|||
02 | | 1 1 | ! !
10 20 30 40 a0 &0 70
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Obr. 3. Zlozky oprdv vd(g vﬂ) Cebysevovej aproximdcie a zlozky oprdv vg)B) vg]L) polynémickej aproximdcie

Fig.3 Correction components of Chebyshew approximation v(Y

Pri ¢ = 0 prva iteracia postacuje.

Na obr. 3 a obr. 4 su porovnané velkosti zloziek oprav Ceby-

D
Vag> Var

and the correction components of polynomial approximation V;OB) vif?

For ¢ = 0, the first iteration is sufficient.

Figures 3 and 4 show a comparison between the value of the

sevovej v'D, viP a polynomickej aproximacie 5, v a na obr. 5 | correction components of Chebyshew approximation vy, v and
st vektory oprav v‘? Cebysevovej aproximacie. polynomial approximation v(fg), v(fL) Figure 5 shows the correction

vectors v? of Chebyshew approximation.
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o VAV W Y \. H l\ /‘
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Obr. 4. Rozdiely zloziek oprdv Cebysevovej a polynémickej aproximdcie
Fig. 4, Differences between the correction components of Chebyshew and polynomial approximation

Koeficienty polynomickej a Cebysevovej aproximécie Tab. 1 Coefficients of polynomial and Chebyshew approximation  Tab. 1
Koeficienty polynomickej Koeficienty Cebysevovej Coefficients of polynomial | Coefficients of Chebyshew
aproximacie aproximacie approximation approximation
agp -37,918 -37,920 a0 -37.918 -37.920
a 82,708 82,480 a, 82.708 82.480
ag, 95,605 95,680 g, 95.605 95.680
ap, 159,467 143,090 ap, 159.467 143.090
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Koeficienty polyndmickej Koeficienty Cebysevovej Coefficients of polynomial | Coefficients of Chebyshew
aproximacie aproximacie approximation approximation
g 161,477 203,250 s 161.477 203.250
a4 34,594 35,100 a5 34.594 35.100
max | V3| - -0,12 [m] max V] - -0.12 [m]
boo -124,851 -124,845 boo -124.851 -124.845
by 2,281 2,836 bio -2.281 -2.836
by, 23,059 23,203 bg, 23.059 23.203
by, -32,703 -6,1319 by, -32.703 -6.1319
byo -142,091 250,014 bag -142.091 -250.014
by 18,453 10,609 by 18.453 10.609
max | v33 | - 0,1516 [m] max | V| - 0.1516 [m]
31
%8
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Obr. 5. Vektory opriv v Cebysevovej aproximdcie
Fig. 5. Correction vectors v of Chebyshew approximation
Jednotkové stredné chyby polynomicke;j Tab. 2 Unit mean errors of polynomial and Tab. 2

a Cebysevovej aproximacie

Chebyshew approximation

Jednotkové stredné chyby
polynomickej aproximacie

Jednotkové stredné chyby
Cebysevovej aproximacie

Unit mean errors of
polynomial approximation

Unit mean errors of
Chebyshew approximation

Mg 45 +49cm +30cm Mo 4p *49cm +30cm
Mo g *51cm *51cm Mo g +51cm *51cm
3. Zaver 3. Conclusion

Z porovnania vektorov polynomickej a Cebysevovej aproxi-
macie vyplyva skutoCnost, Ze okrem samotného zniZenia maxi-
malnej chyby aproximacie (v naSom pripade maximalnej opravy
v stibore identickych bodov) pri pouZiti aproximacie Cebysevo-
vym polynémom dochadza aj k znizovaniu vel’kosti oprav na prak-

The comparison between vectors of the polynomial approxi-
mation and Chebyshew approximation results in fact that not only
the maximal error of approximation is reduced (in our case, the
maximal correction on the set of identical points), but using app-
roximation by Chebyshew polynomial reduction of the value of
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ticky celej mnozine identickych bodov a tym aj k zniZovaniu jed- | corrections relates to whole set of identical points and also to
notkovej strednej chyby aproximacie: Cebysevova aproximdcia raci- | reduction of unit mean error of approximation: Transformation
onalizuje transformacny polynom. polynomial is rationalised by Chebyshew approximation.

Literatura - References:

[1] RALSTON, A.: 4 first course in numerical analysis, Mc Graw - Hill Book Company, New York 1965.
[2] RALSTON, A.: Rational Chebyshew Approximation by Remes’ Algorithmus, Numerical Mathematica 7, 1965.

D8 ¢ KOMUNIKACIE / COMMUNICATIONS 4/2000



Daniela Durc¢anska - Ferdinand Hesek *

KOMNIKCCle

C O M M UNICATI ON:S

MATEMATICKE MODELOVANIE VPLYVU DIALNICE

NA ZNECISTENIE OVZDUSIA

MATHEMATICAL MODELLING OF THE HIGHWAY INFLUENCE TO AIR POLLUTION

Prispevok sa zaoberd posudzovanim vplyvu dialnic na znecisto-
vanie ovzdusia a oficidlnou metodikou, ktord sa pre tento iicel pouziva.
Metodika pouzivand pre mestské komunikdcie bola modifikovand
pre modelovanie znecistenia ovzdusia od dopravy na rychlostnych
komunikdcidch v nezastavanom tizemi.

1. Uvod

Negativny vplyv dopravy na znecCistenie ovzdusia je vSeobecne
znamy. Doprava v mestach prispieva k znecisteniu ovzduSia viac
ako 50 %, v centralnych Castiach miest viac ako 70 % [5]. RieSenie
problému rasticej hustoty dopravy si vyzaduje vystavbu novych
ciest, hlavne dialnic. Je potrebné si zodpovedat na otazku, ¢i dial-
nice rieSia tiez problém negativneho vplyvu dopravy na znecistenie
ovzdusSia. Vystavba dial'nice neznizuje pocet aut prechadzajucich
danym miestom. Skor tento pocet zvySuje, pretoze dialnice prita-
huju vel'ky pocet vodicov motorovych vozidiel, ktori by ina¢ pouzili
int dopravnu komunikaciu. Dialnice zvySuju priemernu rychlost
dopravného prudu. Preto spotreba paliva narasta, co spdsobuje na-
rast emisie hlavnych znecistujicich latok, ktoré produkuje doprava:
NO, - suma oxidov dusika,

CO - oxid uhol'naty,
VOC - prchavé organické zluceniny.

Pri projektovani dialnice je nutné zohladnit, aby negativny
vplyv dial'nice zasiahol pokial mozno najmensi pocet Iudi. Nie
vzdy je mozne budovat dialnicu mimo obyvanych Casti miest. Je
dolezité, aby dialnice prechadzali takou trasou, aby v oblasti,
v ktorej koncentracie NO,, CO prevys§uju kratkodobé imisné limity,
bol pocet obyvatelov, ktori tu stabilne Ziju, minimalizovany. Emisia
emisia oxidu dusika, ale imisny limit je 50-krat vacsi, t. j. CO je 50-
krat menej toxicky ako NO,. Preto je pochopitelné, Ze negativny
vplyv dialnice by mal byt posudzovany podla koncentracie NO,
a Sirku ochrannej zény okolo dialnice by mala urcovat izoCiara
200 ug.m > koncentracie NO, . Rozdelenie koncentracie NO_, CO
a VOC sa pocita na zaklade oficialnej metodiky pre vypocet zne-
Cistenia ovzdusSia z okolitych zdrojov [6].

The paper deals with the procedure of the highway project evalu-
ation from the standpoint of highway influence to the environment.
The official calculation methodology of air pollution is used for that
purpose. The methodology was adjusted so that the differences of high-
ways from the common roads were taken into consideration by the
calculation of pollutant distribution in the surroundings of the highway,
mainly from the high speed of the traffic stream point of view.

1. Introduction

The negative effect of traffic to air pollution is generally well
known. The traffic in cities contributes to more than 50 percent of
air pollution and in the central part of cities more than 70 percent
[5]. The solution of the increasing traffic density problem demands
construction of new roads, mainly highways. It is also necessary
to answer the question if highways solve the problem of negative
influence of traffic to air pollution. Building highways does not
bring down the number of cars that pass through a given place. It
sooner raises this number because highways attract more drivers
that would otherwise use another route. Highways increase the
average speed of the traffic stream. Therefore, fuel consumption
increases and results is increasing emission of the main harmful
substances produced by traffic: NO, - the sum of nitrogen oxides;
CO - carbon monoxide and VOC - volatile organic compounds.

By the projecting of highways it is necessary to take into
consideration that the negative influence of highways affects the
smallest number of people. Construction of highways out of city
living parts is not possible. It is important that the highway could
run in such a way, that in the zone, where the concentrations of
NO., and CO exceed the short-term imission standards, the number
of the permanent living inhabitants was minimalized. The emis-
sion of carbon monoxide by highway traffic is approximately four-
times higher than the emission of nitrogen oxides but the imission
standard is 50 times higher, e.g. CO is 50 times less toxic then
NO,. Therefore, it is comprehensible that the negative influence
of the highway should be judged according to the NO, concentra-
tion, and the width of the protective zone round the highway should
be determined by the isoline 200 ,u“g.mf3 NO, concentration. The
distribution of NO,, CO and VOC concentration is calculated on

* Assist. Prof., PhD, Eng. Daniela Durcanska, 2Assoc. Prof., PhD, Dr. Ferdinand Hesek
"University of Zilina, Faculty of Civil Engineering, Department of Highway Engineering, Slovak Republic

2Geophysical Institute of SAS Bratislava, Slovak Republic
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Prezentacia metodiky vypoétu automobilového znecistenia
ovzdusia a jej modifikacie pre vypocet distribucie koncentracie hlav-
nych zloziek spalovania paliva okolo dialnice je jeden z cielov
tohto ¢lanku.

2. Metodika vypoctu znecistenia ovzdusia
z automobilovej dopravy

V prvom pribliZeni sa moze ulica uvazovat ako liniovy zdroj
znecistujucich latok. Disperzia znecistujucich latok z liniového
zdroja je popisana stacionarnou dvojrozmernou rovnicou turbu-
lentnej difuzie:

aC ?C 9 aC
U—=K.—+—Kk—.
0x 0x 0z 0z

(1

Ulicu si mozeme predstavif ako kafion, ohranieny z oboch
stran budovami. Pre takuto ulicu hrani¢né podmienky budu:

ac

. ‘= pre0=z=1/,
ox |y =

aC

Kz— =
ZaZ z=0 Q

(la)

nad cestou,

aC
Kz —

=0 =0,
0z |-

0
H
kde C - je koncentracia zneéistujucej latky v mg.m >,
K., K. - su zlozky koeficientu difzie v prisluSnych smeroch
2 1

vmos -,
- rychlost vetra v m.s™ ',
-vySka budov m,
- vySka vrstvy premieSavania v m,
- Sirka kanonu ulice v m,
- emisia komunikacie v mg.m_z.s_l,
- parameter, charakterizujici pohltenie znecistujucej

latky stenami zastavby v m.s .

cOonm ST g

Prva hrani¢na podmienka simuluje odraz popr. prechod polu-
tanta medzi budovami. Koeficient v mozeme vyjadrit vztahom

(1—=PR) K (2)
v=(1-— i
A
kde A, - je sirka chodnikov na oboch stranach cesty. Ak je
zastavba spojita PR = 1, ak je cesta bez zastavby
PR =0.

X

Druha a tretia hrani¢na podmienka vyjadruju produkciu zne-
Cistujucich latok nad cestou a uplny odraz polutanta na povrchu
zeme a na hornej hladine vrstvy premieSavania.

Sirka cesty SIC je dana poétom jazdnych pruhov. Pre jeden
jazdny pruh sa urcuje Standardna Sirka 3 m. Predpoklada sa, ze
chodniky na oboch stranach cesty maji rovnaku Sirku.

the basis of official air pollution calculating methodology from
traffic [6].

One of the purposes of this paper is to present air pollution
calculation methodology from car traffic and its modification for
calculation of concentration distribution of the fuel combustion
main products around the highways.

2. Methodology of air pollution calculation from car traffic

In the first approximation a street may be taken as a line source
of pollutants. The dispersion of pollutants from a line source is
described by the stationary, two-dimensional equation of turbulent
diffusion:

aC #c a4 aC

U—=K.—+—-Kz . (1)
0x 0x 0z 0z

Street may be imagined as a canyon enclosed from either one

or both sides by the buildings. For this type of street the limiting

conditions will be

aC
s |x=0EVC for0=z=h,
T oox _
X =95
aC L
Kz— =Q over the communication, (1a)
dz z=0
aC
Kz— |._¢ =0,
0z |5 =
z=H
where C - is the pollutant concentration in mg.m >,

K., K. - components of diffusion coefficient in the corres-

ponding direction in m%s ™!,

U - the wind speed in m.s~ !,

h - the height of the built-up area in m,

H - the altitude of the mixed layer in m,

S - the width of the street canyon in m,

Q - the specific emission of the road in mg.m_z.s_ !
v - the coefficient of the pollutant passage through the

walls of the built-up area in m.s™ ..

The first limiting condition simulates the reflection and passage
of pollutants through the walls of built-up area. We can express the
coefficient v by the relation

(1 —PR) X (2)
v=(1— L 2x
A,
where A, is the width of the footway on the both sides of the road.
PR =1 for continual built-up area
PR = 0 for the road out from built-up area.

The second and third limiting condition express the pollutant
production over the road as well as the perfect reflection of the
pollutant on the ground surface and on the upper level of the
mixed layer.

The width of the road (SIC) is given by the number of lanes.
For one lane the standard width 3 m is taken. The pavements on
both sides of the street are assumed to have equal width.
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Hraniény problém (1), (1a) bol rieSeny numericky, metédou
konecnych diferencii. Je to implicitna metoda a teda bezpodmie-
necne stabilna. Zaklada sa na tom, Ze namiesto funkcii spojitych
argumentov uvazujeme funkcie diskrétnych argumentov, zadanych
v uzlovych bodoch. Vypoétova oblast je konStruovana tak, ze cely
kaiion je deleny v horizontalnom smere na tri stipce boxov. Vypo-
¢itana koncentracia polutanta v uzlovom bode predstavuje prie-
mernu koncentraciu v prislusSnom boxe, v centre ktorého sa uzlovy
bod nachadza.

Priemerna koncentracia polutanta v danom boxe bude zavisiet
od rozmeru boxu. Preto Sirku dial'nice nie je mozno pocitat z poctu
jazdnych pruhov. Z tohto dévodu sa Sirka pocitaného useku dial-
nice zadava interaktivne cez obrazovku.

Vzdialenost vybranej izoCiary koncentracie polutanta od dial-
nice zavisi od smeru vetra. Tato vzdialenost je maximalna, ked
smer vetra je kolmy na os dial'nice. Z tohto dovodu §irka ochran-
nej zony je vzdialenost od dialnice, v ktorej koncentracia NO,
dosiahne hodnotu 200 p,g.mf3 (kratkodoby imisny limit pre NO,)
pri smere kolmom na os dial'nice. Okrem inych vypoctov sa pocita
tiez celkové mnozstvo NO,. CO a VOC, ktoré emituje automobilova
doprava na danom useku cesty za urcity ¢as (obvykle den, popr.
rok).

Specificka emisia cesty Q sa poéita z poétu osobnych POS
a nakladnych aut PNAK, ktoré prechadzaju dialnicou za Cas sprie-
merovania 7 (0,5 h, 24 h)
POS - EOS + PNAK - ENAK
0= 3600 - T - SIC ‘ ()

Specifické emisie aut (emisné faktory) EOS a ENAK zavisia
od technickej urovne aut. V sucasnej dobe vo vypoctoch sa pouZzi-
vaju Specifické emisie uvedené v tab. 2.

3. Aplikacia modelu v procese posudzovania vplyvov
komunikacii na zivotné prostredie

3.1 Doprava

Sektor dopravy je jeden z hlavnych Cinitelov problémov energe-
tickych a problémov Zivotného prostredia, pretoZe patri k najva¢s§im
spotrebitelom fosilnych energetickych zdrojov a je zodpovedny
za podstatné ovplyviiovanie a zatazovanie Zivotného prostredia.
Tato myslienka vyplyva zo spravy ,Doprava v rychle sa meniacej
Europe®, ktoru spracovala skupina ,Doprava 2000 plus® Eur6p-
skeho spolocenstva [1].

Dalsi vyvoj dopravy je neoddelitelne spojeny s otizkami
hodnét zivotného §tylu, sposobu Zivota a hospodarstva. Treba si
uvedomit, Ze doprava ovplyviuje Zivotné prostredie kladnym aj
zapornym sposobom:

® pozitivne tym, Ze ucelnym premiestiovanim osob a tovaru zabez-
pecuje potreby spolocnosti a vykon niektorych sluzieb i vyrazne
prispieva k rastu turizmu,
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The limiting problem (1), (1a) was solved numerically by the
method of finite differences. This is an implicit method and thus
unconditionally stable. It consists of fact that instead of functions
of continuous arguments, the functions of discrete arguments are
considered, and their values are given in the grid points. The cal-
culation domain is constructed so, that the whole canyon is divided
in horizontal direction into the three columns of the boxes. The
calculated pollutant concentration in a grid point presents the
mean pollutant concentration in this box, in the centre of which
the grid point is situated.

The mean pollutant concentration in a given box will depend
on the dimension of the box. The width of the highway is not
always possible to calculate from the number of the lanes. For that
reason the width of the calculated section of highway is given
interactively through the screen.

The distance of a chosen isoline of pollutant concentration
from the highway depends on the wind direction. This distance is
maximal when the wind direction is perpendicular to the axis of
the highway. For this reason the distance from the highway is cal-
culated, in which NOx concentration achieves the value of 200
ug.m > (short-term imission standard for NO.,). The whole amount
of pollutants NO,, CO and VOC emitted by the existing road
traffic during some time interval, usually during one year, is also
calculated.

The relation calculates specific emission of the road Q from
the number of the passenger cars and duty vehicles (POS and
PNAK), which passed the highway in the averaging time of the
pollutant concentration 7' (0.5 h, 24 h)

POS - EOS + PNAK - ENAK
0= 3600 - T+ SIC : 3

Specific emissions EOS and ENAK depend on the technical
level of the cars. In present time the specific emission given in the
Table 2 are used in calculations.

3. Application of model in appraisal process of
communications effects to the environment

3.1 Transport

The transport sector is one of the main energy and environ-
mental problems, because it is part of the biggest consumption of
petrified energy sources and is responsible for essential affect to
environment. This opinion results from the “Transport in quickly
changing variable Europe” report, processing by “Transport 2000
plus” of European community [1].

Future evolution of traffic is inseparably connected with envi-
ronment values questions, manner of life (modus vivendi) and
economy. It is necessary to sense that the traffic is influencing the
environment positively and negatively, too:

® Positive effect of traffic is providing for society needs and per-
formance of some services by effective transportation of persons,
goods, and traffic also goes towards the rise of tourism.
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® negativne dlhodobym ufinkom podielu na spotrebe neobnovi-
telnych prirodnych zdrojov, kratkodobo pésobenim na okolie
a cloveka.

NajzavaznejSie ucinky automobilovej dopravy na zivotné pros-
tredie s dopadom na zdravie obyvatelstva ma hluk a exhalaty.
Prave preto zaujimaju podstatné miesto v metodike posudzovania
vplyvov Cinnosti na zivotné prostredie - EIA (Environmental
Impact Assessment).

Znecistenie ovzdusia ako jeden z bezprostrednych dopadov
automobilovej dopravy na svoje okolie vznika hlavne prevadzkou
motorov pohybujucich sa vozidiel, ale aj virenim CiastoCiek prachu
usadenych na komunikacii a v jej okoli a tieZ opotrebovanim jed-
notlivych Casti vozidla, ako su napriklad brzdové oblozZenie, pneu-
matiky a pod.

Imisna studia by preto mala byt sucastou projektovej doku-
mentacie cestnych komunikacii na urovni variantného rozhodova-
nia o vybere vhodného umiestnenia komunikacie. Aby splnila svoj
ucel, mala by obsahovat modelovanie produkcie plynnych emisii
od automobilovej dopravy v takom rozsahu, aby bolo mozné porov-
navaf rozne varianty trasy.

3.2 Imisna studia

V strukture emisnej Studie by nemalo chybaf postidenie tvorby

imisii od dopravy:

® sucasnej na jestvujucej cestne;j sieti v sledovanom tzemi,

® vyyhladovej na jestvujucej cestnej sieti v sledovanom uzemi za
predpokladu, zZe sa novonavrhovana komunikacia nebude reali-
zovat, tzv. nulovy variant,

® vyhladovej na novonavrhovanej komunikacii v sledovanom tizemi,

® zostatkovej na jestvujucej cestnej sieti v sledovanom uzemi za
predpokladu, Ze sa novonavrhovana komunikécia vybuduje,

® navrh opatreni na zniZenie znecCistenia ovzdusia,

® navrh monitoringu ovzdusia.

Takto koncipovana imisna Studia moze byt podkladom pre
proces posudzovania vplyvov na Zivotné prostredie podla zakona
NR SR ¢. 127/94 Z. z. [2].

Vyuzitim popisaného vypoctového programu, v ktorom su
zohladnené vSetky rozhodujuce faktory ovplyviujice produkciu
plynnych emisii, je mozné modelovat zneCistenie ovzdusia v okoli
komunikacie.

Vstupné udaje pre modelovanie:

® emisné faktory pre sucasny a buduci vozidlovy park,
® objem dopravy a jej zloZenie podla druhov vozidiel,
® pozdizny sklon komunikacie,

® rychlost jazdy vozidla,

® poveternostné podmienky.

Posudzované su mnozstva nasledujucich zneéistujucich latok:
® CO oxid uhol'naty,

® NO,. oxidy dusika,

® JOC uhlovodiky.

® Negative effect of traffic has long-term impact of nonrevivable
natural source consumption part, by the instrumentally of short
- term impact to surroundings and humans.

The most significant effects of car traffic to environment with
the impact to the population’s health are noise and imissions.
Therefore, they take a substantial place in Environmental Impact
Assessment methodology - EIA.

Air pollution, one of the immediate impacts of traffic on its
surroundings, is mainly a result of moving cars, motors operation,
but also by whirling of sedimentary dust elements on the road and
in its surroundings, and by individual car part abrasions, for
example, brake lining, tires, etc. Therefore, the imission study
should be part of road design documentation up to the mark of
variant decision by the appropriate location choice. In order to
fulfil its aim, it ought to include the modelling of gaseous emis-
sions production from car traffic in such a proportion that it will
be possible to compare different variants of the route.

3.2 Imission study

In imission study there should be imission creation arbitra-

tion from:

® actual traffic on the existing network of roads in regarding area,

® forecast traffic on the existing network of roads in regarding
area, provided that the redesigned road will not be realised,
called zero variant,

® forecast traffic on the redesigned road in regarding area,

® residual traffic on the existing network of roads in regarding
area, provided that redesigned road will be realised,

® suggestion of arrangements for air pollution reduction,

® suggestion of air monitoring.

Imission study drafted in this way can be the foundation for
the environmental impact assessment process according to the
Law NR SR €. 127/94 Z. z. [2].

With the exploitation of described computing program, which
deliberates all determining factors influencing the gaseous emis-
sions production, it is possible to simulate air pollution of the road
surroundings.

Input information for modelling:

® emission factors for actual and future vehicle stock,

® traffic volume and its composition by the type of vehicles,
® |ongitudinal gradient of road,

® urban and eventually suburban treatment of traffic,

® speed of vehicle drive,

® atmospheric conditions.

Following pollutants are appreciated:
® (CO carbon oxide,

® NO, nitrogen oxides,

® JOC volatile organic compounds.
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Vystupy:
® rozptyl vo volnej atmosfére
- COo, NO,, VOC,
- celkova produkcia za rok,
- max. koncentracia v ovzdusi od $pi¢kovej dopravy,
® hranica prekroCenia limitu 200 ,u,g.m_3 NO, - vzdialenost od
osi komunikacie.
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Outputs:
® diffusion in open atmosphere
- CO, NO., VOC concentrations,
- total year production,
- max. concentration in atmosphere from highest traffic,
® frontier of the limit excess 200 ug.m > NO, distance from the
road axis.

Imisné limity v SR [3]: Tab. 1 Imission limits in Slovakia [3] Tab. 1
Znecistujuca latka Imisné limity v p,g.m_3 Emission Imission limits [ ,u,g.m_3]
Priemerna koncentracia znecistujicej latky average concentration of pollution
rocna IH, dennd /H, polhod. /H, annual /H, daily /H, | short-term IH,
Oxid uholnaty CO - 5000 10 000 Carbon Oxide CO - 5000 10 000
Oxidy dusika NO, 80 100 200 Nitrogen Oxides NO, 80 100 200
Polietavy prach 60 150 500 Particulate 60 150 500

3.2.1 Principy hodnotenia znecistenia ovzdusia

Oxidy dusika - NO, - patria ku Skodlivinam, ktoré pri sucas-
nom zloZeni benzinov predstavuju jednu z najzavaznejSich zlozZiek
vyfukovych plynov, pretoZe dosahuji najvacsie koncentracie skod-
livych latok, su dobre zistitelné monitorovanim resp. vypoctom
a zaroven maju najprisnejsi imisny limit. Preto sa spravidla pouZzi-
vaju za indikator znecistenia ovzdusia vyfukovymi plynmi.

V imisnych Studidch sa znecistenie ovzdusia posudzuje podla
celkového mnozZstva vyprodukovanych emisii od automobilovej
dopravy v t.rok !, dalej sa sleduje max. koncentracia NO, v ovzdusi
v dychacej zone (1,5 m nad povrchom vozovky) od 1/2 - hodino-
vej Spickovej dopravy a vychadza sa z mnozstva obyvatelov zasiah-
nutych znecistenim ovzdusia nad pripustny hygienicky limit.

3.2.1 Principles of the air pollution evaluating

Nitrogen oxides - NO, - belong to deleterious substances,
which is representative one of the most momentous element of
exhaust gas by contemporary petrol structure. Because they reach
the highest harmful pollutant concentrations, they are identifiable
by monitoring or calculation and have the strictest limits. Hence,
they use a similar indicator of air pollution by exhaust gas.

In imission studies air pollution is appreciated according to
the total production emissions quantity from the car traffic in
t.year !, moreover the max. NO, concentration in air in breathing
zone (1,5 m over the pavement surface) is pursuing from 1/2 hour
peak value of the traffic and the input is the quantum of inhabi-
tants stricken by air pollution over the allowable imission standard.

Emisné faktory Tab. 2 Specific emission of the cars in Slovakia Tab. 2
Rezim jazdy Vozidla Emisie mg.m ™! Regime of the Vehicle Pollutant [mg.m ']
Cco NO, roc Drive co NO, roc

V zastavanom osobné 17.0 L5 2.5 Urban Passenger 17.0 1.5 2.5
uzemi nakladné 13.0 9.0 3.3 Lorries 13.0 9.0 3.3
V nezastavanom osobné 8.0 1.8 1.4 Country Passenger 8.0 1.8 1.4
uzemi nakladné 7.0 8.0 1.1 Lorries 7.0 8.0 1.1
Dial'ni¢ny osobné 8.0 33 1.1 Highway Passenger 8.0 33 1.1

nakladné 7.0 8.0 1.0 Lorries 7.0 8.0 1.0

Celkové mnozstvo produkovanych Skodlivin je ovplyvnené
predovsetkym intenzitou a zlozenim dopravného prudu (podiel
tazkych vozidiel), dizkou trasy a velkostou pozdiZzneho sklonu
komunikacie. Teda ¢im je dlhsi usek komunikacie, tym viac §kod-
livin sa do ovzdusSia vyprodukuje.

Maximalna koncentracia §kodlivin v ovzdusi je zavisla od inten-
zity a zlozenia dopravného prudu, pozdizneho sklonu komunika-

Total amount production of deleterious substances is influen-
ced mainly by intensity and structure of the traffic flow (rate of
heavy vehicles), length of the route and the longitudinal gradient
and intensity of the road. Thus, by longer distance of the road,
more deleterious substances are produced in the air.

Maximal deleterious substances concentration in the air
depends on the traffic flow intensity and structure, oblong gradient
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cie, od polohy sledovaného useku trasy k smeru prevladajucich
vetrov a rychlosti pridenia vetra. Najvadsi vplyv ma pozdizny
sklon komunikacie a podiel nakladnych vozidiel v dopravnom
prude. Cim menej nakladnej dopravy a ¢im miernejsie pozdizne
sklony komunikdcie, tym vznikaju menSie koncentracie NO,..

3.2.2 Modelovanie znecistenia ovzdusia planovanou
vystavbou dial'nice D1

® Obr. 2 prezentuje narast dopravy v rokoch 2005 - 2035, pricom
vybudovanim dial'nice by doslo na stcasnych cestnych fahoch
1/61, 11/507 a 11/517 k znacnému poklesu zostatkovej dopravy.

® V tab. 3 je prezentovana celkova suctova hodnota produkcie
emisii do ovzdusSia od sumarnej dopravy na vSetkych cestach
pre nulty variant a porovnanie pre sibeh dialnice D1 a zostat-
kovej dopravy na jestvujucich cestach.

Rozdiel je badatelny od roku 2015, kde sa ako najpriaznivejsi
javi variant Vla a V7.

Z tab. 4 a 5 je patrné, Ze sa predpoklada narast dopravy na
dvojnasobok, pricom vybudovanim dialnice stipne celkova pro-
dukcia emisii v roku 2035 len o priblizne 5 %. To je sposobené tym,
Ze modelové riesenie vychadza z uplatnenia slovenskej vyhlasky

11/507
Puchov

size, location of pursuing route distance concerning the dominant
wind direction and the speed of wind circulation. The longitudinal
gradient size and the part of commercial vehicles in the traffic
flow have the biggest influence. Less the commercial traffic and
smaller longitudinal gradient size, thereby, minor concentrations
of NO, originate.

3.2.2 Modelling of air pollution from planned highway
construction

® Figure 2 presents a rise of traffic between years 2005 and 2035,
when by the constructing of highways it can come to consider-
able decline of the rest of traffic at the same time.

® Table 3 presents the total summary value of emissions produc-
tion in air from the summary of traffic on all streets for zero
variant and the comparison for contact of highway D1 and resi-
dual traffic on actual roads.

The difference is noticeable since year 2015, where the variants
Vla and V7 appear most favourable.

From tables 4 and 5 it is evident that the growing up of traffic
to double is predicted, but by constructing highways, total pro-
duction of emissions in year 2035 will rise only about 5 percent.
That is induced by the fact that the model solution takes the cutting
edge out from the enforcement of Slovak edict 248/91, which is the

11/507
Bytca 1/61

Zilina

1/61
Bratislava

Sverepec

/517
Rajec

Obr. 1. Schéma siicasnej a navrhovanej cestnej siete v Povazskej Bystrici
Fig. 1. The scheme of suggested alternative of highway design D1 in the surround of Povazska Bystrica
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Obr. 2. Predpokladand intenzita dopravy na planovanej dialnici D1
a sicasnej ceste 1/61
Fig. 2. Forecast traffic volume on the planned highway and on the
contemporary Ist-class road

mCO
[ Nox

Obr. 3. Celkovd produkcia emisii v roku 2035, t/rok
Fig. 3. Total emission production in year 2035, t/vear

Sumarna tabul'ka celkovej produkcie §kodlivin do ovzdusia nad mestom, t/rok Tab. 3
Total deleterious substances production in the air above the city, t/year
1995 2005 2015 2035
zero variant 1/61+11/507+11/517 2002.7 2149.2 100.0% 974.4 100.0% 1733.2 100.0%
residual traffic Vla 2137.0 99.4% 1302.7 133.7% 1363.7 78.7%
residual traffic V2 23232 108.1% 1353.0 138.9% 1816.8 104.8%
residual traffic V7 2115.4 98.4% 1292.8 132.7% 1716.3 99.0%
residual traffic V8 2132.1 99.2% 1304.5 133.9% 1737.8 100.3%
Sumarna tabul'ka celkovej dopravy ( 1/61, 11/507, 11/517 ), voz/24h Tab. 4
Total traffic in 1/61, 11/507, 11/517 roads, vehicles/day
1995 2005 2015 2035
zero variant 11201 15548 100.0% 19604 100.0% 25688 100.0%
D1+ residual traffic Vla 21082 135.6% 28328 144.5% 41372 161.1%
D1+ residual traffic V2 21736 139.8% 29714 151.6% 41730 162.4%
D1+ residual traffic V7 27602 177.5% 36152 184.4% 50486 196.5%
D1+ residual traffic V8 27602 177.5% 36152 184.4% 50486 196.5%
Porovnavacia tabul'ka - narast dopravy a narast produkcie emisii Tab. 5
Comparative table - traffic rise and emissions production
2005 2015 2035
traffic emissions traffic emissions traffic emissions
% % % % % %
zero variant 100.0 100.0 100.0 100.0 100.0 100.0
D1+ residual traffic Vla 135.6 99.4 144.5 133.7 161.0 78.7
D1+ residual traffic V2 139.8 108.1 151.6 138.9 162.4 104.8
D1+ residual traffic V7 177.5 98.4 184.4 132.7 196.5 99.0
D1+ residual traffic V8 177.5 99.2 184.4 133.9 196.5 100.3
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Obr. 4. Max. krdtkodobd koncentrdacia NO, na ceste 1/61 a D1
v roku 2035, ug/m -3
Fig. 4. Maximal momentary NOx concentrations
on the road 1/61 and D1 in year 2035, ug/m -3

¢. 248/91 navizujucej na predpisy EHK, z ¢oho vyplyva predpoklad
obmeny vozidlového parku a zniZenie hodnot exhalacii u automo-
bilov po roku 2010 cca na 40 % u NO,, na 50 % u CO, VOC a na
75 % u pevnych castic v porovnani s rokom 1995.

® Obr. 4 prezentuje predpokladané hladiny kratkodobej koncent-
racie NO, od $pickovej polhodinovej dopravy, uvazovanej hod-
notou 6 % z celodennej intenzity dopravy.

Samotna zmena rezimu jazdy z mestského prerusovaného na
dial'ni¢ny plynuly, sposobuje pokles koncentracie NO, . Najnizsie
hodnoty sa predpokladaju pre variant Vla, najvyssie pre V2.

® Maximalne kratkodobé koncentracie sa akumuluju v miestach,
kde sa trasa dial'nice pribliZuje k trase jestvujicej komunikacie
na vzdialenost do 220 m, nakol'ko taky je zasah izemia s prek-
roenym hygienickym limitom stanovenym pre kratkodobu
koncentraciu NO, v ovzdusi - 200 ;Lg/m3 . Udaje su uvedené na
obr.4as5.

Pri porovnavani stavu pre rok 2035 najnizSie hodnoty aku-
mulovanej koncentracie sa predpokladaju pre variant Vla, ktoré
by boli na ceste 1/61 nizSie ako pri nultom variante.

Z takto zdokumentovanych vysledkov podla modelu produk-
cie emisii od dopravy sa vo viacerych polozkach pri hodnoteni cel-
kovej produkcie emisii do ovzduSia ako aj pri hodnoteni
akumulovanych hodnot (stucet D1 a zostatkovej dopravy na jest-
vujucich cestach) kratkodobej koncentracie NO, prejavuje variant
Vla ako priaznivejsi.

4 Zaver

Uktinky emisii vznikajucich od dopravy su v konkrétnych tze-
miach velmi zavaziné a podiel dopravnych prostriedkov ako ich
povodcov je na uzemie nerovnomerne rozptyleny. RieSenie tohto
problému moze mat efekt len vtedy, ak bude mat celosvetovy cha-
rakter. Medzinarodné dohody, rozsiahla a cielavedoma spolupraca

M zero variant @ D1+road

Obr. 5. Siicet max. koncentrdcii NO, od dopravy na dialnici D1

a zostatkovej dopravy porovnany s nulovym variantom, rok 2035
Fig. 5. Sum of maximal NO, concentration from the traffic on highway

D1 and residual traffic comparison with zero variant, year 2035

continuation of EHK statutes and from this fact results the assump-
tion of vehicle stock modification and the reduction of exhausters
value at automobiles past year 2010 approximately to 40 percent
by NO,, to 50 percent by CO, VOC and to 75 percent by solid ele-
ments in comparison with year 1995.

® Figure 4 presents expected layers of short-term NO, concentra-
tion of peak half-hour traffic by value 6 percent regarding total
traffic intensity.

Change of drive by itself from discontinuous city mode to
smooth highway mode induces the decline of NO, concentration.
Variant Vla predicts minimal values, and variant V2 maximal
values.
® Maximal short-term concentrations are accumulated in places

where the route of highway converge to the route of existing
communication at 220 m distance, because the area of interfe-
rence with the hygienic limit is overrun, specified for short-term
NO, concentration in the air - 200 ug/m>. The indications are
present in figures 4 and 5.

By the comparison of status considering year 2035, the lowest
accumulated concentration values are predicted for variant Vla,
which could have been lower on the road I/61 than by zero variant.

From the results documented in this way according to emis-
sion production model from traffic in several items by regarding
total emission production as well as by regarding accumulated
values (sum D1 and residual traffic on actual roads) of short-term
NO, concentration, variant V1 appears more favourable.

4 Conclusions

Impacts of traffic emissions in given areas are very momen-
tous and the ratio of vehicles and their generators is unevenly dis-
persed. The solution of this problem can be effective only when its
character will be worldwide. International conventions, extensive
and systematic co-operation and realisation of agreements give the
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a realizacia dohod dava predpoklady k uspechu. RieSenie konkrét-
nych uloh sa potom dotyka nielen vyrobcov automobilov, vystavby
ciest ale aj dopravnej prevadzky. Opatrenia maju potom charakter:
® rozvoja dopravnej techniky,

® prevadzkovo-technologicky,

® uzemno-technicky.

Uz teraz su jasné predstavy rieSenia zataZenia Zzivotného
prostredia osobnymi automobilmi. Postupné celosvetové zavedenie
automobilov so zdvihovym objemom motora 3000 cm® (pocita sa
s obnovou vozidlového parku v rokoch 2000 az 2005) sa prejavi
nielen v relativnej uspore pohonnych latok, ale aj v relativnom
poklese produkcie emisii.

Zakladnym cinitelom, ktory ma vplyv na mnoZstvo a zloZenie
produkovanych emisii je zloZenie paliva, typ a podmienky prace
motora a taktieZ sposob jazdy.

Z udajov uvedenych v praci vyplyva, Ze umiestnenie trasy
v teréne a hlavne citlivé vySkové vedenie trasy priamo vplyva na
mnozstvo produkovanych emisii. So zvysSujucou sa rychlostou
jazdy rastie produkcia a koncentracia emisii, ale pri porovnani
produkcie emisii pri prerusovanej jazde vozidiel v meste a pri ply-
nulej jazde mimo mesta je vel'ky rozdiel. Celkovu produkciu emisii
teda ovplyviiuje aj hustota uroviovych krizovatiek a rozptyl skod-
livych latok ovplyviuje vyska a hustota zastavby.
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Obr. 6. Priemernd dennd koncentrdcia NO,. - hodnoty v centre
Povazskej Bystrice, rok 1995
Fig. 6. The average daily concentration NO,. - values in centre of
Povazska Bystrica, year 1995
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assumption to success. The solution of concrete problem is then
relating not only to producers of vehicles and construction of roads
but of traffic operation, too. The measures are then of the follo-
wing character:

® Development of traffic technique,

® Operational and technological,

® Territorial and technical.

The conceptions of solution an environmental loading with
vehicles are evident already. Consecutive worldwide applications
of the so-called three-litre automobile (make allowance for
assumption of vehicle stock - between years 2000 and 2005) will
be registered not only in relative saving of fuel, but also in relative
decline of emission production.

The basic factor influencing the amount and structure of
produced emissions is composition of fuel, type and conditions of
motor work and style of drive.

From the information presented in the study result that loca-
tion of the route and an especially sensitive vertical line directly
influence the produced emission capacity. By increasing drive-
speed the emission production and concentration rises, but when
comparing the production of emmisions by discontinuous driving
in the city and by continuous driving out of the city comes to
important difference. Therefore, total emission production is influ-
enced by density level intersections, and the dispersion of pollu-
tion is affected by height and density of built-up area.
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Obr. 7. Priemernd dennd koncentrdacia NO, - predpokladané hodnoty
v centre PovaZskej Bystrice, rok 2035
Fig. 7. The average daily concentration NO, - forecast values in centre
of Povazska Bystrica, year 1995
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ZELEZNICNE VYHYBKY - OD MERANIA

PO INFORMACNY SYSTEM

RAILROAD TURNOUTS - FROM SURVEYING TO INFORMATION SYSTEM

Zeleznicné vyhybky a kriovatky sii neoddelitelnymi prvkami
Zeleznicnej infrastruktiiry na zabezpecenie plynulej viakovej cesty,
ktoré byvajii spravidla zlucované v urcitych skupindch kolajiska. Infor-
mdcie o ich umiestneni v kolajisku je potrebné registrovat. V nasom
pripade poukdZeme na vytvorenie informacného systému, ktory by
shizil na vykondvanie stavebnych prdc pri tidrzbe uvedenych kons-
trukcii v prevadzkovom stave. Informacny systém je vytvoreny pre
nezdvisli zeleznicénii spolocnost, ktord vlastni kolajisko vo svojom
obvode.

1. Uvod

Plynulost a bezpecnost Zelezni¢nej dopravy je uzko spita
s pevne zabudovanymi stavebnymi prvkami v kolajisku. Ich pocia-
tocny navrh ma za ulohu riesit projektova dokumentacia. Pozname
rozne typy Casti kolajiska, ktoré si vyzaduju Specifické pristupy pri
budovani ich infrastruktury. Napriklad moze ist o kolajové zhlavie
v Zelezni¢nych staniciach a podnikoch, zriadovacich staniciach,
rozpustacie zhlavia a pod., kde sa nachadza mnozstvo Zeleznicnych
vyhybiek, krizovatiek, oblukov a inych objektov. Dalsim faktorom
je prejazdova rychlost v danej konstrukcii. Cim je rychlost pre-
jazdu cez vyhybky a krizovatky vySSia, tym je poZadovana vyssSia
kvalita zabudovanych objektov, ktort zabezpecime aj jeho projek-
tovym navrhom a naslednou cyklickou udrzbou.

Prejazdom vlakovych stiprav dochadza k deformaciam tychto
uvedenych objektov (rozjazd, brzdenie, bocné razy, vodorovné
a zvislé posobiace sily, zatazenie trate a dalsie faktory). Objekty sa
dostavaji do nového aktualneho stavu, ktory moze neraz ohrozit
bezpecnost prejazdu vlakovych suprav. Zakladnou ulohou je uve-
denie polohy a vysky vyhybiek, krizovatiek a kolaji do projektova-
ného stavu, objekty by mali spifat parametre uréené priamo pri
ich vyrobe. V niektorych pripadoch moze ist o rekonstrukciu
celého kolajiska, Casti kolajiska alebo o optimalizovany stav za
ucelom minimalizacie posunov a zdvihov pri cyklickej udrzbe
objektov.

Na tento ucel bol navrhnuty informaény systém, ktory je
vypracovany na stavebné ucely a v ktorom su uloZené povodné
informacie o vyhybkach a krizovatkach. Zakladné informacie su

* Ing. Stanislav Hodas, PhD.

Railroad turnouts and crossings are inseparable elements of railway
infrastructure for providing the fluent train traffic which are as a rule,
Jjoined into certain trackage groups. The information registration of
their position in the railway lay-out is necessary. In our case we will
point out the design of the information system which could be employed
in the railway engineering works during the maintenance of the above
mentioned objects in operation. This information system was created
for the independent railway society which owns the railway yard in its
railway system.

1. Introduction

Continuity and safety of the railway transport is closely con-
nected with the fixed built-in construction components of the rail-
road trackage. The project documentation is to solve their initial
design. Various types of the railway yard parts are known requi-
ring specific access during their infrastructure construction. For
example, they can be presented by the gridiron at railway stations
and companies, the shunting yards, the marshalling yards, etc.
where a large number railroad turnouts, crossings, curves, etc are
located. The next determinant is train speed along these objects.
The higher the speed along turnouts and crossings is, the higher
quality of built-in objects is required. This can be ensured by the
design and the post cyclic maintenance.

The movement of train carriages causes spatial deformations
of these objects (acceleration, braking, lateral strokes, influence of
horizontal and vertical forces, density of traffic and other facilities).
The objects are changed to a new state which can menace the
safety of the running train carriages. The main task is the position
and elevation corrections of turnouts, crossings and tracks to the
design state. The object should have parameters which are directly
determined by their manufacture. In some cases we can speak about
the maintenance of the whole railway yard, the parts of the railway
yard or the optimisation state for the purpose of the position and
elevation minimisation during the cyclic object maintenance.

For this purpose the information system was designed which
was finished for construction purposes and in which the original
information of the railroad turnouts and crossings is registered.

Faculty of Civil Engineering, Dept. of Geodetic Survey, University of Zilina, Komenského 52, SK-01001 Zilina, Slovak Republic
Tel.: +421-89-763 48 18, Fax.: +421-89-723 35 02, E-mail: hodas@fstav.utc.sk,
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prevzaté z projektovej dokumentacie alebo optimalizovaného stavu
z merania priamo v kolajisku, alebo udaje z rekonstrukcie daného
useku.

Hlavnym prvkom daného systému bude zaregistrovanie infor-
macii infraStruktury vyhybiek a kriZovatiek, oblukov a priamych
usekov. Informacny systém ZH-CAD/IS je vytvoreny na baze
AUTOCAD-u pre ucelent eviden¢nu jednotku, napriklad stani¢ny
obvod, samostatné kolajiska v roznych podnikoch. Vyhodou spo-
lo¢nosti, ktora vlastni kolajisko priamo vo svojom obvode je, ze
bude mat potrebné informacie o svojom kolajisku (vratane vyhy-
biek a krizovatiek). Na zaklade uvedenych informacii moze byt
kolajisko udrziavané v projektovanom stave.

2. Geodetické prace v kolajisku

Prvoradou tulohou je ziskanie potrebnych informacii o jednot-
livych objektoch kolajového zhlavia. Pociatoéné doplnanie data-
bazy sa uskutocnuje na zaklade projektovej dokumentacie alebo
geodetického merania. Zaregistrované informacie by mali repre-
zentovat trvaly stav, ktory by bol zavdazny pre nasledné cyklické
upravy objektov v kolajisku.

Geodetické merania si vykonavané za ucelom ziskania infor-
macii pre naslednu optimalizaciu kolaji a naplnenie informacného
systému udajmi, ak nie je k dispozicii dokumentacia objektov.
V pociatoénej fazy je vhodné spojit obidva tieto ucely. Merané
body su hlavné body Zelezni¢nych objektov ako su zaciatky, stredy,
konce vyhybiek, krizovatiek a pod.

PREHLADY / REVIEWS

The basic information is assumed from the design documentation
or the optimisation state of the direct measurement in the railway
yard or date of the reconstructed railway division.

The main element of this system will be the infrastructure
information registration of the turnouts and crossings, curves and
direct tracks. The information system ZH-CAD/IS was created on
the base of the AUTOCAD product for the particular registered
unit, for example the station track yard, the separate railway network
of the miscellaneous companies. The advantage of this railway
company which owns the railway system in its area, is the estate
of the necessary information of their railway network (including
turnouts and crossings). On the base of this information the track-
age can be maintained according to the design state.

2. Geodetic survey in the railway yard

The first step is to acquire necessary information about parti-
cular objects of the railway gridiron. The initial updating of the
database is performed on the basis of the design documentation
or geodetic surveying. The required information should be repre-
sented by a fixed state which would be obligatory for the conse-
cutive cyclic maintenance of the railway yard.

Geodetic measurements are executed for the purpose of acquir-
ing information for the consecutive track optimisation and updat-
ing of the information system by data, if there is no object
documentation at our disposal. The observed points are the main
points of the railway objects as beginnings, midpoints, ends of tur-
nouts, crossings and alike.
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Obr. 1. Vykres skupiny vyhybiek v informacnom systéme

Fig. 1. The turnout lay-out of the information system

Presnost meracskych prac ovplyvnime vyberom vhodného
pristrojového vybavenia, metodou merania a poftom opakovani
v skupinach merania. Vzhladom na skutoc¢nost, Ze ide o meranie
posunov radovo v ,mm*, je potrebné vybrat zodpovedajice vyba-
venie. Na zaklade ziskanych skusenosti, méZzeme odporucit elek-
tronické univerzalne meracie stanice so strednou chybou merania
uhlov 0,15™, dizok 1 aZ 2 mm a pre meranie vy$ok 0,7 mm/km.

Vlastnému podrobnému meraniu musi predchadzat vybudo-
vanie kvalitnej meracskej siete, aby nedoslo k vnasaniu chyb zo
siete do merania hlavnych bodov objektov.

We can influence the measurement precision by the choice of
the suitable surveying instruments, surveying methods and number
of repetitions in the surveying rounds. With regard to the reality
of the position measuring of “mm” it is necessary to choose proper
equipment. Owing to the acquired experience, we can recommend
the electronic universal surveying instruments with the mean
error of angles of 0.15™¢, distances of 1 to 2 mm and elevations of
0.7 mm/km.

The building of a high-quality surveying network has to
precede the proper detailed measurement to prevent the infiltra-
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Vysledkom meracskych prac je spracovany vykres aktualnej
situacie, ktory je prepracovany do optimalizovaného stavu osi
kolaji (obr. 1). Uvedeny druh vykresu v nasom pripade sluzi ako
zakladny podklad pre informacny systém kolajového zhlavia.

3. Spracovanie udajov

Informacny systém je vypracovany ako nadstavba ZH-CAD/IS
v grafickom prostredi AUTOCAD [ 1], ktory dokaze priradit infor-
macie k vykreslenym objektom umiestnenim v celkovej situacii
(obr. 1) vo vykrese v tvare *. DWG. Prvym krokom pri priprave
technoldgie bolo vytvorenie ,*.SLD® snimok pre jednotlivé
skupiny objektov (typy vyhybiek, kriZovatiek, muirov a dalsich objek-
tov), ktoré sa zobrazuju spolu s udajmi objektov.

Dal§im krokom pri tvorbe uvedeného informaéného systému
je vypracovanie prazdnych ,,*.DCL® kniZnic s jednotlivymi poli¢-
kami na ich vyplnenie. Tabulky DCL kniZnic st vytvorené pomo-
cou VisualLISP-u v AUTOCAD-e (obr. 2). Zakladnym podkladom
tohto informaéného systému je vypracovany DWG vykres, ktory
vznika na zaklade projektovej dokumentacie alebo z merania v kola-
jisku. Po vybere danej konStrukcie z vykresu sa vyhladaju infor-
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tion of errors from the network to the measurement of the main
object points.

The result of surveying works presents the lay-out of the
actual state which is transformed to the optimal state of the track
axes (fig. 1). In our case the presented type of the layout serves
as a main base for the information system turnouts.

3. Data processing

Information system is elaborated as the ZH-CAD/IS applica-
tion of the AUTOCAD environment [1] which knows how to
assign the information to the drawn objects by the positioning in
the total layout (fig. 1) of the * DWG drawing. The first step
during the technology preparation was to create the *.SLD slides
of the individual object groups (types of railroad turnouts and
crossings, walls and other objects) which are displayed together
with the object data.

The next step during the information system creation is to ela-
borate the empty *.DCL libraries including the gaps for their
filling. The DCL panels of the libraries are created by VisualLISP
of the AUTOCAD (fig. 2). The main base of this information
system is the elaborated DWG layout which originated from the
base of the design documentation or surveying in the trackage.
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Fig. 2. Basic information of the turnout - from the DCL library
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macie o objekte, napriklad suradnice a vysky hlavnych bodov
konstrukcii, ktoré porovname s hodnotami ziskanymi geodetickymi
meraniami. Pri zjednodusenej kontrole objektov v kolajisku
moZeme pouzivat vzdialenosti od zaistovacich znaCiek kolaji
(ZZK) za ucelom spravneho vysmerovania osi kolaji a osi pred
objektom (prechadzajuca vyhybka alebo krizovatka).

4. Vyuizitie v praxi

Praktické vyuzitie vidime vo vyuzivani uvedeného informac-
ného systému pre vybratu Zelezni¢nu spolo¢nost alebo podnik,
ktory vlastni kolajisko na zabezpecenie svojich dopravnych vykonov.

Ako priklad uvadzame upravu objektu v kolajisku zhlavia do
projektovanej polohy (obr. 3), ktory znazorfiuje prieéne a pozdizne

PREHLADY / REVIEWS

After the choice of the certain structure, information about objects
is searched from the layout, for example coordinates and eleva-
tions of the main object points which is compared with the values
obtained by geodetic surveys. During the simplified control of the
railroad objects, we can use the distances from the object axes to
the track reference points (ZZK) for the purpose of the correct
positioning of the track axes and the axes in front of the object
(previous turnout or crossing).

4. Utilisation in practice

We can see a really practical utilisation of this information
system for the chosen company or enterprise which owns the
railroad network for the support of their traffic capacity.

As an example we present the object adjustment of the rail-
road turnout according to the designed position (fig. 3) which
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Obr. 3. Uprava vwhybiek do projektovaného stavu - priecne a pozdlzne vyrovnanie
Fig. 3. The modification of turnouts to the designed state - lateral and longitudinal adjustment
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posuny hlavnych bodov vyhybkovej Casti zhlavia pri vyrovnani
vyhybiek do zakladného tvaru a re§pektovani osovych vzdialenosti
kolaji (celkova situacia je na obr. 1). Dovodom deformacnych
zmien boli opakované podbijacie prace a prejazd vlakovych stprav,
v uvedenom pripade ide o podrubané izemie a deformacné zmeny
su do 150 mm. Nesmieme zabudat na okolité pridruzené objekty,
ktoré su zaclenené v kolajisku, pricom konStrukcie vyhybiek a kri-
Zovatiek mozu byt ovplyvnené aj deformaciou oblikov pred a za
objektom. Obnovovat je potrebné celi skupinu objektov naraz.

Vyrovnanie deformacii kolaji je potrebné vykonat nielen
smerovo a vySkovo v priamych usekoch a oblukoch, ale aj doplne-
nim alebo skratenim diZzok uvedenych tsekov pred a za objektmi.
Vyskova uprava je spracovana v samostatnom vykrese.

Kolajové zhlavie bolo vyrovnané ako celok, pricom za rozho-
dujuce posuny sa povaZovali priecne posuny osi kolaji. Pozdizne
posuny v smere osi maju vplyv na dodrZanie stredovych uhlov jed-
notlivych vyhybiek.

Uvedieme si niektoré dovody, pre ktoré je potrebna obnova
polohy a vysky objektov a ich uprava geometrickych parametrov:

- neziaduci prejazd suprav cez objekt, opotrebovanie Casti kons-
trukcii,

- vzdialenosti osi kolaji od pevnych prekazok (stoziare, mosty,
oporné a zarubné mury a pod.),

- uprava parametrov konstrukcii do povodného stavu (projekto-
vany stav, vyrobné parametre, uhol odbocenia, dizky a pod.).

Geodet vykona merania skutocnej polohy hlavnych bodov
objektov (vyhybiek, krizovatiek, oblikov a pod.). Ak je potrebné
odstranenie vodorovnych a zvislych deformacii, tak v sucinnosti
s projektantom navrhne opravu polohy a vysky objektu. Pri merani
odporucame vytvoritf zaistenie polohy a vySky hlavnych bodov na
zaistovacie koliky alebo znacky kolaji (obr. 2).
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shows the lateral and longitudinal shifts of the main points of the
turnouts parts during the adjustment of the objects into the basic
shape and the observance of the railway track axes distances
(detailed plan is shown in fig. 1). The cyclic tamping works and
train running were the cause of the deformation changes, in our
case we can speak of undermined area and the deformations are
to 150 mm. We cannot forget the surrounding adjoined objects
which are included in the trackage, because the structure of turn-
outs and crossings can be influenced by the curve deformations in
front of or behind the objects. It is necessary to renovate the
whole object group at once.

It is necessary to execute the track deformation adjustment
not only horizontally and vertically in direct sections and curves,
but also by adding or shortening the distances of the presented
sections in front of and behind the objects. The elevation adjust-
ment is processed in an independent plan.

The turnouts were adjusted as a whole unit in which we con-
sidered the lateral shifts of the turnout axes as determined shifts.
The longitudinal shifts along the track axes have their influence
on the adherence of the central angles of particular turnouts.

We will present some reasons due to which the renewal of the
object position and elevation and the adjustment of their geome-
tric parameters is necessary:

- the undesirable running of the trains along the objects, the
abrasion of the structure parts,

- the distances of the track axes according to the fixed barriers
(masts, bridges, abutment and retaining walls, etc.),

- the modification of the object parameters to the original state
(design state, production parameters, branching angle, distan-
ces, etc.).

A surveyor carries out measurements of the present position
of main points (railroad turnouts, crossings, curves, etc.). If it is
necessary to eliminate horizontal and vertical deformations so he
designs the adjustment of the objects position and elevation in
cooperation with a designer. During the surveying we recommend
the referencing of the position and elevation of the main object
points to the reference poles or witness track marks (fig. 2).

[2] HODAS, S: ZH-CAD - design, reconstruction of track head, University of Zilina, Faculty of Civil Engineering, Department of Geo-
detic Survey, In.: Fifth international conference COMPRAIL 96 in railways, Berlin, Germany, Organised by Wessex Institute of Tech-

nology, Southampton, UK, 1996, Vol. 5, pp. 43-50.

[3] BITTERER, L., HODAS, S: Geodetic surveying of railway objects, University of Zilina, Faculty of Civil Engineering, Department
of Geodetic Survey, In.: Sixth international conference COMPRAIL 98 in railways, Lisbon, Portugal, Organised by Wessex Institute

of Technology, Southampton, UK, 1998, Vol.6, pp. 3-12.

[4] HODAS, S.: Geodetic measuring of railway objects in practice, In.: 2 scientific conference on Effective transport, the way to the Euro-
pean Union, Transport construction and infrastructure, University of Pardubice, J. Perner Faculty of Transport, 16. - 17. 9. 1999, Par-

dubice, CZ, 1999, pp. 215-220.

[5] HODAS, S.: Reliability verification of realisation of the railway engineering works by geodetic methods in practice, In.: Conference
on Reliability and diagnostic in transport ‘99, University of Pardubice, J. Perner Faculty of Transport, 14. 12. 1999, Pardubice, CZ,

1999, pp. 100-105.

[6] HODAS, S.: Geodetic survey, design and reconstruction of the track gridiron in the railway engineering using global position system
(GPS) supported by ZH-CAD software, In.: Research 008/304/2000, Faculty of Civil Engineering, University of Zilina, Zilina, SK,

2000.
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VETERNE INZINIERSTVO V 21 STOROC

WIND ENGINEERING IN THE 213" CENTURY

Cldnok uvddza rozvoj veterného inZinierstva za ostatnych 3-5
desatroci, od existencie veternych tunelov so simulovanou atmosféric-
kou hranicnou vrstvou a od zavedenia ndahodnych procesov do zata-
Zenia vetrom na budovy a stavebné konstrukcie, alebo lepsie od prvej
medzindrodnej konferencie o iicinkoch vetra na budovdch a stavbdch
vo V. Britdnii (1963), s niektorymi viziami do budiicnosti. Niekolko
pozndmok cldanok uvddza tiez o vyskume vo veternom inZinierstve na
Katedre stavebnej mechaniky Stavebnej fakulty Zilinskej univerzity
v Ziline [1] - [31].

Uvod

Veterné inZzinierstvo je podla J. E. Cermaka najlepSie defino-
vané ako racionalne pojednanie o interakcii medzi vetrom v atmo-
sférickej hrani¢nej vrstve a [udskou ¢innostou na povrchu Zeme.
Toto tvrdenie bolo umoznené vykonat syntézou poznatkov z tradic-
nych odborov mechaniky tekutin, meteorologie, stavebnej mecha-
niky a fyzioldgie na vytvorenie nového odboru. Hoci aerodynamika
ma ustrednu dolezitost v tejto novej discipline, aplikacie su vo
vicSej Casti neleteckej aerodynamiky, atmosférickom roznasani
necistot vzduchu, ucinkoch vetra na budovach a stavbach, modifi-
kacii vetra na zastavenych plochach budovami, stavbami a ulicami,
o su dolezité priklady interakcii s ktorymi inzinier veterného inZzi-
nierstva prichadza do styku [1], [2].

Uginky vetra na budovach a stavbach vytvaraju dolezita sku-
pinu problémov, ktora je zaujmom rychlo sa rozvijajucej discip-
liny veterného inzinierstva.

Prvy veterny tunel postaveny vyhradne pre simulovanie pri-
rodzeného vetra bol navrhnuty J. E. Cermakom v roku 1958 [2],
a jeden z prvych velkych tunelov s hrani¢nou vrstvou bol navrh-
nuty a postaveny v novembri 1965 na Univerzite v Zapadnom
Ontariu v Kanade [4].

Spravna modelova skuska pre javy vo vetre musi sa vykonat
v turbulentnej hrani¢nej vrstve, modelovy zakon vyZaduje, aby tato
hrani¢na vrstva bola v mierke podla rychlostného profilu. (Martin
Jensen, 1958). [3] M. Jensen v svojom doleZitom experimente
vykonal porovnanie strednych zloziek tlakov na malych budovach
v skutoc¢nej mierke a na modeloch tychto budov vo veternom tuneli.

* Prof. Ing. Vladimir Feranec, DrSc.

Progress in wind engineering during last 3-5 decades is described
in this paper, from the existence of wind tunnels with the simulated
atmospheric boundary layer and introducing random processes in wind
load on buildings and structures. State of the art is presented from the
First International Conference on Wind Effects on Buildings and Struc-
tures in U. K. (1963) together with some visions for the future. Some
remarks are also devoted to wind engineering research in the Depart-
ment of Structural Mechanics, Civil Engineering Faculty, University of
Zilina [1] - [31].

Introduction

According to J. E. Cermak wind engineering is best described
as the rational treatment of interactions between wind in the atmo-
spheric boundary layer and human activity on the surface of Earth.
A rational treatment of wind effects has been made possible by
a synthesis of knowledge from the traditional fields of fluid mecha-
nics, meteorology, mechanics of structures, and physiology to
form a new discipline. Although aerodynamics is of central impor-
tance in this new discipline, applications are mostly non-aeronau-
tical in nature; atmospheric transport of air pollutants, wind effects
on buildings and structures. Modifications of wind in urban areas
by buildings, structures and streets are important examples of inter-
actions a wind engineer deal with [1], [2].

Wind effects on buildings and structures create an important
class of problems that is embraced by the rapidly developing dis-
cipline of wind engineering.

The first wind tunnel constructed specifically for simulating
natural winds was designed by J. E. Cermak in 1958 [2], and one
of the first large boundary layer wind tunnels was designed and
constructed in November 1965 at the University of Western
Ontario in Canada [4].

The correct model test for phenomena in the wind must be
carried out in a turbulent boundary layer and the model-law requir-
es this boundary layer be scaled in compliance with the velocity
profile (Martin Jensen, 1958). [3]. M. Jensen in his important
experiment undertook a comparison of the mean pressures on
small buildings in full scale and in wind tunnel model experiments.

Department of Structural Mechanics, Faculty of Civil Engineering, University of Zilina, Komenského 52, SK-01026 Zilina, Slovak Republic
Tel.: ++421-89-763 48 18, Fax: ++421-89-723 35 02, E-mail: feranec@fstav.utc.sk
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Pouzitie veternych tunelov uvedeného typu na ziskanie
vel’kosti u¢inkov vetra bolo publikované A. G. Davenportom a N.
Isyumovom [4].

Je treba zdoraznit, ze predpoved ucinkov vetra mozeme vyjad-
rit len statisticky (A. G. Davenport, [5] M. F. Barstein [6]).
Veterny tunel na Zilinskej univerzite bol navrhnuty M. Pirnerom
[7] a atmosféricka hrani¢na vrstva v tomto tuneli bola nasimulo-
vana v minulych sedemdesiatych rokoch, [8] - [10] pozri obr. 1.

Pokrok vo veternom inZinier- |
stve bol urobeny pocas 4 - 6 desat- i
ro¢i od zriutenia Tacoma Narrows
Bridge, na ktorom kmitania od
pomerne nizkych rychlosti vetra | =
znicili tento most s velkym roz-
patim, alebo presnejsie od prvej
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How wind tunnels of this type are used to obtain quantitative
wind-effect data have been published by A. G. Davenport and N.
Isyumov [4].

It is emphasized that the prediction of the effects of the wind
can only be expressed statistically (A. G. Davenport, [S] M. F.
Barstein, [6]).

The wind tunnel at the University of Zilina was designed in
1965 by M. Pirner [7]. The atmospheric boundary layer in this
wind tunnel was simulated in 1970’s [8], [9], [10] see Fig.1.

The progress in wind engineer-
ing has been achieved during the 4-
6 decades, since the collapse of
Tacoma Narrows Bridge when the
oscillations at comparatively low
wind speeds destroyed the long
span bridge, or more exactly since

medzinarodnej konferencie o u¢in-
koch vetra na budovach a stav-

the First International Conference
on Buildings and Structures in

bach v Teddingtone vo V. Britanii |
v 1. 1963. Teraz su kazdé Styri
roky organizované medzinarodné
konferencie Medzinarodnou aso-
ciaciou pre veterné inzinierstvo
(Ottawa, Kanada - 1967, Tokyo, Ja-
ponsko - 1971, Heathrow v Londy-
ne V. Britania - 1975, Fort-Collins
Colorado USA - 1979, Gold Cost a Auckland Australia - 1983,
Aachen Germany - 1987, London, Ontario Kanada - 1991, Delhi
India 1995, Kodan Dansko - 1999, buduca konferencia bude
v Lubboku v Texase USA - 2003). Desiata medzinarodna konferen-
cia o veternom inZinierstve v Kodani (1999) ako aj ¢asopis Journal
on Wind Engineering and Industrial Aerodynamics (vydavany od r.
1975) prezentuju velmi dobre minulost, pritomnost a buducnost
veterného inZinierstva a strucne tento pokrok sa uvadza v tomto
¢lanku vratane niektorych vysledkov vyskumu v aerodynamickom
tuneli Zilinskej univerzity v Ziline [1] - [31].

Veterné inzinierstvo, pritomnost a budicnost

Podla A. G. Davenporta je nazorné uvazovat proces zatazenia
vetrom ako retaz zloZenu s navzajom spojenych ¢lankov: veterna
klima, vystavenie vetru, aerodynamické sily, ohlas stavieb ako aj
kritéria ohlasu [11], [12].

1. Chybajuce ¢lanky

Existuju nepresnosti pri definovani kazdého clanku, tieto
nepresnosti Ciastocne vznikaju z chaotického, statistického cha-
rakteru javov ako je napriklad veterna klima a turbulencia. V pripade
turbulencie postupy mozu redukovat nepresnosti pomocou monito-
ringu, alebo odhadu meranych chyb.

Veternd klima je kritickym ¢lankom. Extrémne rychlosti vetra
pouzivané v mieste su jedinou poziadavkou. V sticasnosti sa vyza-
duje pre burku jej Cas trvania, smer a priestorové tvary, aby sa
ohodnotila nahromadena Skoda a spolocny vyskyt namrazy a vetra.

Obr. 1. Veterny tunel Zilinskej univerzity
Fig. 1. Wind tunnel of the University of Zilina

Teddington, U. K. 1963. Interna-
tional conferences are organized in
the interval of 4 years by the Inter-
national Association of Wind Engi-
neering (Ottawa Canada-1967,
Tokyo Japan-1971, Heathrow in
London G. B.-1975, Fort-Collins
Colorado USA-1979, Gold Cost
and Auckland Australia-1983, Aachen Germany-1987, London
Ontario Canada-1991, Delhi India-1995, Copenhagen Denmark-
1999.Next Conference will be in Lubbok Texas USA -2003). The
10th International Conference on Wind Engineering in Copenha-
gen (1999) as well as the Journal on wind engineering and Indu-
strial aerodynamics (since 1975) presented very well the past,
present and future of wind engineering and this progress is briefly
presented in this paper with some research results obtained in the
University of Zilina wind tunnel laboratory [1] - [31].

Wind engineering, present and future

According to A.G. Davenport it is instructive to regard the
wind loading process as a chain of interconnected links: the wind
climate, the exposure, the aerodynamic forces, the structural reac-
tion and response criteria itself [11], [12].

1. Missing links

There is uncertainty in defining each link, this uncertainty
arises partly from chaotic, statistical character of the phenomena,
for example, the wind climate and the turbulence. In the latter
case, the uncertainties can be reduced through improved monito-
ring or assessment of the measurement errors.

Wind climate is a critical link. Extreme wind speeds used at
a point are the only requirement. Now there is the need for storm
duration, direction and spatial pattern to evaluate cumulative
damage and at joint occurrence of ice and wind.
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Faktor vystavenia vetru, ktory zavisi od terénu a topografie,
velmi vplyva na strednu zlozku tlaku od rychlosti a intenzity tur-
bulencie.

Aerodynamické tlaky taktiez maju nepresnosti, najma ked
uvazujeme vnutorné tlaky.

Fyzikdlne vlastnosti stavby a odborna kvalita prace mala by sa
poznat presnejSie na mostoch s vac§im rozpatim, alebo kominoch
ako na budovach.

'V mnohych pripadoch skutocné mechanizmy chyb su nedosta-
to€ne pochopené, ¢i uz od vplyvu unavy alebo stalych deformacii.

Fyzikdlne vlastnosti stavby prinasaju vela prekvapeni. Navrh sta-
vieb, alebo odhad ohlasu na vietor, nevyhnutne zdovodneny model-
mi ¢i uz fyzikalnymi vo veternom tuneli, alebo analyticky pomocou
pocitacovych modelov, prinasa v oboch pripadoch velki moznost
chybnych predpokladov. Podla sympdzia o skuskach na skuto¢nych
konstrukciach: ,Tedria bez podpory pozorovani na skuto¢nych
konstrukciach je nebezpecna komodita pri inZinierskom navrhu®.
Existuje vela prikladov: Zrutenie mosta cez Tacomsku UZinu,
havaria chladiacich vezi vo Ferrybridge ako aj vela dalSich.

Dalsie chybajiice ¢lanky si: Topografické éinky, §truktura
vetra v intenzivnych lokalnych burkach, nespravne odhadnuté sily
od vetra na ostrych hranach telies, ktoré su len slabo zavislé od
mierky alebo Reynoldsovho Cisla, zafaZzenie na prenosovych
veziach v turbulentnom vetre, sustredenie sa na modelové nepres-
nosti, monitoring na skuto¢nych stavbach (vodorovné kmitanie
stavieb, ich tlmenie, frekvencie a pod.), vymena zakladnych infor-
macii, po€itaové veterné inzinierstvo, ktoré nemusi byt len dopln-
kom skusok vo veternych tuneloch, ale tieZ v niektorych otazkach,
ako si modelovania silnych lokalnych burok a tornad, umoznuje
jediny prakticky pristup k rieSeniu.

ZvySovanie poctu prirodnych katastrof v dosledku veternych
burok ukazuje, aby sa vyznamne hodnotilo vytvaranie tymov pre
badanie tychto katastrof. Tato Cinnost sa stane takou, ako predpo-
kladame, ktora bude stimulovat vyskum vo veternom inzinierstve.

Bez poslednych 10 medzindrodnych konferencii z veterného inZi-
nierstva, uspechy v bezpecnosti stavieb vysokych budov a mostov
s velkym rozpitim by neboli mozné, a aj napriek tomuto su
medzery, ktoré je treba doplnit: poistovacia Statistika, badanie na
skutoénych stavbach ako zaklad porovnania pre modelovanie vo
veternom tuneli a pocitacovom veternom inZinierstve, udaje zo
skuto¢nych konStrukcii na organizovanych experimentoch, alebo
z prehliadok katastrof veternych burok a dalSie [11] - [17].

2. Atmosféricka hranicna vrstva

Technicky rozvoj rychlych senzorovych systémov, zariadeni
pre vzorkovanie dat a pocitacové spracovanie urobili enormny
vplyv na tempo, pocas ktorého sa dosahuju nové vysledky.

Napriek tejto skutocnosti su eSte Uplne zakladné problémy,
ktoré ocakavaju teoreticky rozbor ako aj experimentalne prebadanie.

PREHLADY / REVIEWS

The exposure factor which depends on the terrain and topo-
graphy, profoundly affects the mean velocity pressure and the tur-
bulence intensity.

The aerodynamic pressures also contain uncertainty, particu-
larly, if internal pressures are included.

The structural behavior and the quality of the workmanship may
be known more accurately for a long span bridge or chimney than
for a house.

In many cases the actual failure mechanism should be poorly
understood - whether through the influence of fatigue or perma-
nent deformation.

Structural behaviour can have many surprises. The design of
structures or the assessment of response to wind inevitably accom-
plished through models either physical, as a wind tunnel, or analy-
tical through computational models, is in either both cases the ample
opportunity for erroneous assumptions. According to the Sympo-
sium on Full Scale Testing: “A theory without full-scale observations
to back it up is a dangerous commodity in engineering design”.
There are many examples: Tacoma Narrows Bridges Collapse, the
failure of the Ferrybridge cooling towers and many others.

Other missing links are: topographic effects, wind structure in
intense local storms, wrongly assumed wind forces on sharp edges
bodies, which are only weakly dependent on scale or Reynolds
number, wind load on transmission towers in turbulent wind, focu-
sing on the uncertainties in the models, full scale monitoring (the
sway of the structure, its damping, its frequencies and so on),
exchange of basic information, computational wind engineering,
which may not be only supplement to wind tunnel testing but also
in some problems such as the modeling of severe local storms and
tornadoes, provide the only practical approach.

The increase in the number of natural disasters due to wind
storms suggests that there would be great value in establishing
natural disaster investigation teams. Such an activity is hopefully,
to stimulate wind engineering research.

Without the previous 10 international wind engineering confe-
rences, the achievements in the safe construction of tall buildings
and long span bridges would not have been possible, nevertheless,
there are gaps to be filled: insurance statistics, full scale testing as
a benchmark for both wind tunnel and computational wind engi-
neering modeling, full scale data through organized experiments
or from wind storm damage surveys and others [11] - [17].

2. Atmospheric boundary layer

The technical development in fast sensor systems, data sam-
pling and acquisition equipments and computing has influenced
enormously on the pace at which new results are made available.

However, there are still quite fundamental problems waiting
for a theoretical analysis as well as experimental verification.
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Niektoré problémy naliehavého zaujmu o aplikaciu vo veter-
nom inZinierstve si: PozdiZna koherencia, tvary a profily narazov
a nestacionarne javy [11] - [14].

3. Aerodynamika budov

Pruzné stavby ako su vysoké budovy, vysoké veZze a mosty
s velkym rozpétim niekedy maji aerodynamické kmitanie, ktoré
v niektorych pripadoch moze sposobit osudnu katastrofu, vazne
poskodenie stavieb alebo obfazovanie Iudi, dosledkom ¢oho skuska
vo veternom tuneli musi byt jednym z najucinnejSich prostriedkov
na vyjasnenie ich aerodynamickych charakteristik.

Najlepsi sposob ako efektivne stabilizovat aerodynamické kmi-
tanie je presné pochopenie ich budiacich mechanizmov. Z dévodov
zlozitych charakteristik poli prudenia okolo hranatych telies, bu-
diace mechanizmy tychto poli nie su eSte v sucasnosti dostatoéne
vyjasnené (generovanie virov a virmi indukované budenie, gallo-
ping, flutter, buffeting a ucinky turbulencie na aerodynamiku hra-
natych telies).

Nedavny rozvoj pocitacového veterného inzinierstva je, alebo
sa urcito stdva vykonnym nastrojom na rieSenie tychto problémov,
potom obe aplikované skusky, konvenéna vo veternom tuneli a poci-
taCova, boli by ziadané v budtcnosti viacej ako v pritomnosti. [12],
[20].

4. Vysoké budovy a stavby

Niektoré stavby a budovy vyzaduji osobitné badanie z veter-
ného inZinierstva, pretoZe zataZenie vetrom a vetrom vybudené
ohlasy vysokych budov a dalSich stavieb pozemného stavitelstva
nemozu byt spolahlivo urCené analyticky alebo postupmi podla
noriem.

Okrem toho aerodynamické idaje v stavebnych normach su
najma pre samostatné budovy a stavby situované v homogénnom
teréne. Také udaje nemozu byt pre budovy a stavby na zlozitom
teréne alebo topografii, alebo pre pripad, kde moézu byt aerodyna-
mické interferencie v désledku pritomnosti dalSich blizkych budov.

Hoci modelové skusky vo veternych tuneloch nie su bez taz-
kosti, pretoze su obmedzenia vzhladom na stupen podobnosti,
ktory sa mozZe dosiahnut v redukovanej geometrickej mierke a poci-
taové veterné inzinierstvo a dalSie numericko-analytické badania
ziskavajuce priestor, predsa modelové badania vo veternych tune-
loch pre uvedené situacie su teraz akceptované vacsinou stavebnych
noriem ako alternativne postupy potrebné pre dodrzanie techno-
logickych zmien [12], [16], [18], [30].

5. Mosty velkych rozpati

Aeroelasticka stabilita je prevladajuce kritérium na navrh
mostov s velkym rozpatim. Aerodynamika mostov sa tradi¢ne za-
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Some problems of immediate interest for application in wind
engineering are as follows: longitudinal coherence, gust shapes or
profiles, non-stationary phenomena [11] - [14].

3. Building aerodynamics

Flexible structures such as tall buildings, tall towers and long
span bridges show sometimes aerodynamic vibration, which would,
in some cases, cause a fatal collapse, serious damage of structures
or man annoyance. In consequence, a precise evaluation of the
aerodynamic characteristics and their proper countermeasure
should be carefully investigated. However, the geometrical shape
of these structural sections are usually complicated and their aero-
dynamics must be diverse, in consequence, a wind tunnel test must
be one of the most powerful tools to clarify their aerodynamic
characteristics.

The best way to effectively stabilize the aerodynamic vibration
is a precise understanding of their generation mechanism. Because
of the complicated, behaviour of flow fields around bluff bodies,
their generation mechanism is not always sufficiently clarified
even at present (vortex generation and vortex induced excitation,
galloping, flutter, buffeting and the effect of turbulence on bluff
body aerodynamics).

Recent development of computational wind engineering is
surely becoming a powerful tool to solve these, problems. Then,
both utilization of the conventional wind tunnel test and CWE
would be required in the future more than at present [12], [20].

4. Tall buildings and structures

Some structures and buildings require special wind engineer-
ing studies because, wind forces and wind induced responses of
tall buildings and other civil engineering structures cannot be reli-
ably predicted by analytical and/or code based procedures.

Furthermore aerodynamic data in building codes are mainly
for individual buildings and structures located in homogeneous
terrain. Such data may not be representative for buildings and
structures in complex terrain and/or topography or in situations
where there may be aerodynamic interference due to the presence
of other nearby buildings.

Although wind tunnel model tests are not without difficulties,
as there are limitations to the degree of similitude which can be
achieved at a reduced geometric scale, and CWE and other nume-
rical/analytical studies are rapidly gaining the ground. Nevertheless,
wind tunnel model studies for such situations are now accepted by
most building codes as alternative procedures necessary to keep
up with technological change [12], [16], [18], [30].

5. Long-span bridges

Aeroelastic stability is a governing criterion for the design of
long span bridges. Traditionally, bridge aerodynamics has been
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obera posobenim vetra na nosniky visutych a zavesenych mostov
S0 zameranim na aeroelasticku stabilitu, buffetinngovy ohlas, kmi-
tanie vybudené virmi, si témy, ktoré aj dnes vytvaraju mnozstvo
prace v rozsahu odboru.

Za ostatné roky pozornost sa venuje cestnej bezpecnosti a kom-
fortu osob cestujucich na moste, badaniam spojenych s mostom
ako aerodynamika automobilov a ochrannym tuc¢inkom mostnych
pylonov a ochrannym krytom proti vetru [9], [12], [18], [28].

6. Budovy a mosty v skupinach

Ucinky susednych budov na zafazenie vetrom dalsich budov
a stavieb sa extenzivne v minulosti nebadali. Zatazenie vetrom na
tieto budovy a stavby Specifikované sucasnymi predpismi a nor-
mami pre prax maju svoj povod z badani vo veternych tuneloch na
samostatnych stavbach a neudavaju ziadny smer pre odhad zata-
Zenia za podmienok buffetingu.

Vysledky poukazuju na podstatné rozlicné ucinky pre samo-
statnu stavbu a stavbu v skupine. Zlozitost problému poukazuje,
Ze je velmi fazko spracovaf tieto ucinky s istym stupfiom vSe-
obecnosti. Ako alternativa sa odporuca poradit sa s odbornikom
a umoznit vykonat odbornu skuisku vo veternom tuneli.

Vseobecne je zname, Ze rozdelenie tlakov od vetra na stavbe
mozZe byt prudko zmenené, ak nova (nové) stavba sa postavi
v susedstve. Je len samozrejmé, Ze toto prinaSa komplexny problém
uz aj pre samostatnu dalSiu stavbu, pretoZe existuje vela paramet-
rov, ktoré musi inZinier brat do uvahy, vratane tvaru a velkosti
stavieb, ich poziciu a smer vetra [12], [16], [17], [21], [30].

7. Pocitacové veterné inzinierstvo (PVI)

Teraz uz je viac ako 15 rokov od zavedenia pocitacovej dyna-
miky tekutin (PDT) do problémov veterného inZinierstva (PVI)
alebo pocitacova dynamika tekutin (PDT) bola rozvijana hlavne
v odboroch strojného a leteckého inZinierstva. Vel'ké uspechy sa
dosiahli v urCovani takych pomerne jednoduchych prudeni ako je
prudenie v kanaloch, prudenie vzduchu okolo kridla a pod. Na
druhej strane problémy vzdusného prudenia vo veternom inZi-
nierstve su ovela viac zlozitejsie.

Vela skusok sa vykonalo a pozoruhodny pokrok sa dosiahol
od prvého sympdzia konaného v Tokiu (1992). Priestor pre prak-
tické uplatnenie sa vyznamne rozS$iril. V si€asnosti je vyskumny
odbor PVI dobre zriadeny ako Gcinny nastroj vo vyskume veter-
ného inZinierstva.

Napriek uvedenému zostava eSte vela otazok, ktoré treba riesit,
aby mohli byt na Sirsiu aplikaciu: Rozsirit PVI aplikacie a postarat
sa o presnost, presnost experimentalnych udajov, potvrdit odhad
presnosti pri rozlicnych nepresnostiach, navrh siete pri postupoch
v blizkosti steny a makroskopické hranicné podmienky, hrani¢né
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concerned with wind actions on the girders of cable supported
bridges focusing on aeroelastic stability, buffeting response and
vortex induced oscillations, topics which also today constitute the
bulk of the work within the field.

In recent years attention has been given to road safety and
comfort of persons travelling on the bridge, leading to bridge
related studies of vehicular aerodynamics and shelter effects of
bridge pylons and wind screens [9], [12], [18], [28].

6. Buildings and structures in groups

The effects of nearby structures on wind loading of other build-
ings and structures has not been extensively examined in the past.
Wind loads for these buildings and structures, specified by current
standards and codes of practice originate from wind tunnel studies
on isolated structures and give no guide for the assessment of
loads under conditions of buffeting.

Results show significant different effects for a single structure
and a structure in group. The complexity of the problem, however,
indicates that it is very difficult to treat these effects with any
degree of generality. Alternatively, it is suggested to get a specia-
list’s advice and possibly to perform special wind tunnel tests.

It is well known, however, that the wind pressure distribution
on a structure may change drastically when a new structure(s) is
built in its neighborhood. Obviously, this is a complex problem
even for a single additional structure, since there are many para-
meters that a designer must consider, including the shape and size
of the structures, their relative positions, and the wind direction
[12], [16], [17], [21], [30].

7. Computational wind engineering (CWE)

It has now been for over 15 years since the Computational
Fluid Dynamics (CFD) technique was first applied to a problem
of wind engineering. Computational Wind Engineering (CWE) or
Computational Fluid Dynamics (CFD) was developed mainly in
the fields of mechanical and aeronautical engineering. Great
success has been achieved in predicting such relatively simple
flows as channel flow, air flow around a wing, etc. However, pro-
blems concerning air flow in wind engineering are far more com-
plicated.

Many trials have been carried out and remarkable progress
has been achieved since the 1st Symposium in Tokyo (1992). The
scope of practical application has also spread greatly. The re-
search field of CWE is today well established as a powerful tool in
wind engineering research.

However, there still remain many problems to be solved to
allow for wider applications: Spread of CWE applications and
their prediction accuracy, accuracy of experimental data, confirm-
ation of prediction accuracy under various uncertainties, grid
design near wall treatment and macroscopic boundary conditions,
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podmienky pri nasavani pre aplikacie simulacie velkych virov.
Dalsie smery su vyvinut novy koncept pre integrovanie PVI simu-
lacii s rozlicnymi mierkami [9] - [17], [20], [27].

8. Veterné prostredie okolo budov

Vyskum a skusenosti pocas ostatnych 2 - 3 desatroci vo vela
laboratorii - vratane veterného tunela so simulovanou atmosféric-
kou hrani¢nou vrstvou na Katedre stavebnej mechaniky, Stavebnej
fakulty Zilinskej univerzity v Ziline ukazuju - Ze otvorené priest-
ranstva okolo budov a moderné urbanistické miesta su Casto
neprijemne veterné. Podmienky mézu byt neprijemné a hazardné
pre chodcov na miestach, ktoré boli zamyslané aby poskytovali
otvorené vzdusné prostredie.

Aké veterné podmienky su prijatelné je tazko definovat,
pretoZe su viac-menej subjektivne a zavisia od aktivity, teploty,
vlhkosti prostredia a narazovej rychlosti vetra, komplikuju tento
problém. Vela autorov v zahranici a v naSej krajine vyvinulo krité-
ria rychlosti vetra, Wise, Melbourne, Davenport a dalsi.

Hoci niektoré skuisenosti sa ziskali zo skuto¢nych veternych
podmienok z okolia rozlicnych budov je treba sa obracat na mode-
lové skusky v tuneloch, ak sa vyZaduju doveryhodné odhady veter-
ného prostredia vybudeného okolo navrhovanej budovy.

Vyznamna cast budovy by nemala byt vystavena priamo
veternému prudeniu. Ochranny u¢inok naveternych budov je jeden
z najdolezitejSich faktorov. Niektoré konfiguracné faktory a pra-
vouhlé budovy narastajiice z terénu sposobuju environmentalne
veterné problémy [21] - [23], [27], [29].

9. Aerodynamika necistot vo vzduchu

Od priemyslovej revolucie fudstvo sa musi zaoberat dosledkami
znecCistovania z priemyslu, banictva, dopravy a produkcie energie.
Aerodynamika necistot vo vzduchu sa venuje interakcii Skodlivin,
plynov a Castic vypustanych do atmosféry s okolitymi stavbami,
terénom a vegetaciou. Tato interakcia moZe odchylit necistoty
smerom k citlivym plocham, koncentrovat necistoty nad akceptova-
telné urovne, alebo i zmiernit koncentracné urovne a zvysit rozptyl
prudenia.

Prvoradou ulohou modelovania tekutin pocas nastavajuceho
storoCia nebude vzdy priame meranie udajov, aby sa pouzilo pocas
inZinierskeho navrhu Specialnych zariadeni, ale namiesto modelo-
vania tekutin malo by sa aplikovat:
® Badat atmosféricku disperziu interakcie, ktora nie je uplne
preskumana.

® Zladit a overif modely turbulencie prenasané do PDT modelov.

® Navrhovat nové analytické modely vhodné na pojatie do vaésich
numerickych systémov.

® Potvrdif platnost pocitacovych modulov, ked budu zaclenené
do navrhovych noriem [12], [23], [27].
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inflow boundary condition for LES (Large eddy simulation) appli-
cation. Future direction is to develop a new concept for integra-
tion of CWE simulations with various scales [9] - [17], [20], [27].

8. Wind environment around buildings

Research and experience during last 2-3 decades at many labo-
ratories including Wind tunnel laboratory with simulated atmo-
spheric boundary layer in the Department of Structural Mechanics,
Faculty of Civil Engineering at the University of Zilina have shown
that open spaces around buildings on modern urban sites are
often unpleasantly windy. Conditions can be uncomfortable and
hazardous for pedestrians in places which were intended to provide
a pleasant open-air environment.

What wind conditions are acceptable is difficult to define
because it is much more subjective and dependent on the activity
concerned and the temperature and humidity of the environment
concerned and gust speed complicate this problem too. Many
authors abroad and in our country developed wind speed criteria
(Wise, Melbourne, Davenport and others).

Although some experience has been gained from assessing
full scale wind conditions about a variety of buildings it is neces-
sary to turn to wind tunnel model testing if a confident prediction
of the wind environment induced around a specific building pro-
posal is required.

A significant part of the building should not be exposed to
direct wind flows. The shielding effect of upstream buildings is one
of the most significant factors. Some configuration factors, rec-
tangular buildings rising from ground level cause environmental
wind problems [21] - [23], [27], [29].

9. Air pollution aerodynamics

Since the Industrial Revolution man has to deal with the pol-
luting consequences of manufacturing, mining, transportation, and
power production. Air polluting aerodynamics concerns the inter-
action of noxious aerosols, gases and particles emitted into the
atmosphere by surrounding structures, terrain and vegetation. This
interaction can deflect pollution materials toward sensitive areas,
concentrate species above the acceptable levels or even mitigate
concentration levels and enhance diffusion and dispersion.
The primary role of fluid modeling during the next century
will not always be the direct measurement of data to be used during
engineering design of specific facilities. Instead a fluid modeling
there the folowing activities should be prefered.
® To explore atmospheric dispersion interaction that has not been
completely investigated,

® To tune and justify turbulence models incorporated into CFD
models,

® To device new analytical models suitable for inclusion into larger
numerical systems and

® To validate computational models after they are to be incorpo-
rated into design codes [12], [23], [27].
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10. Meranie v skuto¢nych mierkach

Veterni inzinieri pokladaju merania v skutoénych mierkach za
doplnenie a rozsirenie ich poznatkov o chovani sa budov a stavieb
pri pésobeni vetra a potvrdenie alebo kalibrovanie oboch procedur,
numerickej a experimentalne;j.

Nedavne programy merania v skuto¢nych mierkach maju ten-
denciu sa zamerat na merania dynamickych vlastnosti skuto¢nych
budov a stavieb. Tieto informacie su cenné pre pomoc pri ich oprav-
neni alebo modifikacii, podporit rozhodnutie a zhodnotit ucin-
nost takych vylepsujucich zariadeni, ako su tlmiCe s naladitelnou
hmotou alebo tekutinou [12], [16], [23], [30].

11. Merania vo veternom tuneli

Hoci skusky na modeloch vo veternom tuneli su §iroko akcep-
tované, je treba zdoraznit, Ze vplyvy vetra v mnohych pripadoch
st adekvatne uvedené v suCasnych stavebnych normach. Je preto
dolezité aby sa identifikovali situacie, v ktorych sa badania vo veter-
nych tuneloch vyzZaduju, alebo su nevyhnutné.

Cakatelmi na skiisky vo veternych tuneloch st budovy a stavby,
ktoré maju velku citlivost na vplyvy vetra, alebo su zaradené mimo
existujuce skusenosti. Ako priklady su vysoké, Stihle a pruzné
budovy, vyhliadkové veze, stoZiare a kominy, mosty so strednym
a velkym rozpatim, mosty pre chodcov, vedenia prenosovych systé-
mov a rozne Specialne stavby, ako st poddajné strechy s velkym
rozpatim, chladiace veze, velké Zeriavy a pod. Budovy a stavby
neobvyklych aerodynamickych tvarov, na ktorych mozno pozoro-
vat vel'ké vetrom indukované celkové sily, alebo lokalne tlaky maju
ddvod pre osobitnu pozornost.

Dalsia oblast' potencidlnej pozornosti zahfha existenciu nety-
pického terénu a okolia a blizkej vzdialenosti k vac§im budovam
a stavbam, alebo s vyCnievajucimi topografickymi tvarmi. Postupy,
ktoré sa pouzivaju pri modelovom badani vo veternych tuneloch
su vel'mi rozmanité, zavisia od osobitnych cielov a mozZnych zdro-
jov.

Velmi bezné skisky a ich vysledky su: Miestne tlaky, celkové
a plosné zataZenie vetrom, vysokofrekvencna silova rovnovaha,
sekciova modelova skuska (mosty), aeroelastické skusky, vietor pre
chodcov, kvalita vzduchu, skusky terénov a topografie.

Dolezita miera praktickej hodnoty vSetkych modelovych tidajov
je ich vztah k poznatkom ziskanym na skuto¢nych konstrukciach
[11 - [51, [7] - [10], [12], [22], [27].

12. Bazy udajov z veterného inZinierstva

S vytvorenim novej bazy udajov vo veternom inZinierstve nie
kazdy suhlasi, pravdepodobne z dovodov existencie uz jestvujucich
databaz a tieZ z tazkosti zahrnutych pri novom usporiadani pri-
rodzenych dat do uzito¢nej formy.

Existujiice bdzy iidajov. Rdzne formy baz uz su teraz dostupné.
Napriklad ESDU (Engineering Science DATA Unit - Jednotka dat
pre inZinierske vedy vo V. Britanii), the Library of the ASME
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10. Full scale measurements

Wind engineers regard full scale measurements as supplement
and extension of their knowledge of the performance of buildings
and structures under wind action and verification and/or calibra-
tion of both numerical and experimental procedures.

The recent full scale measuring programs have tendency to
obtain the dynamic properties of buildings and structures. Such
information is valuable to assist in their rehabilitation or modifi-
cation, to facilitate decision making and to evaluate the effective-
ness of mitigation devices such as tuned mass and/or tuned liquid
dampers [12], [16], [23], [30].

11. Wind tunnel measurements

Although wind tunnel model testing has gained wide accept-
ance, it is important to stress that the action of wind in many cases
is adequately dealt with in the existing building codes, therefore,
important to identify situations in which wind tunnel studies are
desirable or necessary.

Candidates for wind tunnel tests are buildings and structures
that have an unusual sensitivity to the action of wind or that fall
outside the existing experience. As examples are tall, slender, and
flexible buildings, observation towers, masts and chimneys, inter-
mediate and long-span bridges, pedestrian bridges, transmission
line systems, and various special structures, such as large-span fle-
xible roofs, cooling towers, large cranes, etc. Building and struc-
tures of unusual aerodynamic shape, which may experience large
wind-induced overall forces or local pressures, also warrant special
attention.

Another area of potential concern includes the presence of
unusual terrain and surroundings, and close proximity to major
buildings and structures or prominent topographic feature. Proce-
dures used in wind tunnel model studies vary widely, depending
on particular objectives and available resources. The more com-
monly used tests and their results are the following: Local pressures,
area and overall wind loads, high frequency force balance, section-
al model tests (bridges), aeroelastic studies, pedestrian winds, air
quality, terrain and topographic studies. The important measure
of practical value of all model test data is their relation to full-scale
experience [1] - [5], [7] - [10], [12], [22], [27].

12. Wind engineering database

Not everybody agrees with the need for a new wind engineer-
ing database, probably because there are of some already certain
databases and also because the difficulties involved in rearranging
raw data into a useful form.

The existing database. Various forms of database have already
been available so far. For example, ESDU (Engineering Science
DATA Unit in U.K.), the Library of the ASME in USA and raw
laboratory data stored in the University of Western Ontario. Various
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a Udaje laboratoria v prirodzenom stave na University of Western
Ontario.

Ro6zne narodné a mnohonarodné vybory pre standardizaciu
noriem zhromazdili udaje pre ich vlastné publikacie, ale konecné
vysledky su niekedy ovplyvnené faktorom inym ako technickym,
napriklad politickym a ekonomickym.

Budiicnost databdz. Numerické simulacie aerodynamiky mohli
by byt pouzité na vytvorenie databaz, ale simula¢na technika musi
byt este zlepSena a jej vysledky nemozu byt este vhodné pre data-
bazu.

Vyvoj Europskej normy, ktora bola publikovana v r. 1993, bude
pokracovat v tomto procese ako aj nové narodné normy v Europe
vratane v Slovenskej republike.

Veterny tunel je faktorom, ktory ma spolahlivé zdroje dat.

Pre bezny stavebny navrh, spolahlivost a presnost aerodyna-
mickych sucinitlov zda sa byt spolahlivo dostato¢nd, ovela vacsia
variabilita v zatazeni vetrom, moze byt z takych realit, ako su zmeny
okolia budov. Tieto faktory nemézu byt zahrnuté v normach so
vsetkymi detailmi [12] - [14], [27].

13. Veterné katastrofy

Kazdorocne vietor poskodzuje stavby, hoci v niektorych rokoch
su len malé Skody, ale priemer rocnych nakladov na veterné posko-
denie na stavbach je pomerne velky. Napriklad relativne mala
veterna burka v Ziline (jun 1998) znicila vela striech, stromov
a trolejovych vedeni, ¢o ukazuje na adekvatne ukotvenie na hlavnu
stavbu.

Niektoré netispesné situdcie sa objavujii siistavne. Pomerne roz-
siahle Skody na modernych stavbach mohli by byt vylucené, pri
riadnom zvazeni u€inkov vetra a konstrukcie. Veterné katastrofy
striech a stien, su pravdepodobne viac-menej v dosledku chyb
v normach, alebo konstrukcii a in§pekénych prehliadok, ako v nedo-
statku zakladnych znalosti z veterného inZinierstva.

Velké rozsahy skod sucasnych stavieb by mohli byt odstranené
pri minimalnych dalSich nakladoch, s dokladnym uvazenim vplyvov
vetra a primeranej pozornosti kritickym detailom pri navrhu a vy-
stavbe.

Vykonanie skiisky vo veternom tuneli moze byt velmi uzitocné
a ekonomické pre Specialne a vel’ké stavby [12] - [14], [24], [25],
[27].

14. Veterné inzinierstvo na Zilinskej univerzite

Veterny tunel na Zilinskej univerzite v Ziline bol navrhnuty
a postaveny vr. 1965 M. Pirnerom a atmosféricka hrani¢na vrstva
v tomto tuneli bola nasimulovana v sedemdesiatych rokoch
vratane merania rychlosti vetra a tlakov ako nahodnych procesov
[8], [9], [10], (Obr. 2).

Katedra stavebnej mechaniky Zilinskej univerzity organizovala
v spolupraci UTAM CSAV v Prahe prvé tri konferencie o zataZeni
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national, and multi-national code standard committees have col-
lected data for their own publications but the end results are some-
times influenced by factors other than technical, such as political
and economic.

Future of database. Numerical simulation of aerodynamics
could be utilized to provide some database. However, simulation
techniques still have to be improved and so the results from it may
not be appropriate for the database yet.

The development of the EUROCODE, which was published
in 1993 like ENV prestandard will be a continuation of this process
as well as new national codes in Europe, in the Slovak Republic
included.

Wind tunnel as a source of reliable data. However, in the ordi-
nary structural design, the reliability or accuracy of aerodynamic
coefficient seems to be fairly sufficient, much greater variation in
wind loading can arise from such factors, as the change of sur-
rounding of buildings is. These factors cannot be included in stan-
dards with all details [12] - [14], [27].

13. Wind disasters

Every year the wind damages some structures. Some years
damages light, but the average annual costs of wind damage to
structures is relatively large. For example, relatively small wind
storm in Zilina (June 1998) destroyed many roofs, trees and
trolley lines. Adequate anchoring to the main structure is, there-
fore, necessary.

Several failure situations occur hours and again. A large pro-
portion of damage to modern structures could be avoided by
a proper appreciation of wind action and construction.

Wind disasters of the roofs and walls are much more likely to
be due to faults in codes or construction and inspection practices
than to lack of basic wind engineering knowledge.

A large proportion of damage to modern structures could be
avoided at minimum extra construction cost by a proper appre-
ciation of wind action and write appropriate attention to the critic-
al details of design and construction.

Performing wind tunnel test can be very useful and economic
in case of a special and large structures [12] - [14], [24], [25],
[27].

14. Wind engineering at the University of Zilina

The wind tunnel at the University of Zilina was designed in
1965 by M. Pirner [7]. The atmospheric boundary layer in this wind
tunnel was simulated in 1970’s including measurements of wind
velocity and pressures as random processes, see Fig. 2. [8], [9],
[10].

The department of Structural Mechanics, Civ. Engng. Faculty,
University of Zilina organized in cooperation with ITAM Prague
the first three conferences on Wind Load on Buildings and Struc-
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vetrom na budovach a stavbach
(P. Bystrica 1980, Zilina 1984 a Zi-
lina 1988). Konferencia O dyna-

mike stavieb a veterné inZinierstvo
bola organizovana tiez Katedrou
stavebnej mechaniky vo Vyhniach
(september 2000).

Pozoruhodnejsie experimentdine
bddania vo veternom tuneli pre
stavebnu inZiniersku prax su tieto:
Urcenie zataZenia vetrom na tele-
viznu vezZu v Bratislave, zatazenie
na strednu cCast televiznej veze
Bukova hora v CR, statické zataze-
nie vetrom na cestny most pre Vit-
kovické Zeleziarne v Ostrave, zata-
Zenie vetrom na Zeriav pre Zele-
ziarne v Brezne a dalsie.

Aerodynamické sily na naklad- g
nych autach a Setrenie energiou
v cestnej doprave boli predmetom
spoluprace medzi Katedrou sta- -
vebnej mechaniky a automobilo- ==
vym priemyslom (Obr. 3). 1

Predndsky z veterného inzinier- K
stva na doktorandskom $tudiu na
Katedre stavebnej mechaniky Zi-
linskej univerzity zacali v r. 1992.

Pocas viac ako tridsaf rokov &
skupina veterného inZinierstva na
Katedre stavebnej mechaniky je
aktivna vo viacerych teoretickych
a experimentalnych badaniach zo
zataZenia vetrom na budovach a stavbach a veterného prostredia
na skutocnych konstrukciach a vo veternom tuneli [8], [9], [10],
[15], [16], [17], [30], [31].
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Obr. 2. Pristroje na meranie rychlosti vetra a tlaku vetra
Fig. 2. Wind velocity and pressure measurement equipment
(Civ. Engng. Faculty Univ. Zilina)

Obr. 3. Model auta s karavanom vo veternom tuneli
Fig. 3. Model of automobile with caravan in a wind tunnel
of DSM CEF UZ
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tures (P. Bystrica 1980, Zilina
1984 and Zilina 1988). The confe-
rence on Dynamic of Structures
and Wind Engineering was orga-
nized also by the Department of
Structural Mechanics in Vyhne,
September, 2000.

The following main experi-
mental wind tunnel investigations
for civil engineering industry have
been done: Wind load determina-
tion on Television Tower (TV) in
Bratislava, wind load on the central
. part of the TV Bukova hora in the
Czech Republic; static wind load
on a road bridge for the Steel
Works in Ostrava; wind load on
a steel crane for The Steel Works
in Brezno and others.

The arodynamics forces on
lorries and saving energy in road
transportation have been also the
subject of the cooperation between
the Department of Structural
Mechanics and car industry, see
Fig. 3.

The Department of Structu-
ral Mechanics has started (1992)
to teach the subject wind enginee-
ring at the University of Zilina at
postgraduate (PhD) level.

For over thirty years, wind
engineering group at the Depart-
ment of Structural Mechanics has
been actively engaged in many the-
oretical and experimental studies
of wind load on buildings and
structures and wind environment, in full scale and wind tunnel
scale [8], [9], [10], [15], [16], [17], [30], [31].
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PROBLEMY A METODY RIADENIA DOPRAVNYCH SYSTEMOV

PROBLEMS AND METHODS OF CONTROL IN TRANSPORTATION SYSTEMS

Zdkladnou myslienkou clanku je ukdzat rozne problémy riadenia
v dopravnych systémoch a potrebu dostupnosti vhodnych informac-
nych zdrojov. V ¢lanku je ukdzand dolezitost dopravy a jej vyznam
v modernej spolocnosti. Dalej je popisany model dopravného systému,
optimalizacné ilohy a metody ich riesenia. Potreba vseobecného
modelu ako aj Standardizdcie iidajov o dopravnej infrastruktiire a sta-
tistickych udajov o dopravnych tokoch je zdoraznend ako zdkladny
predpoklad pre optimdlne riadenie kaZdého procesu v dopravnych
systémoch.

1. Uvod

Pre kvalifikované rozhodnutia pri riadeni systémov potrebujeme
poznat informacie o stave systému, popis spravania sa systému
a mat vhodné metddy pre jeho riadenie. V sucasnej dobe sa pre
podporu rozhodovania pouzivaji informacné systémy, ktoré vyuzi-
vaju prostriedky vypoctovej techniky a ktorych tlohou je poskyto-
vat presné, uplné a aktualne informacie. Systémy na podporu
rozhodovania dovoluji modelovat spravanie sa riadenych systémov
a navrhovat ich optimalne riadenie. S rozvojom osobnych pocita-
cov a pocitacovych sieti sa tieto informacné technologie stavaju
dostupné prakticky kazdému a preto mozu byt masovo vyuzivané
v riadeni. Vacésina podnikov alebo podnikatelov pritom potrebuje
predovSetkym zaviest poriadok a rutinné spracovanie vSetkych
svojich informaénych agend, zatial ¢o priame riadenie technolo-
gickych procesov v realnom Case je zatial vysadou len niektorych
vyspelych prevadzok.

Podobna situacia je i v doprave, aj ked' pre dopravu bude asi
praca s informaciami eSte vyznamnejSia a priame riadenie proce-
sov v realnom Case zatial eSte menej pouZivané neZ vo vyrobnych
podnikoch. I v doprave v§ak mozeme nasadenie systémov pre priame
riadenie technologickych procesov ocakavat v blizkej buducnosti
a niektoré systémy sa uz bezne zavadzaju do prevadzky (palubné
pocitace na modernych trakénych vozidlach, automatizacia prvkov
zabezpecovacej techniky pre riadenie prevadzky v stanici a na tra-
tovych usekoch, riadenie prace na zvaznom pahorku a pod.). Pris-
pevok sa bude zaoberat skor siCasnym stavom riadenia na vysSich
urovniach riadenia (manaZerské alebo dispecerské riadenie), na
ktorych sa pouzivaju informacné systémy a systémy pre podporu
rozhodovania.

* Prof. Ing. Petr Cenek, CSc.

The basic idea of the article is to show various problems of control
and management in transportation systems and the necessity of an
available information support. The importance of transportation and
some ideas on its significance for a modern society is reflected in the
paper. The model of a transportation system is further described to-
gether with some optimisation problems and methods how to solve
them. The necessity of a generalisation of a data model and stan-
dardisation of data on the transportation infrastructure as well as sta-
tistical data on transportation flows is stressed as a basic need for any
exact method of control in transportation systems

1. Introduction

The information about a state of a system, description of its
behaviour and suitable methods for its control are vital for any
qualified decision in control and management of systems in general.
Nowadays, decision support systems use information systems based
on computers, which should provide accurate, complete and actual
information. Decision support systems use models of behaviour
of controlled systems and allow designing optimal control of those
systems. The information technologies have become widely avai-
lable for virtually anybody with a growing use of personal compu-
ters and computer networks, so they can be used in control systems
on a mass scope. Routine data processing and information systems
are currently typical applications for a majority of enterprises and
entrepreneurs while a direct on-line control of technological pro-
cesses in real-time is usually only exclusivity in a few advanced
industrial plants.

The situation in transports is similar. For transportation com-
panies the data processing is probably even more important, and
a direct control of processes in a realtime is even less frequent
than in industrial plants. Nevertheless, the installation of direct
control systems for technological processes in transports is expect-
ed in the near future. Some systems have already been put into
operation (as board computers on modern traction vehicles, auto-
mation of parts of interlocking systems for control of operations
in a railway stations and on some railway lines, control of proces-
ses on a hump, etc). The paper will be concerned more with the
current state of control on higher levels of management (manage-
rial or dispatcher control), which uses information and decision
support systems.

Faculty of Management Science and Informatics, University of Zilina, Vel'ky Diel, SK-01026 Zilina, Slovak Republic
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Skor ako sa budeme venovat vlastnej odbornej problematike,
moZeme sa zamysliet nad charakteristickymi vlastnostami dopravy,
z ktorych potom budeme odvadzat poziadavky na riadenie a budovat
podla nich model dopravného systému.

Doprava je sluzba, ktora zabezpecuje premiestnenie cestujucich
alebo zasielok z vychodiskového miesta do miesta uréenia v pozZa-
dovanom case a kvalite. Podrobnejsim pohladom na uvedenu defi-
niciu dopravy a na jej dalSie vlastnosti ukazeme vyznam dopravy
v kazdodennom Zzivote a nevyhnutnost ucasti Statnej spravy na
planovani a riadeni dopravnych systémov.

Typickym znakom dopravy je jej geografickd rozlahlost, ¢o
znamena, Ze neprebieha na sikromnom uzavretom priestore, ale
obyCajne na vd¢Som priestore na komunikaciach, ktoré su spra-
vidla vybudované na verejnych pozemkoch. Doprava je teda verejne
pristupnd sluzba a dopravnu infrastruktiru (napriklad cesty alebo
ulice) moze vyuzivat aj Siroka verejnost.

Dal§ou vyznamnou vlastnostou dopravy je hromadnost, ktorej
ucelom je dosiahnut ciele dopravného procesu (t. j. premiestnenia
v pozadovanom cCase a kvalite) pri vynaloZeni ¢o najmensich
nakladov. V tomto zmysle mozeme hromadnost povazovat za
typicku vlastnost dopravnych systémov a to tak z hladiska sucas-
nej prepravy viacerych zasielok naraz, ako aj z hladiska opakova-
ného vyuZzitia urcitého prostriedku v Case.

Poslednou vlastnostou, ktoru mézeme povazovat za charak-
teristicku pre vSetky dopravné systémy, je riziko (nebezpecie alebo
naklady na dopravu), ktoré treba posudzovat v SirSom vyzname.
Pretoze doprava je verejnou sluzbou, moze byt nielen vyuzivana
verejnostou ako zakaznikmi, ale ovplyviuje tiez zZivot celej verejnosti
bez ohladu na to, ¢i dopravné sluzby vyuziva alebo nie. Dopravné
nehody ohrozuju zdravie a Zivoty obcanov, mnozstvo faktorov vsak
ovplyvnuje Zivoty ob¢anov i nepriamo a dlhodobo. Ide napriklad
o vplyvy na Zivotné prostredie, kde produkcia hluku a Skodlivych
splodin nepriaznivo ovplyviiuje kvalitu Zivota. Dal§im nepriazni-
vym vplyvom je zaber pozemkov pre vystavbu dopravnych komu-
nikacii a i vtomto pripade sa zhorSuje zZivotné prostredie, dokonca
v dlhodobom horizonte, pretoZe vystavba komunikacii vazne zne-
hodnocuje kvalitu pozemkov pouzitych pre vybudovanie komuni-
kacie i pozemkov v SirSom okoli komunikacie a natrvalo narusa
cely raz krajiny.

Ako sme ukazali, doprava ma verejny charakter, a zasahuje
prakticky kazdého obcCana tak ponukou svojich sluzZieb ako aj
rizikom, ktoré je s dopravou nevyhnutne spojené a ktoré zhorSuje
kvalitu jeho Zzivota. Na doprave sa aktivne zucastiuju jednotlivi
obcania ako sukromné osoby a podnikaju v nej sukromné dopravné
firmy. Sucasne sa vSak na rozvoj dopravnych systémov (najma
v oblasti infrastruktiry) vynaklada mnozstvo Statnych prostried-
kov a existuje preto aj celospolocensky zaujem tieto prostriedky
vyuZzivat ¢o najucelnejsie. Preto moZeme rozlisit potrebu riadenia
v dopravnych podnikoch (resp. riadenia jednotlivych dopravnych
¢innosti) a riadenie na Urovni organov §tatnej spravy, ktora roz-
hoduje o pridelovani dostupnych zdrojov a stara sa o udrZanie pri-
jateIného kompromisu medzi prinosmi a rizikami dopravy.
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Before control problems are described, the characteristics of
transportation systems should be discussed. Further specifications
of a control system should be derived according to which a model
of a transportation system will be built.

Transportation is a service, which should ensure displacement
of passengers or goods from their original place to a destination
in a demanded time and with appropriate quality. A more detailed
view of this transportation definition and its characteristics will
show the importance of transportation in our everyday life and the
necessity of public administration involvement in planning and
management of transportation systems.

Transportation is typically geographically widespread, which
means, that it does not work in a private, closed space, but usually,
on a wider space such as roads, which are usually built on public
grounds. It means that transportation is a public service and the
transportation infrastructure (as roads or streets) can be used in
public.

Another important characteristic of transportation is a ‘mass
production”, which aims at attaining goals of the transportation
process (a displacement in a demanded time and quality) with
minimal costs. Mass processing can be thought of as a typical
characteristic of transportation systems from the point of view of
simultaneous displacement of many items at a time and from a re-
peated use of transportation facilities in time.

The last characteristic, which can be found as an important
one for all transportation systems, is a risk (the danger or costs of
transportation), which should be handled in a broader sense.
Transportation is a public service, which means that it can be uti-
lised not only by the public as customers, but it influences the
lives of the whole community whether they utilise or to not utilise
its services. Transportation accidents endanger the health and
lives of citizens, but many factors act on people in an indirect and
long-lasting way. This includes harmful environmental effects as
a production of noise or exhalations, which degrade the quality of
life. Further, the land use for building transport facilities should
be mentioned because transportation endangers the environment
and its effects are long-lasting. The building of transportation roads
worsens the quality of land used for roads. The quality of land in
a broader stripe along the road is deteriorated and the character
of countryside is permanently changed.

As shown, transportation is a public service and influences
practically everyone by its services as well as by risk, which is una-
voidably joined to transportation and degrades the quality of life
in general. Individuals take part in traffic on roads, and private
companies use public roads to provide transportation services.
Large amounts of public funds are spent on transportation systems
development (especially on building the infrastructure); therefore,
there is public interest in using these funds as effectively as possible.
That is why it is necessary to distinguish the problems of mana-
gement in transportation companies (or management of individual
transportation processes) and management on a level of public
administration. The public administration decides on allocation
of available funds and cares about attaining an acceptable com-
promise between gains and risks of transportation services.
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V sucasnej dobe prebieha privatizacia v mnohych oblastiach
hospodarstva a pripravuje sa alebo prebieha aj privatizacia statnych
podnikov v doprave. PretoZe po privatizacii budi mat prirodzene
jednotlivé podniky zaujem predovSetkym na ziskovom hospoda-
reni z pohladu firmy, mala by sa privatizacia dopravnych podni-
kov posudzovat aj z pohladu celospoloCenskych potrieb a Stat by
si mal v kazdom pripade ponechat urcité prdvomoci a prostriedky
pre presadzovanie tychto zaujmov v doprave.

Prostriedky, ktorymi mozZe Statna sprava radit rozvoj a pre-
vadzku dopravnych systémov, je mozné rozdelit na:

- legislativne, ktorymi je nariadované a vynucovanim poZadované
spravanie sa zucastnenych subjektov v doprave,

- ekonomické (finan¢né), ktorymi su podporované spolocensky
potrebné ¢innosti.

Pre dalSie Casti ¢lanku sa zrejme obmedzime len na moznosti
minimalizacie ndkladov na realizaciu dopravného procesu a opti-
malizaciu kvality a prinosu dopravnych sluzieb pre obcana.

Zasahy do riadenia dopravnych syst¢émov mozZeme este posudit
z pohladu delenia dopravného systému na pevnu Cast (infrastruk-
turu) a pohyblivi Cast (dopravné prostriedky, resp. dopravné pridy)
a mozeme teda robit zasahy v oblasti:

- budovania a iidrzby dopravnej infrastruktiiry a riadenia prevadzky
na verejnych komunikaciach,

- organizdcie a riadenia premiestiovacich procesov na technolo-
gickej urovni,

- zriadovania a prevddzkovania verejnych dopravnych sluZieb.

Informatika a optimaliza¢né metody sa zrejme uplatnia vo vset-
kych uvedenych oblastiach. Potencialnymi zakaznikmi pre pouzi-
vanie tychto prostriedkov budu organy Statnej spravy pre strate-
gické rozhodnutia v oblasti budovania, udrzby a prevadzkovania
infrastruktury i pre zriadovanie a prevadzkovanie sluzieb verejnej
dopravy. Podnikatelia a dopravné podniky budu mat zaujem o ich
pouzitie na znizovanie svojich nakladov pri operativnom riadeni
prevadzky.

2. Model dopravného systému a vstupné data
Cestujuci alebo prepravované zasielky budu v davkach prepra-

vované do pozadovaného ciela. Kazda skupina alebo davka bude
prepravovana pomocou uréitého do-

PREHLADY / REVIEWS

Many companies in various branches of industry are to be pri-
vatised in the near future and similarly some state-owned trans-
portation companies should be privatised, too. After privatisation
the companies will naturally follow their own interests in possibly
profitable operations from their own points of view. That is why the
privatisation of transportation companies should be judged with
regard to public interests, and the public administration should
retain some rights and tools to be able to enforce public interests
in transportation.

The tools with which public administration can control deve-
lopment and operations of transportation systems can be divided
into:

- legal issues, which define and enforce a desirable behaviour of
all subjects that take part in transportation,

- economic issues (financial tools), by which generally desirable
activities can be supported.

The further parts of the article will be concerned with possi-
bilities of minimisation of costs spent on transportation processes
and on optimisation of quality and profits from transportation ser-
vices for citizens.

Moreover, the measures for control of transportation systems
can be judged from a point of view of two parts of a transporta-
tion system: a fixed part (infrastructure) and a moving part (trans-
portation vehicles or transportation flows). It means the control
measures can be taken in:

- building and maintenance of a transportation infrastructure and
control of traffic on public roads,

- organisation and control of transportation processes on a level
of technological processes,

- creating and operating public transportation services.

Information technology and optimisation methods can be used
in all of the mentioned parts. Potential users of those tools are
public administration offices, which can use them for strategic
decisions in development, maintenance and operations on a tran-
sportation infrastructure and for creating and operating public
transportation services. Entrepreneurs and transportation compa-
nies will be interested to use those tools in a direct control of ope-
rations to decrease their operational costs.

2. Model of a transportation system and input data
Passengers and transported goods will be moved in batches to

their desired destination. Every group or batch will be carried using
a certain transportation vehicle.

pravného prostriedku. Vozidla alebo Transportation The vehicles or other transporta-
iné dopravné prostriedky tvoria spolu system tion means together with trans-
s prepravovanymi zasielkami po- ported goods create the moving
hyblivii Cast dopravného systému, - - part of a transportation system
ktoru nazyvame dopravné pridy. Infrastructure Transportation Control and or transportation flows.

flows management

Dopravné prostriedky sa pohy-
bujii po dopravnych komunikaciach | Nodes | | Edges |
(po cestach, zelezni¢nych tratiach,
vodnych cestach a pod.) Dopravné

Obr. 1. Clenenie dopravného systému
Fig. 1. Transportation system

Transportation vehicles move
along the transportation roads
(as roads, railroads, waterways
etc.) Transportation roads create
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komunikacie tvoria pevnu Cast (infrastruktiru) kazdého doprav-
ného systému a nazyvame ju dopravnd siet. Vybudovanie a udrzba
dopravnych komunikacii su zakladnou podmienkou funkcie kaz-
dého dopravného systému, pretoZze umoznuju rychlejsie a hospo-
darnejsie premiestnovanie vozidiel, ako keby sa kazdé vozidlo pohy-
bovalo fubovol'ne po neupravenom teréne svojou vlastnou cestou.
Dopravnu siet mozeme dalej delif na uzly a useky siete, ako je
ukazané na obrazku 1.

2.1. Udaje o dopravnej sieti a GIS

Udaje o dopravnej sieti tvoria zaklad popisu kazdého doprav-
ného systému. Dopravna sief v mnohom pripomina graf ako ho
pozname z teorie grafov a pre niektoré ulohy je takato predstava
dostatoc¢na. V dopravnom systéme vsak prebieha rad technologic-
kych ¢innosti, ktoré nie su v teorii grafov uvazované a nemozu tam
preto byt modelované. Napriklad po usekoch siete sa pohybuju
vozidla v dopravnych pridoch. Kazdé vozidlo resp. cely dopravny
prud su popisané ako dynamické systémy a skiimanie ich spravania
je samostatnou problematikou. Podobne v uzloch siete dochadza
k zhromazdovaniu a triedeniu zasielok a k dalsim technologickym
¢innostiam, ktoré treba modelovat.

Dopravna siet bude vzdy zadavana svojou topologiou, t. j.
svojimi uzlami a usekmi, ktoré spajaju jednotlivé uzly siete. Vo
vacsine aplikacii bude dolezitou informaciou aj popis grafického
motivu usekov, a preto je Casto vyhodné pouzif pre udrzovanie
a zobrazovanie udajov o dopravnych sietach geografické infor-
macné systémy (GIS). V GIS su zakladnymi udajovymi prvkami
grafické bodové, liniové a plosné objekty, ku ktorym mdze byt pri-
radeny lubovolny pocet alfanumerickych atributov. To zodpoveda
potrebam modelovania dopravnej siete, ked napriklad kazda cesta
moze mat zadanu Sirku, dizku medzi dvoma susednymi kriZovat-
kami, maximalnu povolenu rychlost alebo kapacitu a pod. GIS dalej
dovoluje (resp. je jeho zakladnou vlastnostou) pracu so vztahmi
medzi jednotlivymi prvkami, ktoré su popisané topologiou siete.

V geografickych informacnych systémoch pouzivame zakladné
grafické prvky:

- bod, ktory je definovany svojimi siradnicami (X, y) v rovine,

- ciara (Gsecka), ktora sluzi na spojenie dvoch bodov alebo lomend
Ciara na spojenie viacerych bodov v rovine,

- plocha, ktora je ohraniCena uzavretou krivkou alebo uzavretou
lomenou ¢iarou.

Pre dopravny systém budu uzly reprezentované bodmi v GIS
a useky budu reprezentované Ciarami alebo lomenymi Ciarami.
Priradenie atributov moze pre uzly siete znamenat napriklad mena
uzlov alebo ich kapacitu, zadanie atribtitov isekov moze podobne
sluzit pre informacie o dizke seku, jeho kapacite alebo pre &islo
(pomenovanie) useku. Viaceré GIS obsahuju aj procedury pre
rieSenie niektorych optimalizacnych tloh na sietach ako je hlada-
nie ciest na sieti, umiestinovanie stredisk a pod.
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a fixed part (infrastructure) of every transportation system or
a transportation network. The building and maintenance of trans-
portation roads is the basic condition for the functioning of any
transportation system, because it allows faster and more effective
motion of vehicles in comparison with a situation when every
vehicle would move off-road its own way. A transportation network
can be further divided to nodes and edges as shown in Fig. 1.

2.1. Data on transportation networks and G.I.S.

Data on a transportation network create a basis for the des-
cription of every transportation system. A transportation network
seems to be the same structure as a graph known from the graph
theory and for some problems this similarity can be utilised. But
many diverse technological processes are to be run in transporta-
tion systems and these processes are not acceptable in a graph
theory and cannot be processed there. For instance, vehicles move
along the edges of a transportation network in transportation
flows. Every vehicle and/or the whole transportation flow are
described as a dynamical system, the behaviour of which is to be
investigated as a problem by itself. Similarly, the transported items
are accumulated and sorted in nodes of a network and these pro-
cesses together with other technological activities are again to be
modelled on transportation networks.

A transportation network will be defined by its topology, which
means by its nodes and edges connecting the nodes of a network.
Another important aspect in many applications is a graphical shape
of edges and that is why it is suitable to use geographical infor-
mation systems (GIS) to store and visualise the information on
transportation networks. Basic data items in GIS are points, lines,
and areas and any number of alphanumerical attributes can be
assigned to each of those items. It complies with needs of a trans-
portation network modelling when, for instance, every road can
have assigned data on its width, length or capacity, etc. GIS further
allow (or better to say it is a basic feature of those systems) using
topological relations among elements of a transportation system.
These relations are defined by topology of a network.

As mentioned, the basic graphical items used in geographical
information systems are:
- point, defined by its X and Y co-ordinates in a plane,
- line, which defines a connection among two points or a polyline
which is used for a connection of more points in a plane,
- area, defined by a closed curve or a closed polyline.

Points in GIS will represent nodes in transportation systems
and lines or polylines will represent edges. The assignment of at-
tributes for nodes of a network may be used (among others) for
names of nodes or their capacity. The attributes of edges can simi-
larly be used for information on its length, its capacity, its name
or number. Many GIS offer some procedures for solving basic
optimisation problems on networks such as finding paths on
a network, location of centres, etc.
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2.2. Udaje o dopravnych pridoch

Dopravné prady su pre riadenie a planovanie v doprave rovnako
dolezité ako popis dopravne;j siete. Dopravny systém by mal - pokial
mozno - dobre plnif poziadavky zakaznikov a tento ciel mozeme
dosiahnut len ked poziadavky zakaznikov pozname. Poziadavky
mozu byt kvantifikované zadanim intenzit dopravnych prudov.
Podobne potrebujeme poznat intenzity dopravnych prudov aj pre
kontrolu prevadzky a zataZenia dopravnych komunikacii.

Tiez skimanie dynamického spravania sa vozidiel v dopravnych
prudoch a modelovanie prebiehajucich technologickych procesov
pri spracovani zasielok vyZaduji zadanie informacii o pohyblivych
¢astiach dopravného systému. Udaje o dopravnych prudoch su
alfanumerické udaje, ktoré mozu byt pridelené ako atributy usekom
siete alebo mozu byt urcené pre kazdu relaciu medzi dvoma uzlami
siete. Z hladiska pripravy a spracovania informacii mozu byt takéto
udaje spravované beznym databazovym systémom.

3. Prostriedky a metody riadenia dopravnych procesov

Riadenie v doprave ma ¢iasto¢ne odliSné poziadavky oproti
riadeniu niektorych vyrobnych systémov. Budeme sa, samozrejme,
usilovat riadif dopravny systém tak, aby sme optimalne vyuzivali
dostupné prostriedky a aby sme minimalizovali naklady vynalozené
na realizaciu prepravného procesu. Prvotnou tlohou riadenia vsak
bude (alebo by aspon mala byt) bezpecnost prevadzky. Uz v tivode
sme pripomenuli, Ze doprava je verejnou sluzbou, prebieha na verej-
nych priestoroch a dopravné nehody predstavuju vazne ohrozenie
zdravia a Zivotov ob¢anov. Preto musi byt bezpecnost premavky
prvoradym cielom a optimalizacia hospodarnosti prevadzky moze
byt reSpektovana az ako druhotny ciel.

Bezpecnu prevadzku dopravnych systémov sa snazime zabez-
pecCit vytvorenim legislativneho ramca, ktory nuti ucastnikov pre-
mavky spravat sa tak, aby sa riziko ohrozenia ostatnych ucastnikov
premavky aj celej verejnosti o najviac znizilo. Pre hospodarne
vyuzivanie prostriedkov a minimalizaciu nakladov potom pouzi-
vame cely rad metod a postupov od intuitivneho rucného riadenia,
cez riadenie s podporou pocitaca az po automatické riadenie poci-
tacom.

V doprave bude prevazovat riadenie na Urovni spracovania
informacii spravovanych v informaénych systémoch. Udaje o do-
pravnej infra§truktire pritom moézu sluZit pre jednoduché tlohy
ako je vyhladavanie ciest na sieti, ulohy obchodného cestujuceho,
lokacia a alokacia stredisk. S vyuzitim udajov o dopravnych prudoch
mozZeme dalej riesit dopravnu ulohu a tlohu navrhu sieti. Modely
uvedenych uloh moézu byt vyuzité v mnozstve praktickych problé-
mov ako je financovanie rozvoja dopravnej infrastruktiry a doprav-
nych sluzieb alebo optimalizacia nakladov na realizaciu doprav-
ného procesu.

Z hladiska pouzitych postupov by sme este mohli pripomentt,
Ze optimalizaciu riadenia mozeme robit najroznejs$imi postupmi:
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2.2. Data on transportation flows

Transportation flows are as important for control and mana-
gement in transports as the data on a network infrastructure.
A transportation system should serve customers and this goal can
be fulfilled only if demands of customers are known. The demands
can be quantified by intensities of transportation flows. These
intensities must be known, also, for verifying traffic capacity and
the level of exploitation of transportation roads.

The analysis of dynamical behaviour of vehicles in transpor-
tation flows and creation of models of technological processes in
transportation systems demand information on moving parts of
a transportation system. Data on transportation flows are alpha-
numerical data, which can be assigned as attributes to edges of
a network or can be defined for each relation between two nodes
of a network. Input and processing of data on transportation flows
can thus be done using a commercial database system.

3. Control tools and methods for transportation processes

Control of transportation processes is slightly different from
the control in production systems. A transportation system should
be controlled so that the available resources will be used in an
optimal way and the costs of transportation processes should be
minimal similarly as in production systems. But the priority goal
in a control of transportation systems must be (or at least should
be) the safety of traffic. As mentioned in the introduction, trans-
portation is a public service, it runs in a public accessible space
and traffic accidents represent a serious danger for the health and
lives of citizens. That is why traffic safety must be a priority goal,
and any optimisation of efficiency of a system can be respected
only as a secondary goal.

Safe traffic in transportation systems is to be attained by a sui-
table, legal frame, which enforces such behaviour of traffic parti-
cipants that the risks of endangering other people involved directly
in traffic or just passively using the public space will be as low as
possible. The effective use of transportation means (roads and
vehicles) and minimisation of transportation costs can be managed
using a number of known methods and approaches from an intu-
itive control by a human operator and control with a decision
support systems to a fully automatic control by computer.

A control on a level of processing information from information
systems will be the prevailing type of control in transportation
systems. Data on a transportation infrastructure can be used for
simple tasks such as finding the shortest path in a network, tra-
velling salesman problem or location of centres and allocation of
demands to centres. Further problems, such as a transportation
problem or a network design, can be solved using data on tran-
sportation flows (together with data on networks). Models of all
those problems can be used for solving many different practical
tasks such as optimal financing of development and maintenance
of a transportation infrastructure, financing of public transporta-
tion services or optimisation of transportation processes costs.

From a point of view of used principles, it should be mention-
ed that optimal control can be achieved by various approaches:
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- rucné riadenie sa v doterajSej praxi osvedc¢ilo a ma relativne
dobré vysledky, ktoré su zalozené na dlhodobej skusenosti ria-
diacich pracovnikov a na ich zodpovednosti; zavedenie pocita-
¢ov dovoluje tuto vysoko kvalifikovani a zodpovednu pracu
postupne nahradzat,

- exaktné a heuristické optimalizacné metédy dovoluji preskimat
vel'ké mnoZstvo alternativnych rieSeni, ktoré by ¢lovek nedokazal
vyhodnotit v prijatelnom Case, obmedzenim je nelahka forma-
lizovatelnost niektorych problémov, ¢o vedie k nutnému zjed-
noduseniu pouzivanych modelov a z toho plynucej nepresnosti
vysledkov alebo nemoznosti rieSenia problému optimalizaénymi
metodami,

- interaktivne metody rieSenia su zaloZzené na spolupraci operatora
s pocitacom a dovoluju tak odstranit nedostatky predchadzaju-
cich dvoch postupov: poskytuji vypoctovy vykon pocitaca a intu-
itivne schopnosti operatora, ktory pripadne moze pri vybere
rieSeni uplatnit aj dalSie neformalizovatelné podmienky,

- simulacné metody sa pouzivaju obycajne pre skimanie systémov
so stochastickym spravanim sa, t. j., Ze niektoré z ¢innosti maju
nahodny charakter, moZeme simulovat dopravné systémy na
roznej urovni podrobnosti popisu od hrubého modelu celého
dopravného systému az po simulaciu dynamického spravania sa
jednotlivych vozidiel alebo dokonca len ich Casti, velmi atrak-
tivna a uzitocna je animacia simulovaného systému, ktora dovoli
sledovat prebiehajlice ¢innosti na grafickom vystupe,

- metody umelej inteligencie sa pouZivaju tam, kde riadenie vyzaduje
prehladanie velkého mnozstva moznosti vzajomne viazanych
logickymi podmienkami; metody umelej inteligencie obycajne
nie su vel'mi efektivne pre Ciselné rieSenie optimaliza¢nych pro-
blémov, ale dokazu analyzovat mnoZstvo podmienok rieSeni,
ktoré mozu byt zadané pomerne jednoduchymi deklaraciami
pravidiel a faktov.

Existuje teda rad metdd a postupov pre rieSenie optimalizac-
nych uloh, resp. uloh riadenia dopravnych procesov. Pre kazdu
ulohu potrebujeme kvalitné vstupné udaje, model rieSenej tlohy
a metodu riesenia. Udaje popisu dopravnej siete a dopravnych
pridov st obyCajne rozsiahle a preto sa treba snaZzit o viacnasobné
vyuzitie ziskanych udajov, resp. vytvoreného modelu. Modely by
teda mali byt univerzalne a dovolovat riesenie pokial mozno vset-
kych uloh a pomocou vsetkych uvedenych postupov. Takato pozia-
davka je, samozrejme, asi prili§ striktna a prili§ naro¢nd, avSak
moze sluzit aspon ako urcita idea, ktoru sa budeme snazit usku-
tocnit.

Na zaver by sme mohli eSte spomenut, ze vel'ka roznorodost
nie je len v pouzivanych metodach rieSenia, ale mdZeme ju ukazat
aj na moznostiach praktického vyuzitia a praktickej interpretacie
uvedenych tloh. Napriklad navrh sieti je asi najtaz§ou optimali-
zacnou ulohou, v ktorej hfadame najlepsi variant vystavby dopravnej
siete tak, aby prepravné poziadavky medzi uzlami siete boli obslu-
Zené s minimalnymi nakladmi a rovnako naklady na vystavbu siete
aby boli pokial mozno minimalne. Model ulohy navrhu sieti potom
mozZeme pouzif pre rozne praktické problémy ako su:

- vystavba novej cesty alebo tseku cesty,
- prestavba cesty nebo trafového useku pre zvySenie jeho kapa-
city, technickej rychlosti a pod.,
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- human operator control is well established in contemporary
systems and it works with good results, which are given by
a long experience of operators and by their responsibility; the
installation of computers gradually replaces this highly quali-
fied and responsible jobs,

- exact or heuristic optimisation methods allow to evaluate a huge
number of variant solutions, which would be impossible for
a human operator; limits of this approach are set by the impos-
sibility of a formal definition of some problems and conditions,
which leads to a necessary simplification of used models and
imperfection of attained results or to the impossibility of
a problem solution by optimisation methods,

- interactive methods are based on a cooperation of a human ope-
rator with a computer system, in this way many shortages of the
former approaches can be eliminated: the computer provides
a sufficient performance, while a human operator will use his
intuition and can choose a suitable solution with respects to
further preconditions which can hardly be described formally.

- simulation methods are used usually to work with stochastic
systems, which means with systems where activities have sto-
chastic nature; transportation systems can be simulated on a dif-
ferent level of detail from a rough model of a whole transporta-
tion system to a detailed simulation of individual vehicles or their
parts with a full description of their dynamic behaviour; very
attractive and useful is a visualisation and animation of the simu-
lated system, which allows to follow all the activities in a graphi-
cal output.
artificial intelligence methods are used primarily in cases when
control of a system demands looking through a vast number of
combinations mutually joined by logical conditions; the methods
of artificial intelligence are usually not suitable for numerical
solution of optimisation problems, but they can analyse a number
of conditions, which can be defined by a quite simple declara-
tions of facts and rules.

So there are many methods and approaches to solving optimi-
sation problems or control tasks in transportation systems. A correct
input data, a model of a problem and some solving methods are
necessary for any such task. Data sets on transportation networks,
and on transportation flows are typically very large and that is
why the data and models should be used repeatedly. The models
should be generally usable and should allow the possibly all the
problems to be solved using all of the mentioned approaches. This
condition is, of course, rather ambitious and too difficult but can
serve at least as an idea to be attained in the future.

Finally, it is to be mentioned that there is a great variety of ap-
proaches used for solving the problems, but there is also a variety
of possible practical applications and practical interpretations of
presented models. A network design, as an example, is the most
difficult optimisation problem, in which the best configuration of
a network is to be designed so that the total costs of building the
network together with costs of serving transportation demands
will be minimal. Various practical tasks can be derived from the
theoretical description of a network design problem:

- construction of a new road(s) or a part of a road,;
- reconstruction of a road(s) or a railroad(s) to increase its capa-
city, technical speed etc.;
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- zavedenie novej verejnej dopravnej sluzby (autobusovej linky,
vlakového spoja).

4. Zaver

Riadenie dopravy je z vel'kej Casti zavislé od spracovania infor-
macii, ktoré sa v minulosti robilo ruéne, zatial o dnes sa uz vacsina
informacii spravuje a spracovava rutinne na pocitacoch. To umoz-
nuje zavadzat do riadenia dopravy exaktné metody, ktoré mozu
pomocou vhodnych optimalizaénych algoritmov, simula¢nych
metod, interaktivnych systémov alebo prostriedkami umelej inteli-
gencie navrhovat optimalizované rieSenia tloh riadenia.

Pre sirSie uplatnenie tychto metdd treba nielen vyvinut
potrebné prostriedky, ale tiez ich praktické vyuzZivanie zabezpecit
vhodnymi organizaénymi opatreniami. Jednym z problémov je
pomerne zla preukazatel'nost prinosov zo zavedenia kvalitnejSich
metod riadenia a z toho plyntica pretrvavajuca spokojnost so sucas-
nym stavom. Druhym vaznym problémom je Spatna dostupnost
vstupnych udajov, ktoré si nevyhnutnym predpokladom pre kva-
litné riadenie. Vo vyspelych Statoch su udaje o dopravnej infra-
Strukture lahko dostupné (v USA uplne zdarma, v Nemecku za
mierne poplatky) vo forme digitalizovanych map, pripadne vekto-
rovych vrstiev pre dopravné komunikacie. Rovnako udaje o inten-
zitach dopravnych prudov su sledované Statnymi organmi a su
k dispozicii zaujemcom ako vystup prace Statnych Statistickych
uradov.

V nasich podmienkach sa, zZial, uvedené udaje vobec nespra-
cuvaju alebo ich poskytuju rozne organizacie za pomerne vysoké
ceny pri (podla naSich doterajsich skusenosti) velmi zlej kvalite
tychto idajov. Navyse sit mnohi uzivatelia nuteni vytvarat si svoje
vlastné subory vstupnych dat, preto sa tato praca i v naSich skrom-
nych podmienkach robi duplicitne a samozrejme, Ze i kvalita tychto
dat je poplatna ich jednorazovému alebo len Specializovanému
uréeniu pre rieSeni urcitej ulohy.

Aspon na urovni vysokej Skoly sa preto snazime o vystavbu
jednotného modelu dopravného systému, ktory by bol pouzitelny
pre rozne aplikacie a pouzival by standardné vstupné udaje.

Literatura - References

PREHLADY / REVIEWS

- introduction of a new public transportation service(s) (bus line,
train).

4. Conclusions

Control and management of transportation systems are greatly
dependent on data processing, which was originally done by hand
while nowadays the major part of information is maintained and
processed in computers. It allows exact control methods to be
introduced in transportation and with a help of suitable optimisa-
tion algorithms, simulation methods, interactive systems or tools
of artificial intelligence to design optimised control strategies.

A further application of these methods demands not only to
develop necessary tools, but also to enforce their use by suitable
organisational measures. One of the problems is that gains from
a better control of a system are difficult to be proved, and thus
a general satisfaction with the current situation survives. Another
serious problem is poor accessibility of input data, which are
necessary for a quality control. In developed countries (in U.S.A.
free of charge, in Germany for an affordable price) anybody can
get data on transportation infrastructure in a form of digital maps
or possibly as a vector description of transportation infrastructu-
res. In the same way, the data on transportation flows are collec-
ted by state agencies and are available for users as a result of
a state bureau of statistics.

In our countries the data are not available or are offered by
private companies for excessive prices and of inferior data quality
(according to our experience). Moreover, many users have to collect
their own input data files, which means that the same work is
done several times and of course also the quality of the data cor-
responds to their one time or specialised use for a solution of
a special problem.

That is why we are trying at least at the university level to
build a unified model of a transportation system, which would be
usable for various applications and would use standard data sets.
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Anthony Wren *

PRISPEVOK INFORMACNYCH TECHNOLOGII
K EFEKTIVNEMU RIADENIU DOPRAVY

THE CONTRIBUTIONS TO EFFICIENT TRANSPORT MANAGEMENT

Stredobodom dopravnych systémov je tvorba casopriestorovych rozvrhov. Pocitacové systémy pre tvorbu rozvrhov sii instalované v mnohych
dopravnych organizdcidch a tispory si dobre dokumentované. Mozu to byt: priame uspory vychddzajiice z efektivneho pldnovania, nepriame
tispory vychddzajiice z moznosti preskiimat iispesné alternativne scendre, vyvolané iispory, ktoré vzniknii tym, Ze pocitac¢ upozorni na to, kde
by tiprava casovych rozvrhov alebo prevdadzkovych pravidiel mohla zvysit vykonnost. Na druhej strane pouZitie pocitaca pre tvorbu rozvrhov
neddva samo osebe zdruku, Ze rozvrh bude dobry. Jestvuje vela atraktivne prezentovanych systémov, ktoré casto velmi rychlo produkujii biedne
rozvrhy. Takychto sa treba vyvarovat a je dolezité, aby ludia, ktori sii zainteresovani vo volbe systémov, vedeli ocenit rozdiely medzi dobrym
a zlym algoritmom. Potvrdzujeme to svojimi vlastnymi skiisenostami s iispeSnym vyuzivanim informacnych technologii pre planovanie a pouka-
zujeme na ich niektoré uskalia.

Transport systems revolve around their schedules. Computer scheduling systems are now installed in very many transport organisations, and
savings are well documented. These may be: direct savings from more efficient schedules; indirect savings because of the ability provided to inves-
tigate speedily alternative scenarios; induced savings where the computer has pointed out how adjustments to timetables or operating rules would
increase efficiency. However, the use of an IT system for scheduling does not, in itself, guarantee a good schedule. There are many attractively pre-
sented systems that produce poor schedules, often quite quickly. These should be avoided, and it is important that people involved in the choice
of systems should appreciate the distinction between good and bad algorithms. We report from our own experience on successful uses of IT for
scheduling and show some of the pitfalls.

1. Introduction ® direct savings, where computer generated schedules have typically
saved five percent of operating costs, and often more;
Although scheduling is central to transport operation, mana- | ® indirect savings, where the system has enabled the planner speedily
gement has often failed to appreciate the scope for increased effi- to produce schedules for many possible operating scenarios, and
ciency through better scheduling practices. Schedulers in many to choose the scenario which provides the best compromise
transport organisations are relatively poorly paid and have little between service levels, operating cost, and staff satisfaction;
formal training in either in conventional scheduling processes or | ® induced savings, where the computer has highlighted those ele-
in IT skills. Often scheduling staffs are nearing retirement age, ments of the planned operation which would inhibit the produc-
and little is being done to plan their replacement. tion of an efficient schedule, allowing the user to adjust depar-
ture times or other factors where practicable, and then to produce
The skills required for scheduling are very similar to those a new schedule matching the adjusted parameters.

required for computer programming, and young people with these

skills are generally attracted towards IT, leaving transport organi-
sations in a vulnerable position. Yet where good computer systems
have been integrated with the scheduling function, the job satisfac-
tion -even of older staff- has increased, and potential recruits have
been excited by the challenge of getting the most out of both the
scheduling system and the transport resources.

The author has been engaged in the development of computer
processes for scheduling trains, buses, trucks and their drivers
since 1960. These processes have yielded:

* Anthony Wren

Within the limits of this paper the author cannot detail the
many successful applications of scheduling systems with which he
has been involved, let alone other people’s applications. Some of
the author’s own experience is highlighted here, and reference is
given to other sources. Those seeking further information are
referred to the proceedings of the seven published international
conferences on Computer-Aided Scheduling of Public Transport
(e.g., [1]). An eighth conference was held in Berlin in June 2000.
Much of the work of the author and his team is summarised in

(2].

Emeritus Professor of Scheduling and Constraint Management, University of Leeds, UK
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2. Train and Bus Scheduling

In its simpler forms, the problem of scheduling rail locomoti-
ves is logically equivalent to scheduling buses. A set of planned
journeys is pre-specified by the train company, and can be sum-
marised in a list showing, for each journey, the starting and finishing
points and the relevant times. Vehicles are then assigned to these
journeys in such a way as to minimise the number of vehicles used
and within that number, to minimise the amount of running empty
(known as dead running) between journeys to or from the depot.
It is necessary to give computer information about the times re-
quired for these dead journeys; good software can intelligently
construct a full table of such times from skeletal information.

The author first met this problem in 1960 when he was asked
to undertake research into the possible use of computers in rail
locomotive scheduling, in the particular context of a set of local
freight trains operating between London docks (east of London)
and several goods yards linked to the main lines to the north and
west. Although it was in principle necessary to ensure that paths
through the tracks were available for any locomotives running dead
through the system, the operating staff agreed that it was always
possible to find a path for a locomotive within a few minutes of
any desired time, and that a deviation of a few minutes was unim-
portant, given the flexibility of freight train operation.

The existing manually prepared schedule had been built up
over many years, and alterations to journey requirements had been
met by a series of patches. It was therefore believed that there was
considerable scope for savings. A simple heuristic was developed,
and the first solution obtained a saving of one locomotive out of
every 15. However, the principal advantage of the heuristic was that
it could produce a solution for any given number of locomotives;
if the number was too small for a feasible solution, then the com-
puter pinpointed those journeys whose times would need to be
changed in order to make the solution operable. In this case,
changes to the times of only two trains allowed a full solution with
only 12 locomotives, saving 28 percentof the dead running time.
This solution was put into operation in 1963, and this is believed
to have been the first implementation anywhere of a computer-
produced rail schedule. Subsequently, the system was used to sche-
dule passenger train units in many parts of the United Kingdom.

Nowadays, rail operation in the UK is planned with the avai-
lability of traction units in mind, so this type of scheduling system
is no longer necessary. However, the use of such a system is still
valuable where problems of assigning units to pre-planned jour-
neys exist.

The same process, known as the VAMPIRES algorithm, has
been used since 1971 for bus operation, and has saved many vehicles
for different companies. It is particularly valuable where there are
irregular operations, some journeys starting where no journey has
recently finished, for example, journeys that collect children from
schools. During the 1970s it saved over 100 buses for 12 companies,
with an average saving of nearly 10 percent, after taking account
of the computer’s suggestions for retiming journeys. Versions of
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VAMPIRES, which scheduled several depots and several different
vehicle types, simultaneously were developed through the 1970s,
but were not often used. More recently, the VAMPIRES algorithm
has become the standard scheduling process for many operators.
Direct savings are no longer regularly expected, because its earlier
use has eliminated inefficient operations, but it has become a valu-
able tool in assessing alternative patterns of operation, allowing
advantage to be taken of possible new route structures, thus yield-
ing indirect savings. Its power of showing how vehicles can be
saved by minor retimings and other adjustments to journeys still
leads to induced savings. The VAMPIRES algorithm is now incor-
porated in the BOOST bus-scheduling module, part of the Sche-
dules Office comprehensive scheduling system. A recent applica-
tion is described in [3].

In the late 1970s it was suggested to the author that VAMPI-
RES might be complemented by a simpler system, which assisted
in developing timetables and schedules for individual bus routes
or groups of related routes. The TASC system [4] was intended to
be much faster than VAMPIRES. It gave priority to linking arri-
vals with departures from the same terminus. Where there was no
such departure it originally returned the relevant bus to the depot,
but subsequently users asked that it should be extended to consi-
der running buses dead to nearby points. Eventually, the exten-
sions requested by users made the system so complex that it was
not significantly faster than VAMPIRES, and it did not consider
the whole range of dead running possibilities used by VAMPIRES.
The scheduling component of TASC was therefore abandoned in
favour of a simplified version of VAMPIRES.

It may be worth remarking that there are now many bus-
scheduling systems that link arrivals and departures at individual
points, leaving unmatched events to be treated manually. Such
systems can be very fast, but do not provide the savings, which can
be made by systems such as BOOST, which consider the full range
of possible empty vehicle movements.

3. Driver scheduling

Bus and train driver scheduling problems are among the most
difficult managerial problems to tackle using a computer. They
belong to a class of problems known by mathematicians as NP-
hard. This means that their complexity grows exponentially with
the problem size. It is known that no method of solving an NP-
hard problem to optimality will ever be found, except for the most
trivially small problems.

However, many system suppliers regularly claim that their
systems will produce optimal schedules. A supplier who says this
is either ignorant of the mathematical nature of driver scheduling
or is lying or both. Often their systems use very crude heuristics,
which initially produce a few efficient drivers’ shifts, but cannot
piece together all the elements of vehicle work to form an overall
good schedule.

Other recent systems, particularly for train driver scheduling,
use constraint programming to develop schedules. It is claimed
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that this approach is very fast. Constraint programming can quickly
evaluate individual shifts, and can complete a crude schedule.
However, it is unlikely that a constraint programming approach
will ever satisfactorily solve complex bus or train driver scheduling
problems because of the inherent complexity of an NP-hard problem.
Nevertheless, suppliers of such systems continue to persuade gul-
lible managements that they should spend large sums of money on
these products.

The author knows of two British railway companies that
decided some years ago to spending several million pounds on new
driver scheduling systems. In at least one case, and probably in
both cases, the chosen system was based on constraint program-
ming. Each supplier had promised that the system would meet all
the company’s scheduling needs, and that it would be operational
within six months. Neither company made any attempt to evalu-
ate the quality of the algorithms offered by the suppliers.

The schedulers of one of the companies had taken part in the
author’s own research in the summer of 1995. Schedules had been
produced by our fully automatic scheduling system, which saved
two drivers’ shifts in a group of 169 existing shifts. The schedules
manager had accepted these, and he and his staff were keen to
adopt our system. Higher management in the company decided to
issue an invitation to tender, and an international firm of consul-
tants was employed to draw up a systems specification. A number
of organisations submitted proposals addressing the specification,
and the schedules staff favoured a consortium including the
author.

We were probably the only proposers who had experience of
driver scheduling. We stated that we could provide a system capable
of producing good driver schedules within six months, but that
another year would be required to meet all the requirements of the
specification. (Most of these were irrelevant to scheduling as prac-
ticed within the company.) The contract was awarded early 1996
to the firm, which had drawn up the specification. It is understood
that the main reason for their preferment was that they had
claimed that they could meet the company’s full requirements for
an automatic system within six months.

Four years later it is acknowledged that the system will never
be fully automatic. It will be an interactive tool to assist the sche-
dulers in their decision-making. It is still incapable of working on
some of the lines operated by the company. The costs have ex-
ceeded the budget by several million pounds.

The other train-operating organisation issued an invitation to
tender, having been approached in the first instance by an inter-
national consultancy. The author was unsuccessful in his attempts
to obtain details of the tender, and the contract was awarded in
1996 to that consultancy. Subsequently, the author met a repre-
sentative of the consultancy, who explained that they would use
constraint programming to produce schedules very quickly. He
claimed that this was far superior to the mathematical program-
ming methods successfully used by the author and his colleagues.
Although an international expert on constraint programming who
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also had experience of driver scheduling refuted this claim, the
consultancy persisted in this approach. Four years later, the system
has not yet been accepted.

By contrast, the United Kingdom’s largest bus group has
recently decided to purchase a scheduling system for all 26 of its
operating companies. Each company had its own set of schedu-
ling conditions. Before making a decision, proposers were invited
to take part in extensive tests. These were based on the schedules
of one particular operating company, but several different scena-
rios were presented, representing the most complex sets of condi-
tions from the whole group. Five proposers indicated an interest
in the tests, as a result of which three were eliminated. The remain-
ing two completed further tests. The final choice was made partly
on the quality of the results, and partly on the perceived ability of
the proposers to meet any future requirements. It is believed that
only the successful bidder was prepared to discuss the nature of
the underlying algorithms. Installation of the system started earlier
this year, and significant operating savings have already been
demonstrated. The selection process has been described by the
group’s schedules development manager [5].

Another system, which has been acquired by train companies
in more than one country, is based on a process that at first, appears
to search through all possible combinations of schedule portions.
However, our knowledge of problem complexity tells us that this
is impossible in any but a very small problem instance. In fact, this
system starts by assembling some apparently good shifts, using
the most efficient combinations of pieces of work. However, as the
system proceeds, it becomes more and more difficult to form good
shifts, and the overall quality of automatically produced schedules
is poor. However, this same system working in an interactive mode
has proved to be a useful tool for the scheduler whom does not
have access to a good automatic system, in assisting the evaluation
of possibilities as the schedule is built up.

Recently the author has learned that a major European rail
operator is considering a system offered by a well-known interna-
tional transport organisation. The system supplier is believed to
claim that a large schedule will be produced in ten seconds. It is
possible that this can be done. It is even possible that the schedule
produced in ten seconds will be better than that currently operat-
ed by the railway. However, this is likely to be the result of an inef-
ficient and poorly integrated existing schedule. It is very unlikely
that a schedule produced by a system in ten seconds will be as good
a schedule produced by a system that uses state-of-the-art schedu-
ling software.

4. Successful driver scheduling
In the previous section some problems in the selection of
a driver-scheduling system have been outlined. therefore, one may

ask: What distinguishes a good driver-scheduling system?

Recall that a driver-scheduling is NP-hard. No system can the-
refore guarantee to produce an optimal solution to a large problem.
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Potential users should therefore be suspicious of anyone who
claims optimality. Likewise, no purely mathematical method will
solve the problems. All present successful driver-scheduling systems
combine mathematical processes with heuristics, which cut down
the size of the search space. Sometimes system suppliers boast of
their mathematical systems while suppressing the role of the heu-
ristics, but this is unfortunate, as the quality of the heuristics and
the way in which they are used determine the quality of the ulti-
mate result. It is even possible that at some future date a success-
ful system may be based entirely on metaheuristics.

If the author were an impartial advisor to a company choosing
a bus or train driver-scheduling system, he would recommend
close examination of only three existing systems: one from North
America, and two from Europe. All use mathematical processes
combined with a greater or lesser extent of heuristics. The process
of choosing a system should include comprehensive tests invol-
ving the most complex scenarios likely to be met. The selectors
should insist on learning something about the underlying algo-
rithms, and if necessary, should employ an operational research
analyst to evaluate them.

It is important that the developers of any driver-scheduling
system should themselves have a good understanding of the ope-
ration of the relevant transport mode and should be aware not only
of the possible algorithms to be used, but also, of the finer details
of schedule operations. The selectors should therefore satisfy the-
mselves of the competence of the individuals involved in the deve-
lopment and maintenance of the system.

The driver-scheduling systems (IMPACS and TRACS II)
developed by the author and his team are in use in many transport
organisations and are outlined in a parallel paper (Wren, 2000).
They start by generating a very large number of potential drivers’
shifts, which between them cover all the vehicle work many times
over. In principle there would usually be many billion different
potential shifts, so heuristics are used to restrict the generation to
perhaps 100,000 potential shifts in TRACS II. A mathematical
programming process then selects a near-optimal subset of these
shifts, which between them provide a complete schedule.
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IMPACS was first installed for London Transport Buses in
1984, and it is still used to produce all driver schedules for most
of the current London bus operators. It was subsequently instal-
led for many other bus companies, and some rail operators. It has
now been superseded by TRACS II, which is being used by an inc-
reasing number of bus operators. In every case significant savings
have been achieved when compared with manually produced sche-
dules.

An important use of a driver-scheduling system is in the eva-
luation of alternative operating scenarios. In preparation for the
privatisation of British Rail, the whole organisation was divided
into 25 Train Operating Companies (TOCs). Many of these TOCs
decided to adopt more flexible scheduling practices than were
allowed by the former national scheduling rules. However, it was
not clear how much any proposed alteration would actually cost
or save. About half of the TOCs used TRACS II in the period
1995-6. The system was used first to produce schedules based on
the existing timetable and using the current scheduling rules. In
each case, TRACS II produced acceptable schedules, which were
considerably cheaper to operate than the existing ones. A number
of different possible operating rules were then provided to TRACS
II, and the results were compared with the schedules produced
according to the current rules. In this way, each TOC was able to
agree to a new set of rules to suit its own operating conditions.

5. Conclusion

Computers processes can play a valuable role in ensuring that
transport is based on efficient schedules. They can produce sche-
dules for direct operation, saving considerable sums, and can also
quickly show the costs of alternative operating scenarios. However,
use of a computer in itself does not guarantee an efficient schedule.
There are poor computer methods, often marketed by major inter-
national organisations. A potential purchaser of a system should
carefully investigate the quality of algorithms used and should
ensure that the potential supplier has a real knowledge both of
transport scheduling and of suitable algorithms.
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Radek Novak *

RIADENIE PROGRAMU VYVOJA DOPRAVNE]J INFRASTRUKTURY
V CESKEJ REPUBLIKE

MANAGEMENT OF THE TRANSPORT INFRASTRUCTURE DEVELOPMENT PROGRAMME
IN THE CZECH REPUBLIC

Cldnok sa zaoberd problémami dopravnej infrastruktiry v Ceskej republike vo vsetkych odboroch a druhoch dopravy. Sii v iiom objasrio-
vané ndlezitosti a principy zdkladného ndrodného projektu ,Program rozvoja dopravnej infrastruktiiry v Ceskej republike®. Ide o zdkladny
prierez tymto materidlom. Cldnok vychddza z rozlicnych materidlov a dokumentov réznych iirovni riadenia najmd z materidlov Ministerstva
dopravy a spojov CR. Tieto dokumenty sii v , Programe” sumarizované. Zdkladnd pozornost ¢lanku je venovand budiicim potrebdm prestavby
a modernizdcii dopravnej infrastruktiry v CR, najmd cestnej a Zeleznicnej dopravnej sieti. V cldnku sii tiez uvedené niektoré tidaje o infrastruk-
turdlnych problémoch riadenia verejnej, mestskej a leteckej dopravy.

The article deals with problems of the transport infrastructure in the Czech Republic in all branches and modes of transport. There are discussed
some details of the essential principles of the global national project “ Transport Infrastructure Development Programme in the Czech Republic”. This
is the principal focus of this article. The article is based on various materials and documents of different management levels - especially those of the
Ministry of Transport and Communication of the CR. These documents are summarised in the Programme. The article is focused mainly on the
explanation of the future trends of rebuilding and modernisation of the transport infrastructure in the CR, especially in terms of road and railway

networks. But there are also some comments on the problems of inland waterways development, municipal public transport and air transport.

The Main Characteristics of Transport Network in the CR

The infrastructure position of the Czech Republic (CR) at
present represents a total of 9 430 km of rail lines of which 1940
km are double-tracked and multiple-tracked. About third of the
rail lines have been electrified (the first of them before World War
II by the electric system of 1500 volts). After WWII there was
a big explosion of electrification at the system of 3.000 volts and
in the end of thel950s electrification on alternating current of
25 kV by 50 Hz frequency started. The density of rail lines in CR
amounts to 0.119 km/km? of the territory, and in comparison with
average density in EU countries (0.50 km/km?) it is more than
twofold. The road network comprises 498 km of motorways, 304 km
of expressways and 54 613 km of other roads in exploitation. The
length of motorways less than only one percent of the total length
of roads in the country. Almost ten percent of all traffic perform-
ances are achieved on motorways. The basic problem of present
management of built up road infrastructure in CR is absence of
the connection of our motorways with the West-European network.
As of spring 2000 the connection is only completed at the motor-
way border crossing of Rozvadov - Waidhaus (D 5 motorway). In
the German territory the connection has not been finished (there
is about 30 km motorway missing). The first class of roads, making
about twelve percent of the total road lengths, provide for almost
half of all traffic performances of the road transport. The road
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density in CR is fully comparable with that of EU countries. But
the motorway density in our country amounts to mere 6.3 km/
1 000 km? of the territory, which roughly equals to a quarter of the
average motorway density in developed EU countries (14.1 to 53.1
km/1000 km?). There are about 1.8 million people in the CR who
are active in the field of transportation of goods and passengers.
More of them are share in carriage of raw materials and products,
but in the complementary services at all to (including forwarding
management). The assets value involved in the transportation
branch is higher than 350 billion CZK (in prices of 1989 year).

The Global Situation of the Czech Transport
Infrastructure

Various analyses were done for the purpose of identifying the
range and process of the management of construction of motor-
ways and expressways. The analyses were monitoring not only the
financial resources and possibilities of the construction, ecologic-
al aspects but the relations between the existence of high quality
transport connections and the development of the country regions
too. After the basic analyses it turned out that in the field of
financing the capability of the area to absorb investments for such
an investment intention plays very important role. For the mana-
gement of future transport infrastructure programme in that case
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and in terms of the environment was so clear: the motorway as
a line compact construction represents for the landscape a certain
confusion. However, the negative environmental impacts of all
sides of its construction are minimised. Anyway in our conditions
the motorways and expressways also have a positive impact on the
health of the population. In this consequence we can think about
impact of motorway construction for increased road safety. The
statistics ducuments deduce the traffic on directionally separated
roads is approximately four times safer than on classic two-lane
roads. Next fact is the relation between the quality of a motorway
network and the global economic power of the region. Each area
or territory with a developed motorway infrastructure shows much
better economic results in all branches of industry, bussines atc.
Areas having contacts with motorways and four-lane expressways
network have a higher rate of employment and are observed to
have average wages too.

Backround of the Transport Infrastructure Development
Programme

Investments into the transport infrastructure in CR will pay
off. On one hand, dense network of railways and roads covers
CR'’s territory, but on the other hand, important railway lines are
only under modernisation to achieve required technological para-
meters. The serious problem of transport infrastructure manage-
ment represents especially low quality and bottlenecks on high
capacity roads and motorways, which of course limits not only the
needs movement of goods and people but also inhibits next deve-
lopment of resources of the Czech economy. In addition, the
assessment prepared by the European Commission, in respect of
CR application for EU membership, reflects that although the
road network meets its total length it fails to offer enough high
capacity roads and motorways which would meet the require-
ments of the increased road traffic of this time.

The CR government during midyear session of 1999, appro-
ved the “Project of the development of transport networks in the
Czech Republic until 2010” which constitutes a basic obligatory
document outlining future construction of all transport ways in
the CR. This material provides completion of the modernisation
and reconstruction of all important railway lines and deals with
some long discussed questions about motorway network develop-
ment of the future.

The Railway Infrastrucure

For the management of Transport Infrastructure Developed
Programme in CR analysis was done which was made in respect
of the range and progress in the modernisation of the railway
network Based on such analyses the lines of greatest importance
were among the four national railway corridors designed for the
general reconstruction of such technological parameters which
would ensure the next higher quality interconnection with neigh-
bouring countries. The total length of these four railway national
corridors is 1.962 km but the length of modernised railway lines
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is only 1.442 km (because of of some corridors). Within the scope
of such rearrangement a complex reconstruction of the railway
substructure and permanent railway (including railway bridges,
selected tunnels and - if appropriate - new construction of the
traction wire), will be carried out. However, our new modernised
railway corridors will increase the speed of trains up to 160 km
per hour (and in some parts up to 140 km per hour). The reference
profile of corridors will be adjusted according to the AGTC (UIC
GC) Agreement and the operation of goods wagons with axle load
of 22.5 tonnes (D 4 class of loading). The implementation of inten-
tions will safely ensure not only the lesser inconsistence of the
railway infrastructure capacity with the demands for traffic carridge
volume, but it will also satisfy the requirements of the increase in
quality and - particulary - the higher speed and better quality of
traffic safety. Apart from the modernisation of the most important
railway lines, the implementation of the program of the electrifica-
tion of lines, notably of internationally important lines, is envisag-
ed. Since the year 2000, the reconstruction of other railway lines
included in international agreements was started.

The railway objective on selected lines is to achieve maximum
speed of 160 km/h in high quality international connection between
Berlin, Vienna, Bratislava, Warsaw, Nuremberg, Munich and Linz.
The consideration of national demands includes a fast and high
quality connection between particular hinterland areas of CR.

Railway network development is designed, include necessary
investment measures relating to the provision of transits through
decisive railway junctions and stations, in parameters correspon-
ding to lines leading to such nodes so that bottlenecks on moder-
nised corridors are not created in the future. Particularly it is
a case of the following nine railway junctions and stations situated
on the corridor I: Decin, Praha, Kolin, Pardubice, Usti nad Orlici,
Chocen, Ceska Trebova, Brno and Breclav. The provision costs of
the transit amount to 34, 021.6 million CZK.

The rebuilding of the railway corridor II (Breclav - Prerov -
Petrovice u Karvine with railway part Prerov - Ceska Trebova)
which is 206 km long, will be completed in 2003, and the con-
struction of the Prerov - Ceska Trebova leg will be completed two
years later.

Separate from the modernisation of the most important railway
lines, it is envisaged to implement the electrification program,
especially for lines of international importance. After 2005, recon-
struction of further lines included into international agreement
will be launched. The reconstruction after 2010 will be considered
with lines promising increased revenues from cargo transport.

The Road Infrastructure

A great assignment for transport infrastructure was to include
individual motorway and expressway civil engineering projects
into the time schedule. Transport demands a swift solution of the
critical situation of existing road routes (namely within the space
of large residential agglomerations), and for a high-quality road
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connection between CR large residential agglomerations to
ensure their economic development. Also the demand for a high-
quality linkage of road communications in CR with the European
transport network, in accordance with international agreements
(is very important). Apart from these, construction of new lines
of motorways and expressways should contribute to environment
improvement in cities and communities affected by road transit.

Influenced by the current situation in development and deci-
sions upon land planning, the top level of our State management
must ensure quick construction of necessary buildings.The above
mentioned decision taking process is influenced by the internati-
onal institutions and organisations in the high degree. Nowdays,
serious problem of the State and municipal management can be
found in obtaining land-use decisions and rights to lands needed
for the realisation of the construction according to applicable
legislation. For instance it particularly concerns the possibility of
immediate realisation especially: The road bypass of Praha, D 5
motorway bypass of Plzen, R 3 expressway bypass of Ceske Bude-
jovice and some others.

For all levels of the CR state management, investment financ-
ing is the fundamental limiting element of further motorways and
expressways construction. Time schedule is based on the assump-
tion of possible increase in costs covered by the State budget (in
the future, the State Transport Fund): in the period until 2002 in
the amount of 10 % annually, from 2003 to 2010 about 15 % annu-
ally. The EU funds, the EIB credits and other resources are con-
sidered as complementary financial resources.

In the motorway construction the main attention of the State
and municipal management is focused on:

- accelerated completion of the D 5 motorway around Plzen (as
soon as possible),

- the realisation of the D 8 motorway running along the Euro-
pean multimodal corridor IV (within the time schedule agreed
with the FRG representatives),

- an early launching of the D 11 motorway construction towards
Hradec Kralove and later on in some decades, towards the Polish
borders near Nachod, the construction of the D 47 motorway
in the area of Ostrava

- the D 1 motorway towards Vyskov and Kromeriz.

So much discussed construction of the essential D 3 motor-
way is being suggested with respect to the condition of the prepa-
ration for launching the construction within the area of the Tabor
agglomeration. In view of the financial resources considered so far
for the construction of motorways, it will not be possible to put
into service the entire planned motorway network.

In terms of expressway construction is the main attention is
paid to the construction of the Praha bypass road, early comple-
tion of four-lane road and motorway connection between Praha,
Brno, Olomouc and Ostrava region, including a linkage in Cesky
Tesin with expressway to Warsaw (branch B of Helsinki multimo-
dal corridor VI),
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- completion of the fourlane expressway connection Praha -
Liberec with a linkage to FRG and the construction of a radial
expressway towards of Praha.

- in Moravia, as regards the construction of expressways, the main
attention is focused on the completion of the R 35-road bypass
around Olomouc and the improvement of the transport conne-
ction to Zlin agglomeration.

By 2010, having in mind limited financial resources, it is envi-
saged, to put only a smaller part of the range of planned, unfinis-
hed expressways into operation. In the interest of reducing the
investment demands the construction by stages is considered to
be implemented in halves with some expressways (for instance,
R 7 Slany - Chomutov, R 3 Krasejovka - state border).

The Inland Waterway Infrastructure

The development of the inland waterway transport is a very
important precondition and a primary factor of the quality and
range of the transport infrastructure. From this arises a task to
ensure, on the existing Labe-Vitava waterway, improvement of the
navigation conditions at the Usti nad labem - CR/FRG state border
so that the same parameters may be achieved as with the following
German stretch of Labe/Elbe. The suggested work time adjust-
ments comprised the construction of two navigation projects. As
regards other stretches of this existing waterway, the reconstruc-
tion and modernisation will be focused on gradual improvement
of parameters of Labe-Vitava waterway. But only on the level ap-
proved for the Labe/Elbe river on the territory of Germany and its
reliability, the provisions of the European agreement on water-
ways international importance to be successively applied It is essen-
tial to improve the parameters of the Labe-Vitava waterway in the
Usti nad Labem - Melnik stretch and the reconstruction of large
locks. There is envisaged reconstruction into effective dimensions
150.0 x 22.0 m with the provision of the 2.2 m draught (it means
the same parameters like in Germany). On the Labe in the section
of Melnik - Chvaletice is the great intention given to the height of
bridges, replacement of the dynamic protection of the lock gates,
reconstruction of the crash-barriers and construction of the lay-by
points for vessels. The measures to increase navigation safety will be
implemented on both Labe stretches. The Vltava river in the section
Melnik - Radotin should be adjusted step by step to the new para-
meters (of class V. a. of international classification standard) with
the provision of the 2.2-m draught. The adjustment of the Horin
lock is currently facing a rejecting standpoint of the Care of His-
torical Monuments. The design of the lock in Praha - Smichov is
in the same situation.

Great interests of the State and especially of the municipal
management of regions are concentrated to the scope of the Labe
navigability program to Pardubice. It should be enabled in case of
future demand by connecting the already navigable sections
between Chvaletice and Prelouc and ensuring the building of the
Pardubice port. The implementation of such intention will enable
the linkage of the East-Bohemian region to West-European water-
way network contributing thus to the increase of the volume of
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international transports and also to the increase of the attraction
of our waterways for domestic and foreign investors naturally in
case of proper demand for the transport traffic.

In the future there is an intention to let the Europe to build-
up a connection of the CR to the Danube river (Danube has Inter-
national River Status - on the contrary of Labe), by making the
Morava waterway navigable, and by connecting the Ostrava agglo-
meration to the navigable Odra river.

But this project has strong international EU character.

The Municipal Transport Infrastructure

The present situation in the municipal transport market of
the CR is represented by 19 transport companies operating in the
municipal public transport. Most of them are joint stock compa-
nies with a 100 % of participation of the city., In addition to these
large enterprises, there are also some private companies operating
in this business. Annually, about 2 billion passengers are carried
by municipal transport companies In terms of infrastructure and
vehicles, the State management takes part in development and
reconstruction, namely in accordance with the Resolution of the
CR’s Government.

The investment actions concentrated on the construction of
the Praha metro (subway) are relatively separate.Some structures
and reconstructions of existing routes and present vehicles, which
are considered for next years, are as follows:

- completion of the operational section IV of subway line B Ces-
komoravska - Cerny Most (finished in 2001)

- construction of the IV C subway line in the section Nadrazi
Holesovice - Letnany (forecasted implementation in the period
of 2000 - 2005)

- Depot Zlicin (final completion of the building in 2003, already
in progress)

- forecasted construction of the I D subway line Nove Dvory -
Namesti Miru (in the period of 2005 - 2012)

- reconstruction and modernisation of buildings of the A subway
line (especially the replacement of escalators and reconstruction
of the block system - in the period of 1999 - 2007)

- procurement and renovation of metro vehicles comprising the
reconstruction of existing exsoviet vehicles, purchase of new
vehicles in terms of renovation, purchase of new vehicles for
new metro lines (in the period of 2000 - 2010).

The management of city of Brno puts a great emphasis on
realising new construction of the tram line in Brno,so called north
- south diameter representing a non-collision separated network of
the tram line in order to connect points with greatest passenger
fluctuation.

In other Czech cities operating municipal transport systems,
the plan envisaged for the future is to reconstruct existing or, if
appropriate, construct new tram and trolley bus lines and tram or
bus depots.It is the focus of particular municipal policies. This is
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one of the basic problems which must be sorted out by the muni-
cipal management of the regions and cities.

The Air Transport Infrastructure

The transport infrastructure networks development at airports
is focused especially on the reconstruction and modernisation of
the clearance area at International Airport Praha-Ruzyn. Addition-
al construction of buildings for CARGO and adjustments of both
take off and landing runways are taking place as well. By this
modernisation the airport capacity will be increased to 4.8 million
passengers per year. At this moment, the existing capacity is fully
exploited. After 2003, the reconstruction program of the airport
capacity will be increased up to the forecasted capacity of 6.4
million passengers per year.

The following solutions are focused on improving the quality
of such areas as passenger clearance, air traffic safety and main-
tenance of the aviation equipment:

- The construction of the Airport Terminal III (forecasted for the
period of 2003 - 2005) especially represents extension of buil-
dings.

- The Terminal IV should be extended by constructing of some
additional runways.

- The extension of runway system in the way of construction
parallel runway wills will start, when full utilisation of the exis-
ting runway system is be achieved.

- The interconnection of the link-up of the airport with the muni-
cipal transport system is also important to improve. This should
be achieved by construction of a speed rail line. The speed railway
connection of Praha centre and Praha aiport is discussed by both
the management of the Ministry of Transport and Communi-
cation and municipal management nowdays.

- The new Cargo Terminal with capacity of 100 000 tones of
handled cargo per year, was completed in May 1998. Another
part of this Cargo Terminal is planned to be built on the same
place in case of higher demand. Total planned capacity of cargo
handled is estimated at 300 000 tones per year.

Complex development program of the transformation of the
management, provision and control of the air traffic above the
territory of the CR will be completed in 2000.

The Pedestrian and Bicycling Transport Infrastructure

Pedestrian traffic and bicycle transport represent inseparable
parts of the transportation system because of the environmental
protection. This program includes both construction of new cycling
pathes and adding special lanes for bikers to already existing
roads. Of course, the long-distance international cycling pathes
EURO-VELO are included in the network too. The construction
of this system should be financed namely by the community
funds.
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PROFIL NAJLEPSEJ SVETOVE] LOGISTICKE] PRAXE

PROFILE OF THE BEST WORLD LOGISTICS PRACTICE

Cldnok sa zaoberd problematikou riadenia doddvatelskych
retazcov, ktoré si trendom v integrovanom logistickom riadeni podni-
kov. Poskytuje syntetizujiici pohlad na prax riadenia najlepsich sveto-
vych firiem. Charakterizuje dovody vzniku doddvatelskych retazcov,
podmienky realizdcie a prostredie zdokonalovania operdcii. Zdovod-
fuje vyznam informacnych technologii, informacnych systémov a miesto
Internetu. Prispevok naznacuje, Ze najdolezZitejsim problémom v riadeni
dodavatelského retazca je minimalizdcia zdsob.

1. Uvod

Prax modernej logistiky ako formdlnej discipliny riadenia
podniku je stara len niekol'ko desatroci. Rozvoj logistického kon-
ceptu presiel postupne tymito fazami:
® [ogistika vSeobecne ako pohybu materialu/tovaru.
® Aplikacie integrovanych pristupov vo fyzickej distribucii tovaru
(vplyv marketingu) a riadenia materialového hospodarstva (prie-
nik opera¢ného vyskumu do priemyselného inZinierstva).

® Riadenie dodavatelského refazca ako pristup proaktivneho ria-
denia kazdého aspektu dodavatelsko-odberatelskych vztahov, t. j.
od dodavatelovho dodavatela aZ k zakaznikovmu zakaznikovi.

Obsah pojmu dodavatelsky refazec znaci prehibenie ,,konceptu
integracie“ smerom navonok podniku a jeho rozSirenie o dalSie
firmy obsiahnuté v refazci. Dodavatelia, zakaznici a tretia strana
- poskytovatelia logistickych sluzieb spolo¢ne zdielaju informacie
a plany, a tak vytvaraju vykonny distribucny kanal s vysSou konku-
rencnou schopnostou. Tento kvalitativne novy sposob je zalozeny
na ovela presnejSom a podrobnejSom riadeni vzajomnych vztahov,
nez sa deje pri tradicnom pdsobeni, zalozenom na reklame a pro-
pagacii.

Pri zuzitkovani strategickych trhovych prilezitosti je dolezita
schopnost podniku dosledne vyuzivat vSetky dostupné zdroje.
Vplyva tu ma vela faktorov. Su to externé vplyvy, t. j. nové techno-
logie, globalizacia a konkurencia. Patria sem tiez interné faktory ako
$tyl riadenia, firemna kultura, ludské zdroje a vybavenost podniku.
Pri rastiicej neurcitosti vSetkych externych zdrojov musia firmy ¢o
najvhodnejSie rozmiestnovat (v priestore a Case) vSetky svoje
interné zdroje.

Pre spolocnosti, ktoré sa dostali na Celo rozvoja logistického
konceptu to neznamenalo vybrat a jednoducho aplikovat logisticku

* Ing. Jaroslav Kral, CSc.

The paper deals with an issue of supply chain management that
is a trend in integrated logistics enterprise management. It gives a syn-
thesised view on current logistics management practice of the best World
companies. It defines reasons of supply chains genesis, conditions of
an implementation and environment of operations improvements.
Also it justifies an importance of information technologies, informa-
tion systems and the Internet place here. The paper indicates the most
important problem for solving is supply chain inventory to be mini-
mised.

1. Introduction

The practice of logistics as a formal business management dis-
cipline is only a few decades old. The evolution of the logistics
concept has moved from
® |ogistics as the movement of materials/goods, through
® applications of integrated approaches of physical distribution
(marketing influence) and materials management (management
science influence), to

® Supply Chain Management as proactive management of every
aspect of the supply chain, from the supplier’s supplier to the
customer’s customer.

The term supply-chain management extends the “concept of
integration” beyond the firm to all firms in the supply chain.
Suppliers, customers, and third party logistics providers share the
information and plans necessary to make the channel more effi-
cient and competitive. This sharing is much more accurate and
detailed than in traditional, more adversarial buyer-seller rela-
tionships.

There are many factors that impact how a company uses its
resources to focus on strategic opportunity in the marketplace.
Among them there are external issues such as new technology, glo-
balisation, and competition. There are also internal factors, which
include management style, culture, human resources, and facili-
ties. A firm must place its available resources against the more
uncertain external resources in effecting strategy.

Those companies choosing to be in the forefront of the logis-
tics concept development did not simply stumble upon logistics or
distribution as a strategy. Rather, they reviewed alternative ways of

Faculty of Management Science and Informatics, University of Zilina, Moyzesova 20, SK-010 26 Zilina, Slovak Republic,
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alebo distribu¢n stratégiu. Najskor museli dosledne posudit alter-
nativne moznosti ako tvorit skuto¢ni hodnotu pre svojich zakaz-
nikov, dojst k poznaniu, Ze logistika ovela viac vplyva na hodnotu,
neZ iné podnikové procesy a funkcie a prijat toto rozhodnutie.
V tychto firmach presiel vyvoj integrovaného logistického riadenia
tromi v§eobecnymi fazami:

1. Orientacia na fyzicku distribuiciu

2. Interné spajanie

3. Vonkajsia integracia

Tretia faza rozvoja, formovanie externych vézieb a spajanie,
znac€i posun logistického konceptu na uroven navonok cielenej
zmeny. Bolo treba zacat mysliet mimo rozsah vnitornych organi-
zacnych utvarov a hladat efektivne vztahy s
® dodavatelmi
® zakaznikmi
® trefou stranou

Tento principidlne odliSny sposob spravania bol ovplyvneny
trvalym rozvojom tychto oblasti:
® Informacné technologie (IT) a elektronicka vymena dat (EDI)
® Procesy Just-in-Time (JIT)
® Planovanie distribu¢nych zdrojov (DRP)

Zmeny v uvedenych oblastiach priniesli rastuce poznanie
a pochopenie vplyvu logistickych operacii na vykonnost, konku-
ren¢nu schopnost a naklady kazdého podniku.

Rozvoj a stucasné hodnotenie pdsobenia integrovaného logis-
tického riadenia sa najlepsie zobrazi pojmom zdsoba, pretoze zasoby
reprezentuju cca 50 % obeznych aktiv typického podniku. Zvycajne
je priblizne 30 % celkovych zdsob na vstupe do podniku, 30 %
v rozpracovanosti a cca 40 % sa nachadza v distribuénom retazci.
Tradicne predstavujii zdsoby poistku, ktord trom vniitornym materid-
lovym tokom zaistuje ochranu pred neurcitym sprdavanim tak zo
strany doddavatelov, ako z hladiska zmien poZiadaviek trhu. V skutoc-
nosti je dolezité si uvedomit, Ze sii skor ochrancom neporiadku a nedo-
statkov vo firemnom riadeni. Prirodzene sa preto treba sustredif na
realne transformacné procesy, o vedie k novému typu organizac-
ného riadenia aj k uplatneniu odbornikov pre novu riadiacu pro-
fesiu - logistickych systémovych integrdtorov.

2 Riadenie dodavatelského retazca - novy smer

Je zdokumentovanych viacero dokazov sucasnych marketin-
govych trendov, ktoré vyznamne vplyvaju na prax logistického ria-
denia. Daju sa zhrnut do dvoch pojmov:
® Cas odozvy na poziadavky trhu
® Riadenie dodavatelského retazca

Cas odozvy na poziadavky trhu sa podla povahy odvetvia a odli§-
nosti distribucnych kanalov interpretuje rozne. Ide o zovseobec-
nené uvahy typu JIT (,,prave v€as“), rychla odozva (QS), reinzi-
niering podnikovych procesov (BPR) a pod. Hoci sa z hladiska
aplikacie v konkrétnom prostredi javia uvedené pojmy ako vza-
jomne odli$né, majui jedno spolo¢né - je to cas prenosu, ktory
nadobudol charakter konkurenc¢ného faktora. Rozdiel je len v tom,
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bringing value to their customers and then decided that logistics
offered more opportunity to impact value at the customer level
than other business processes.

Companies have pursued three general stages in their evolu-
tion into integrated logistics management:
1. Physical distribution focus
2. Internal linkages
3. External linkages

External linkages, stage three of the evolution, shifted the
logistics concepts to include externally focused change. Compa-
nies began to think “out of the organisational box” and searched
for efficiencies in relationships with
® vendors,
® customers, and
® third parties.

The three continuous developments have influenced this “new
thinking”:
® Information Technology (IT) and Electronic Data Interchange
(EDI)
® Just-in-Time processes (JIT)
® Distribution Requirements Planning (DRP)

These transformations resulted from a growing recognition
and understanding of how logistics processes affect the company’s
costs, performance, and competitiveness. Evolution and evalua-
tion of integrated logistics management is best framed in terms of
inventory, because inventory represents about 50 % of current
assets for an average company. In a typical company, 30 % of total
inventory is in the procurement, 30 % is in the operations, and
about 40 % is in the physical distribution. Traditionally, inventory
is used as a buffer between the three internal materials flows to protect
a company against markets and suppliers uncertainties. But in fact,
it is important to sense that it protects organisational and manage-
ment rigidities. Legitimately, we can identify the transformation
processes that led to a new management or employee profession,
the logistics professional.

2 New direction - supply chain management

There is an ample evidence of two current trends that will
significantly impact the practice of logistics management:

® Cycle-time-to-market
® Supply chain management

Cycle-time-to-market is variously interpreted in different indu-
stries and in different channels by different titles. It is becoming
increasingly common to see considerations of JIT, Quick response
(QS), business process reengineering (BPR), etc. Although these
different terms usually have different meanings as they are applied
in the marketplace, a thread of commonality runs through all - the
removal time as a competitive factor. The major difference in the
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na ktory segment celkového objednavkového cyklu je orientovana
snaha po redukcii (napr. priebezna doba dodania materialu, prie-
bezné doby procesu navrhovania i procesov vyroby alebo distri-
bucie). Uspesnd realizacia uvedenych snah si Ziada nadobudnut
nové vedomosti a zrucnosti, realizovat nové organizacné formy
a zaviest novu metriku hodnotenia vykonnosti a efektivnosti
vnutri firmy aj v rozhraniach medzi firmou a jej dodavatel'mi,
zakaznikmi a trefou stranou.

Riadenie doddvatelského retazca je vyjadrenim pre rovnake usilie
a je ovplyvnené najma doterajSou praxou logistického riadenia.

Do pojmu dodavatelsky retazec je vloZena symbolika pevne
vykovanych vzajomne zviazanych ¢lankov - vnutornych a vonkajsich
organizacnych jednotiek, ktoré formuju proces postupne;j realiza-
cie Cinnosti, prinasajucich zakaznikom uzitok v podobe
® nizkych nakladov a
® vysokej (pridanej) hodnoty

Koncept dodavatelského refazca je priamo zviazany s koncep-
tom casu cyklu a to spésobom, kedy firmy rozvijaju systém spoji-
tého toku zasob vyrazne obmedzenej velkosti, pricom Casto vyuzi-
vaju podporu zo strany logistickych firiem (,tretia strana“).

3. Definicia dodavatelského retazca a podmienok
realizacie

Zvycajne sa pojmy logistika a riadenie dodavatelského refazca
povazuju za synonyma. Sucasnost vyzaduje vSeobecnejSiu definiciu
v tejto podobe: Logistika znaci riadenie tokov materialov, informa-
cii a fondov od pociatoéného dodavatela materialu ku koneénému
zakaznikov - spotrebitelovi.

Definicia obsahuje tieto dolezité aspekty:
(i) Désledna koordindcia vsetkych troch logistickych zloZiek, t. j.
materialu (tovaru), informacii a fondov (zdrojov). Vysledkom
je hladky priebeh vsetkych operacii/Cinnosti a najma zvySena
spokojnost zakaznikov.
(ii) Riadenie zloZitého doddvatelského retazca vyZaduje
® presné nacasovanie pristupu k informdciam, ktoré umoznuji
rychle a efektivne rozhodovanie;

® yyroba musi byt optimalizovand, aby sa maximalizovali efek-
tivnost, odozva a vystupy z procesu;

® zdisoby musia byt paradoxne redukované na minimalnu iroven,
pricom treba plne dodrZiavat dané poziadavky na obsluhu
zakaznikov;

® distribiicia musi byt starostlivo planovand, aby sa dostal spravny
produkt na spravne miesto, a to v spravnom ¢ase a pri sprav-
nych nakladoch

Okrem toho, u¢inné riadenie dodavatelského retazca vyzaduje
zaistit u zainteresovanych realizatorov nie jednostranny/uzatvoreny,
ale univerzalny pohlad. Odbornici, ktori v riadeni dodavatelského
retazca robia zasadné rozhodnutia, musia byt schopni vsetko vidiet,
Cokolvek zmenit a vzdy zvazovat kazdy aspekt dodavatelského
retazca. Znalosti a zruénosti tychto profesionalov musia byt orien-
tované na navrhovanie, rozvoj a udrziavanie rozsiahlej (a neuspo-
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terms for time reduction initiatives usually has to do with the
segment of the total order cycle that is covered (e.g. cycle times
for the vendor, the design process, the manufacturing process, the
distribution process).

The elements required for success are new skills sets, new
organisations, and new sets of corporate measurement metrics
within the companies and at companies’ interfaces with suppliers,
third parties, and customers.

Supply chain management, the related trend, mainly impacts
the practice of logistics management.

Using the term supply chain we describe a process whereby
both internal and external units are forged together to bring for the
customer

® Jow-cost and
® high-value performance

The supply chain concept is related to the cycle time concept
in that the companies that develop a continuous flow inventory
system frequently do so with a limited number of primary accounts,
often using third-party logistics support firms.

3. Supply chain management and its
conditions defined

Traditionally, supply chain management was synonymous with
logistics. Today, it carries a broader definition encompassing the
management of materials, information, and funds from the initial
raw material supplier to the ultimate customer/user.

From the definition other consequences implicit:

(i) Co-ordinating all three logistics components - materials/goods,
information, and resources. It results in a much smoother
operation and achieves greater efficiency while improving
customer satisfaction.

(ii) Managing complex supply chain requires

® fimely access to information that helps facilitate rapid and
effective decision-making;

® production must be optimised to achieve maximum efficiency,
responsiveness, and throughput;

® inventories must be reduced to minimum levels while still
supporting customer service objectives;

® distribution must be carefully planned to ensure that the right
product is at the right place, at the right time, at the right
cost.

In addition, effective supply chain management requires not
closed/one-sided but a universal perspective. The supply chain
professionals must be able to see everything, to change anything,
and to consider all aspects of the supply chain when making
major decisions. Knowledge and skills of these professionals must
be oriented to design, develop, and maintain a set of relationships
both within and outside the company. The ability to manage between
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riadanej) mnoziny vzajomnych vzfahov tak vnutri, ako navonok
danej spolocnosti. Interfunkcionalna schopnost riadit sa stava
najvyznacnejSou kompetenciou riadenia ktorejkolvek podnikovej
funkcie. Schopnost dosiahnut konsenzus medzi skupinami ludi
v réznych organizanych utvaroch je ovela dolezitejSia nez tra-
di¢né funkcionalne riadiace zruc¢nosti. Popritom schopnost riadit
v medzindrodnom podnikatelskom prostredi je doleZitejSia nez
kompetencie koordinovat operacie v domacej krajine.

4. Vyznam dodavatelského retazca

Je isté, Ze v krdtkom case uz nebudi medzi sebou siitazit jednot-
livé firmy, ale konkurencny boj bude prebiehat na iirovni doddvatel-
skych retazcov [3]. Kazda vazba v dodavatelskom retazci musi byt
mimoriadne silna. VyZaduje si to vyber a uzatvaranie vztahov len
s najlepSimi a budovanie takych podnikovych systémov a proce-
sov, ktoré umoznuju rychly a efektivny tok produktov, informacii
a zdrojov. S cielom podporovat vztahy a budovat kvalitativne nové
procesy spoluprace, spolo¢nosti planuju vyuzitie Internetu nielen
pre elektronicky obchod v marketingu a predaji. Uplna stratégia
dodavatelského retazca by mala obsahovat
® poziadavky na obsluhu zakaznikov
® usporiadanie siete vyrobnych zavodov a distribuénych centier
® planovanie a riadenie zasob
® outsourcing a vzfahy s poskytovatelmi logistickych sluzieb
® vztahy s klucovymi zakaznikmi a dodavatel'mi
® podnikové procesy
® informacné systémy
® organiza¢né usporiadanie
® poziadavky na zaskolenie a vzdelavanie
® metriku hodnotenia vykonov a vykonové ciele

Z hladiska realizacie podnikovych cielov viacero vyskumov
identifikovalo obsluhu zakaznikov a ich spokojnost za klucovu. Pre
zvySovanie spokojnosti zakaznikov sa musia spolo¢nosti transfor-
movat na zakaznicky orientované organizacie s podnikovymi pro-
cesmi riadenymi vykonnou informac¢nou technologiou, ktora zdoko-
nali planovanie a riadenie dodavatelského retazca. UZ niekol'ko
rokov je toto usilie zamerané na implementaciu pocitacovych systé-
mov na baze ERP (planovanie podnikovych zdrojov). V sucas-
nosti sa pozornost venuje hladaniu rovnovahy medzi investovanim
do ERP systémov a prinosmi zo ziskavania integrovanych infor-
macii, ktoré by malo priniest redukciu celkovych nakladov a aktiv
v dodavatelskom retfazci.

Redukcia nakladov je hlavnym cielom vacsiny pripadov formo-
vania dodavatelskych refazcov. Pozornost je ststredena na znizo-
vanie celkovych nakladov dodavatelského retazca, namiesto na
funkcionalne naklady alebo redukcie mzdovych nakladov. Tieto
aktivity sa sustreduju do roznych oblasti, od problematiky zaisto-
vania zdrojov k ,,Stihlej“ vyrobe, za icelom usporit na distribu¢nych
operaciach. Pokial sa tieto aktivity analyzuju, mozno zistit tieto
zasadné prekazky realizacie:
® nedostatok systémovej integracie
® nizka systémova funkénost dodavatelskych retazcov
® superenie tzv. ,vysSich priorit“
® rozsah potrebnych zmien
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functions is becoming as important as the ability to manage
within a function. The ability to develop a consensus across func-
tion groups will become more important than the traditional func-
tional management skills. Also, the ability to manage across
national borders may become more important than the ability to
manage in the home country.

4. Supply chain highlights

No longer will companies compete against other companies, but
total supply chains will compete against other supply chains [3]. Each
link in the supply chain must be as strong as possible. This requir-
es selecting and partnering with the best companies at each stage
of the supply chain and building business systems and processes
that enable rapid and efficient flow of products, information, and
funds. To support partnerships and build new collaborative pro-
cesses, many companies plan to utilise the Internet not only for e-
commerce (marketing and sales). A comprehensive supply chain
strategy should include
® customers service requirements
plant and distribution centres network design
inventory management
outsourcing and third-party logistics relationships
key customers and key suppliers relationships
business processes
information systems
organisational design
training and education requirements
performance metrics and performance goals

Many surveys identified customer service and satisfaction as
the key to achieving corporate objectives. To enhance customer
satisfaction, companies are creating customer-focused organisati-
ons with business processes that leverage technology to improve
supply chain planning and execution. Recent efforts many of pro-
jects were conducted in parallel with the implementation of an
ERP (Enterprise Resources Planning) system. Today, companies
are looking to leverage their ERP investment and the integrated
information that it provides to reduce costs and assets across the
supply chain.

Costs reduction is the focus of many supply chain initiatives.
The attention has been refocused from traditional functional and
labour cost reduction to total supply chain cost reduction. These
activities range from sourcing to lean-manufacturing to streamlined
distribution operations. Analysing those efforts of companies we
can see significant barriers:

® Jack of systems integration

® lack of functionality in supply chain systems
® competing “higher priority” initiatives

® magnitude of change required

® cross-functional blocks

® conflicting performance metrics
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® bariéry medzi organizaénymi funkciami
® rozpory v metrike hodnotenia vykonu

5. Operacie v dodavatelskom refazci - oblasti
zdokonalovania

Pri formovani dodavatelského retazca zahrnutim zakaznikov
a dodavatelov je kluCovym problémom podpora rozhodovania
v zasobovani, vo vyrobe, udrZiavani zasob a riadeni objednavok.
Pokial viaceri zakaznici a niektori dodavatelia maju zaujem zvy-
Sovat vykonnost, len malo z nich je ochotnych vzajomne zdielat
rizika a vedomostné know-how.

Bez presného poznania, ¢o podnik o¢akava a ¢o chce dosiah-
nut, je tazké navrhnut spravne nastroje hodnotenia vykonnosti
a efektivnosti. Metriku hodnotenia mozno rozdelit na tieto Casti:

a) Orientované na aktiva
® obratka zasob
® obratka aktiv
® vyuzitie vyrobnych kapacit
® zastaravanie zasob
® vyuzitie vozového parku
b) Orientované na zdkaznika
® vcasnost odoslania
® vcasnost dodania
® spokojnost zakaznika
® presnost prognozy
® ukazovatel uspokojenia objednavky
® presnost faktary
® objednavkovy cyklus (priebeznd doba plnenia objednavky)
c) Orientované na financné ukazovatele
® vyrobné naklady (hruby zisk)
® transportné naklady (ako % z trzieb)
® priebezna doba uhrady faktar
® naklady interného dodavatelského refazca (ako % z trzieb)
d) Iné
® stratové Casy pri nehodach a konfliktnych situaciach
® produktivita prace
® fluktuacia pracovnikov
® plnenie planu vyroby

Prieskum charakteristik vykonnosti a efektivnosti naznacuje,
Ze sucasné vykonové metriky su vo viacerych organizaciach nezlu-
CiteI'né s ich zamermi a cielmi - neexistuju ziadne vazby pre ove-
rovanie a monitorovanie operacii v dodavatelskom retazci.

Planovacie ¢innosti mozno povazovat za najvyznamnejsiu oblast
zdokonalovania. DoéleZité planovacie a riadiace zlozky v dodava-
telskom retazci su tieto:
® planovanie a prognozovanie dopytu
® planovanie a optimalizacia dodavatelského retazca
® gsystémové riadenie
® planovanie a riadenie zasob
® riadenie objednavok
® zaistovanie zdrojov/zasobovanie a nakup
® riadenie distribuCnej siete
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5. Supply chain operations - improvement areas

Extending the supply chain (to include both customers and
suppliers) is key in helping a company make decisions around pro-
curement, production, inventory, and order fulfilment. While many
customers and some suppliers are committed to pursuing higher
levels of performance, they are less willing to share knowledge and
risk.

Without knowing exactly what the company expects to accom-
plish overall, it may find difficulty to devise the right performance
measurement tools. We can divide measurement metrics to these
parts:

a) Asset focused
® inventory turns
® return on assets
® plant capacity utilisation
® inventory obsolescence
® fleet utilisation

b) Customer focused
® on-time shipment
® on-time delivery
® customer satisfaction
® forecast accuracy
® order fill rate
® invoice accuracy
® order cycle time

c) Financial focused
® manufacturing costs (gross margin)
® transportation costs (as % of sales)
® cash-to-cash (cycle-time)
® internal supply chain costs (as % of sales)

d) Other
® |ost time accidents
® labour productivity
® employee turnover
® production plan achievement

A review of the type of performance measures revealed that
current performance metrics of many organisations may not be
aligned with their goals - many companies do not have a strong set
of performance metrics for assessing and monitoring their supply
chain.

Planning activities can be identified as the most important areas
for improvement. The planning elements and other important
management areas of the supply chain may be divided to
demand planning and forecasting
supply chain planning and optimisation
systems management
inventory management
order management

°
°
°
°
°
® sourcing/purchasing and procurement
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® obsluha zakaznikov
® riadenie skladového hospodarstva

Realizovany prieskum [4] naznacuje, Ze niektoré prvky ako
riadenie transportnych operacii, riadenie vyroby a riadenie pracov-
nych vztahov nevyzaduju z hladiska potrieb zlepSovania mimo-
riadnu pozornost.

6. Dodavatel'sky retazec a informacné technologie

ZvySovanie presnosti, v€asnosti a zdokonalovanie toku infor-
macii je nutnou podmienkou optimalizacie operacii realizovanych
v dodavatelskom retazci. Ulohu informaénych systémov a IT pri
prenose informacii mozno povazovat za velmi dolezitd. V sucas-
nosti sa javi rozpor medzi o¢akavanymi a skuto¢nymi vysledkami
ERP implementacii - efektivnost inStalacii ERP systémov je zatial
nizka. ERP systémy (podobne ako v minulosti manazérske infor-
macné systémy) su efektivne len v oblastiach finan¢ného riadenia
a uctovnictva. Ludia im nerozumeju lebo nemaji potrebné vedo-
mosti, vzdelanie a zaskolenie. Z tychto dovodov kazda organizacia
musi dat moznost svojim zamestnancom, aby sa dokladne oboz-
namili s touto technoldgiou spracovania informacii.

Aby sa dosiahla optimalna vykonnostna uroven dodavatels-
kého retazca, su klucovou oblastou zdokonalovania planovacie ¢in-
nosti. Neprekvapuje, ze efektivnost ERP systémov v planovani a ich
prevadzkovani vedie k hladaniu aplikécii, ktoré podporuju plano-
vacie funkcie. VyrieSenim tejto problematiky mozno ocakavat tri
hlavné vyhody:
® ZlepSenia sluzieb zakaznikom
® 7ZniZovanie urovne celkovych zasob
® 7Znizovanie celkovych nakladov dodavatelského refazca

Specificku ulohu pri zdielani informacii zohrava Internet. Tu je
dolezity proporcionalny rozvoj priameho spojenia s dodavatel'mi,
zékaznikmi a dal§imi partnermi. BeZny slovnik dodavatelského
refazca obsahuje tieto pojmy: e-commerce (elektronicky obchod),
e-procurement (e. nakup) a e-business (e. podnik). K primarnym
aplikaciam Internetu dochadza najskor v marketingu, pri obsluhe
zakaznikov a v elektronickom rieSeni finanénych transakcii. Na-
sledne sa riesi nakup, prijem objednavok a doplianie zasob.

7. Organizacia dodavatelského refazca

Riadenie dodavatelského retazca zdaleka nepatri len do ruk
vrcholového manazmentu. Vykonni riaditelia va¢Siny spolo¢nosti
nemaji zodpovednost za ucelené procesy, ktoré vplyvaju na vykon-
nost dodavatelského retazca. Zvycajne su zodpovedni za parcialne
oblasti/funkcie, ako
® zisobovanie/zaistovanie zdrojov
® planovanie a riadenie zasob
® planovanie a prognozovanie dopytu
® riadenie skladového hospodarstva
® riadenie prepravy/dopravy
® riadenie distribucnej siete
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® distribution network management
® customer services
® warehouse management

From Kral’s survey [4] the elements as transportation mana-
gement, labour management and manufacturing seem to require
only a little improvement.

6. Supply chain and information technology

Improving information accuracy, timeliness, and flow across
the supply chain is viewed as necessary to optimise supply chain
operations. The role of information systems and IT to facilitate
information sharing ranked among critical or very important. It
appears the big gap between anticipated and the actual results of
ERP implementations - the effectiveness of ERP systems installed
in companies are low. ERP systems seemed most effective only in
the areas of financial management and accounting. Many people
do not understand them (they have not appropriate knowledge,
skills and training) and to achieve maximum benefits, the organi-
sation must be able to align its people and processes with the new
technology.

Supply chain planning activities were identified above as the
top improvement area for achieving optimal supply chain perfor-
mance. It is not surprising that the effectiveness of ERP systems
for supply chain planning and execution has led to look elsewhere
for applications that will support these functions. After solving of
the issues we can expect three primary benefits:
® Tangible improvement in customer service levels
® Decreasing of total inventory levels
® Decreasing of total supply chain costs

Specific task of companies is using the Internet to share inform-
ation. Here it is important to set down proportional development
also for the direct connection with suppliers and other business
partners. Supply chain vocabulary includes these terms: e-commerce,
e-procurement, and e-business. Primary applications for Internet
technology are marketing, customer services, and electronic funds
transfer. Other growing applications include purchasing, order
entry, and inventory replenishment.

7. Supply chain organisation

Supply chain management is not only a work of a senior level
or CEO. The supply chain executive in many companies does not
have responsibility for all functional areas or processes that impact
supply chain performance. The supply chain executive holds tra-
ditional responsibilities, such as
® purchasing/sourcing
® inventory management
® demand planning and forecasting
® warehouse management
® transportation/fleet management
® distribution network management
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medzinarodna logistika (export/import)
reverzna logistika

informacné systémy dodavatelského refazca
planovanie a rozvrhovanie vyroby

obsluha zakaznikov

riadenie a spracovanie objednavok

Celkom novy pohlad preto treba najskor vniest do firemnej
kultary a stylu riadenia, ktory sa zameria na delegovanie pravo-
moci a zodpovednost radovych zamestnancov.

8. Zaver

Ked bezny Clovek rozmysla nad slovnym obratom ,e-com-
merce,” predstavi si urCity Standard: Webovskeé stranky plné zlacne-
ného tovaru, vyhladavanie zdrojov, ktoré mu umoznuju porovnavat
ceny v roznych Castiach krajiny ¢i vo svete, pohotové dodanie do
domu za den alebo niekol'ko hodin.

Podobny jav mozno aplikovat aj vo vyrobnych podnikoch, kde
takisto sa da ziskat realny zdroj, ktorym sa riadi rozvoj e-business:
je to elektronicky obchod podnik podniku (B2B, Business-to-Busi-
ness). B2B aplikacie vol'ného trhu, webovské metddy a pod. umoz-
nuju globalnym spolo¢nostiam vybudovat Siroké obchodné spolo-
Censtva. Vysledkom je rast vykonnosti dodavatelskych refazcov,
zniZovanie logistickych nakladov a stupniovanie spoluprace medzi
firmami. Vo vacsine velkych vyrobnych podnikov uz transforma-
cia na dodavatelsky retazec prebehla alebo sa zvazuje jej zacatie.
Doterajsia skusenost ukazuje, Ze viaceré spolo¢nosti, ktoré vyvijaju
B2B stratégiu zabudli na vplyv tejto iniciativy na organizaéné
usporiadanie a Iudi. Technologické vplyvy nie st typicky jedno-
smerné, ale zahffiaju zamestnancov a predajcov. Treba poznamenat,
Ze pri budovani B2B systému, ktory je jadrom stratégie elektro-
nicky riadeného dodavatelského retazca, treba stibezne vyvinut
jasnu takticka viziu ako zamestnanci, dodavatelia aj predajcovia
budu pouzivat celkom novu informacnu architektiru.

Clanok ma vizbu na fakultnu grantovu tlohu ,Systémy pod-
pory rozhodovania v riadeni dodavatelského retazca®. Je tiez pod-
porovany pilotnym projektom ,,Celozivotné vzdelavanie v logistike*
programu Leonardo da Vinci, ktory autor riesi v spolupraci s Elec-
tricity Supply Board, Dublin, frska republika a dalsimi partnermi
v Grécku a Spanielsku.

Literatura - Referencies
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international logistics (export/import)
reverse logistics

supply chain information systems
production planning and scheduling
customer service

customer order management

A new look needs new organisational culture and manage-
ment style oriented to delegation of competencies and responsibi-
lities to employees.

8. Conclusion

When the average person thinks of the phrase “e-commerce,”
certain now-standard images come to mind: web pages full of dis-
counted merchandise, search engines that allow one to compare
prices across a country or throughout the world, expedited ship-
ping that brings a purchase home in days or even hours.

Take these the same scenes, however, and apply them to a mul-
timillion-crowns manufacturing company and you have the real
engine driving the growth in e-business: Business-to-Business (B2B)
e-commerce. B2B applications such as FreeMarkets, WebMethods
and many others allow global companies to build extended com-
merce communities. As a result, supply chain efficiencies are in-
creased, logistics costs are decreased, and inter-firm collaboration
is enhanced. Most major manufacturing companies are either
involved in this type of supply chain transformation already or
considering starting one in the near future. Experience shows that
when many companies develop their B2B strategy they forget to
consider the impact of the initiative on the organization and the
people. Impact is not usually in one direction - technology on
employees or vendors/partners. Like the applications themselves,
the impact is bi-directional. By that it means that when a company
makes a true B2B system - the heart of its e-Supply Chain Mana-
gement (eSCM) strategy, it must concurrently develop tactical
vision of how its employees, vendors, and suppliers will use this
new information architecture.

The paper was created through the Faculty Scientific Grant
“Decision Making Support Systems in Supply Chain Manage-
ment”. Also it is supported by Leonardo programme - “Life -
Long Learning in Logistics” project, solved in co-operation with
Electricity Supply Board, Dublin, Ireland and other partners from
Greece and Spain.
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