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Introduction

At the dawn of the use of numerical models, they were mostly
used to study a groundwater flow in porous media. Today, our envi-
ronment suffers more and more from by-products of man's indus-
trial activities. Groundwater is one of the things that have sustained
extensive damage in the past decade. Even ordinary events in our
everyday life can cause pollution of soil or surface water. Numerical
models have become a great tool that can be used to predict spread-
ing of pollutants and assess different remediation projects.

Before we start to prepare the model of pollutant transport we
need to know groundwater velocity field because the velocity is one
of the main phenomena which influences the spreading of pollu-
tion in porous media. Therefore, we focused also on the proper
numerical method for simulating the groundwater flow. The bound-
ary element method (BEM) is one of the most suitable methods
for this purpose because it allows computing the velocity in any
point inside the domain. Unfortunately BEM is not very suitable
to solve time-dependent groundwater flow and, therefore, we decided
to use the dual reciprocity method (DRM) which was developed
like an enhancement of BEM (see [6], [4]).

In this paper we used DRM for computing the velocity field
and then the computed field is used as an input to the transport
model. The groundwater velocity caused an advection and also
increased the dispersion in porous media (see [1]). The advection
can cause severe problems in numerical models of pollution trans-
port. These problems were solved by different methods such as
Galerkin characteristic method (see [5]) or random walk method
[4]. In the last few years, there has been tremendous attention
focused on the development of meshless methods to alleviate

meshing problems associated with finite element and finite volume
methods. The radial basis function method (RBF) was used for
simulation of pollutant transport and this method seems to be quite
successful. 

1. Basic equations

The planar unsteady groundwater flow with a confined surface
is governed by the following differential equation

(1)

where Φ is the potential of groundwater flow (piezometric head)
[m], Tx , Ty are the transmissivity coefficients [m2s�1], S is the
storativity coefficient [m�1], Qm are specific discharges of sources
or sinks [s�1], and δ is the Dirac function (see e.g. [1]).

The boundary conditions of equation (1) are divided into three
basic groups
– boundary conditions of the 1st kind (the Dirichlet conditions),

where the potential’s value on the part of boundary Γ1 is given,
i.e. Φ � Φ0,

– boundary conditions of the 2nd kind (the Neumann conditions),
where the value of the potential’s normal derivative (or flux) on
the boundary Γ2 is given, i.e.

(2)

where nx , ny are the components of a outer normal vector which
is perpendicular to the boundary,
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Karel Kovarik *

Transport of pollution is strongly influenced by groundwater flow. All numerical models of transport equation must be based on the
groundwater flow models. The most of them suffer from numerical diffusion and/or oscillations of solution. Both phenomena lower the quality
of results of these models. Plenty of authors are working on improving the quality of the numerical simulation. This paper presents the con-
nection between a dual reciprocity method used to model groundwater flow and the meshless radial basis function methods used for a trans-
port model. Both methods are one of the latest tools for modeling these phenomena.
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– boundary conditions of the 3rd kind (the Cauchy conditions),
where the given potential’s normal derivative (flux) is a function
of the potential, i.e.

(3)

The initial condition is created by the prescribed value of poten-
tial at time t0 � 0.

The transport of pollution in porous media is an irreversible,
non-stationary process that creates a transition zone where the con-
centration of pollutant continuously changes from the minimal to
the maximal value. This phenomenon is called dispersion and it is
a macroscopic reflection of a real movement of particles in pores
and a reflection of different physical and chemical phenomena.

The simplest governing equation of transport in porous media is 

(4)

where C is concentration of pollutant, Dij is the tensor of disper-
sion coefficients and vP is the porous velocity of groundwater flow.

Eq. (4) is the basic differential equation of a conservative trans-
port of pollutants in a porous medium that is a transport where
the pollutant does not react with the environment and it does not
spontaneously decay.

The boundary conditions can be again divided into three groups
(see [2])
– Dirichlet boundary condition when the known value of concen-

tration is prescribed on the part of boundary Γ1, i.e. C � C0 ,
– Neumann boundary condition (impervious boundary) when the

flux of pollutant is zero across the boundary Γ2, i.e.

(5)

– Cauchy boundary condition when the known flux of pollutant
is prescribed on the boundary Γ3, i.e.

(6)

We present the connection of two different methods of solu-
tion in this paper. Equation (1) of groundwater flow is solved by
a dual reciprocity method; the transport of pollution (Eq. 4) is
solved by the local RBF collocation method.

2. Dual Reciprocity Method

The boundary element method (BEM) is very suitable for
solving the groundwater flow equation because it can solve exactly
the influence of sources and sinks (see [4]). The dual reciprocity
method (DRM) developed from BEM in order to remove major
disadvantages connected with the non-zero right side of Eq. (1)
(see [6]). Equation (1) should be transformed by the following trans-
formation of coordinates 

,
x

v C D
x
C

n f x t
i

ip ij
j

j i
2

2

2

2
- =_ ^i h

D
x
C

n 0ij
j

j
2

2
=

x
D

x
C

x
v C

t
C

i
ij

j i
iP

2

2

2

2

2

2

2

2
- =e ^o h

T
x

n T
y

n fx x y y
2

2

2

2U U
U- + =e ^o h

(7)

to the Poisson’s equation

. (8)

To solve this equation we use the weighted residuals method
(see [8]). 

The solution of Eq. (8) can be expressed as the sum of the
solution of a homogenous equation and a particular solution Φ^ .
The solution of the homogeneous part of this equation can be
expressed using the BEM as

(9)

where wk are the weighting functions defined for a planar problem
as

(10)

We can now divide the boundary Γ to the set of elements like
in the BEM and try to find the approximate solution of potential
and flux as 

, (11)

where Ni is a set of base functions. We use the simplest form of the
base function which is constant in the whole element, i. e. Ni � 1
in this paper because these functions are very suitable for solving
non-homogeneous areas. Then Eq. (9) can be written as

(12)

In matrix notation we can write

Hu � Gq � Q � 0 (13)

As finding the particular solution of Eq. (8) is quite difficult,
the DRM replaces the solution Φ^ by a sequence of particular solu-
tions Φ^ i . The right side of Eq. (8) can be approximated by

, (14)

where N is the number of boundary nodes and L is the number of
inner points, αi is a set of unknown coefficients and fi are approx-
imation functions. The particular solutions from the sequence must
fulfil these equations

. (15)

The approximation functions fi can be chosen as
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The sequence of particular solutions Φ^ i has the form of a series

, (17)

and the exterior normal derivative is

. (18) 

If we substitute relations (17) and (18) to Eq. (15), we obtain
the governing equation

. (19)

Then we apply approaches similar to BEM and afterwards we
acquire 

(20)

The unknown coefficients αi in Eq. (20) can be determined
from Eq. (14) as

, (21)

where we denoted F�1 the inverse matrix to the matrix of approx-
imation functions fij . A matrix form of Eq. (20) is 

. (22)

where u is a vector of unknown potentials and q is a vector of
unknown fluxes through elements.

The left side of Eq. (22) is totally identical with the solution
of homogenous Eq. (13). On the right side, there are matrices H
and G along with the matrices of particular solutions. The matri-
ces of particular solutions can be easily set up using relations (17)
and (18). These matrices are full and non-symmetrical. The vector
u� consists of time derivatives of potential and flux values and any
standard time-integration scheme can be used to find a solution of
system defined by Eq. (22). The variables u and q can be interpo-
lated in time as (see [6])

u � (1 � �u)un � �u u
n�1 q � (1 � �q)qn � �q q

n�1 (23)

where un, qn and un�1, qn�1 are the values of variable u, q at time
intervals n and n�1, respectively. The values �u and �q are para-
meters which position the value of u and q, respectively between
the time intervals n and n�1. If we choose �u � �q � 0.5 we get
the well-known Crank-Nicholson scheme.

The DR method requires a certain number of points to be given
inside the domain of solution. The inclusion of boundary conditions
is the same as in the BEM because the DR method is a variant of
BEM.
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3. Local RBF Method

Radial basis functions (RBF) are initially known as a powerful
tool for approximating multivariate functions on a scattered data.
Due to their mesh-free nature RBF have received an increasing
attention for solving partial differential equations (PDE) of dif-
ferent kinds. The first trial of such exploration was made by Kansa
[3]. 

Full exploitation of the RBF method was constrained by the
progressive ill-conditioned coefficient matrix as the number of nodes
increases. To remove this difficulty, Shu at al. (see [7]) suggested
using the local RBF method in which the approximation is formed
by using only several local supporting points.

The unknown concentration function C(x) is approximated in
a sub-domain Ωi which forms the neighbourhood or support of
a reference point xi by weighted sum of multiquadric functions and
polynomials

, (24)

where λj and γj are weights, ϕ(rj) are the RBF basis functions, and
pj is a basis for polynomial space with degree m�1, m is the order
of ϕ.

Multiquadric functions are one of the most popular radial
functions used for this purpose and they are defined as

(25)

where rj is a distance from a point and ε is a so-called shape factor
of multiquadric function. The order m of multiquadric functions is
equal to one and, therefore, we need one additional condition to
make the interpolation problem well-posed. This condition is

(26)

The interpolation problem can be written in a matrix form as

(27)

The differential quadrature (DQ) method was used to approx-
imate derivatives. The derivative at a point xi can be approximated
by DQ as

(28)

Now we apply Eq. (28) to the basis functions in Eq. (24) and
we get

(29)

and we can compute the weighting coefficient as
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The same principle can then be used for derivatives of higher
order.

The transport equation (4) can be solved in time using the
similar time approximation like in Eq. (23) 

(31)

We can now write Eq. (4) as

, (32)

where we used two operators

(33)

The solution of PDE is based on a collocation method, i. e.,
we try to find the solution in the set of nodes placed inside the
domain Ω and on boundary Γ. The domain is discretized by N �
� NI � NB nodes (NI is the number of interior and NB is the
number of boundary nodes). For each node xi , i � 1 … N we
assume the Ni nodes are used in the support domain to interpolate
the unknown variable C. Now we can obtain the weights w1 and
w2 for operators Y1 and Y2 as

(34)

Using these weights we can form the global system of linear
equations and solve it. The solution is the value of concentrations
in all the nodes at the time interval tn�1 .

4. Numerical examples

For the validation of the proposed numerical approach, several
standard test problems are considered.

Pumped well in circular aquifer
First of all we validate the groundwater flow model. It is tested

on the interesting example of a pumped well in a homogeneous
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aquifer. This example can be solved analytically only for an infinite
aquifer. The drawdown can be computed as

(35)

where T is the transmissivity coefficient, Q is the pumped discharge
and u is defined as

(36)

Here r is the distance from the pumped well, S is coefficient
of storativity, and t is time.

The numerical model can not model the infinite domain. We
prepared a circular domain with a diameter of 20 m and the Dirich-
let boundary condition around. The boundary was divided into 20
elements and 32 internal points (see Fig. 1). Time step was Δt �
� 0.005 [day]. We compared only very short time intervals to elim-
inate the influence of these boundary conditions. Results are pre-
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Fig. 1 Network for test of pumped well

Comparison of results for pumped well solution Table 1

Distance [m]
Drawdown [m] Analytical Drawdown [m] DRM Difference [m]

Time t � 0.1 [day] Time t � 0.2 [day] Time t � 0.1 [day] Time t � 0.2 [day] Time t � 0.1 [day] Time t � 0.2 [day]

0.1 0.65762 0.71278 0.6502 0.7087 0.00742 0.00408

0.5 0.40175 0.45676 0.3943 0.4526 0.00745 0.00416

1 0.29229 0.34688 0.2850 0.3427 0.00729 0.00418

2 0.18537 0.23827 0.1785 0.2337 0.00687 0.00457

3 0.12633 0.17655 0.1201 0.1712 0.00623 0.00535

4 0.08792 0.13462 0.0824 0.1282 0.00552 0.00642

6 0.04260 0.08058 0.0382 0.0705 0.00440 0.01008

8 0.01980 0.04833 0.0149 0.0315 0.00490 0.01683

10 0.00862 0.02846 0 0 0.00862 0.02846
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sented in Table 1. These results are quite satisfactory and we can
see that the DRM method gives very good values also in the vicin-
ity of the pumped well on the contrary to other numerical methods
(e. g. finite elements).

Convective-diffusion transport equation
In this section, the solution of the convection-diffusion equa-

tion with a constant diffusion coefficient and convection velocity
is presented. Only a longitudinal diffusion and convection are con-
sidered. The governing equation is

(37)

The analytical solution of the above transport problem in a one-
dimensional semi-infinity domain with initial and boundary con-
ditions

C(x,0) � 0     C(0,t) � C0 (38)

is given by the following expression (see Bear (1972))

(39)

where erfc is an error function.

We prepared a numerical model using a local RBF method.
The semi-infinity domain was treated in a numerical model as
a rectangular one of 10x4 m. The network had 84 boundary points
and 585 internal points. We can compare only short time intervals
because of the influence of the rectangular domain boundary at 
x � 10. The boundary condition C(0,t) � 100, the coefficient of
diffusion is 0.1 and velocity v � 1.

Comparison of results of numerical and analytical solution
for time t � 2 and t � 4 is presented at Fig. 2. 

The influence of the shape factor ε (Eq.25) was also studied
and values of relative errors for different values of the shape
factors are presented in Fig. 3. The finding of the optimal value is
a very interesting and complicated problem and has not been sat-
isfactorily solved yet.
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5. Conclusions

Numerical models became a great tool that can be used to
predict spreading of pollutants and assess different remediation
projects. There exist plenty of commercial software systems to
solve the transport equation but the new numerical methods seems
to be more effective for simulation this phenomena. The paper try
to present two non-usual methods for solution of coupled problem
of groundwater flow and pollution transport in porous media.

The dual reciprocity method and truly meshless local RBF
method is used for contaminant transport modelling. The presented
numerical results show the simplicity and quite good accuracy of
both methods.

The advantage of the dual reciprocity method is the introduc-
tion of point sources (wells) into the domain. The sources can be
placed arbitrarily inside the domain without having the change
the network of elements. The computed values of potential in the
point source and its neighbourhood are very precise.

The truly meshless method using the local RBF interpolation
connected with collocation solution of the governing dispersion
equation is used to solve the transport equation. Numerical results
show a good accuracy of this method. The study of influence of
the shape factor will continue to improve the usability of the local
RBF method in modelling of contaminant transport.
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1. Introduction

Stiffened plated structural elements are the main and very
important parts of the box girder bridge structures or the bridge
structures with ballast bed. Their structural integrity has direct
implications on the safety and reliability. Accurate prediction of
the ultimate strength of stiffened plated elements is a very impor-
tant task for engineers. There has been conducted extensive work
in predicting the compressive strength of rectangular plated elements
since 1970s. However, much less work has been devoted to the
probabilistic formulation of their ultimate strength. An adequate
probabilistic model of the ultimate strength is necessary to develop
for structural reliability assessment of those types of structures
due to significant uncertainties of the initial performance, effects
of deterioration and because of the stochastic nature of all factors
affecting the resistance (structural geometric characteristics, mate-
rial properties).

The effort was focused on the determination of stress state of
compression orthotropic decks creating the upper flanges of bridges
with ballast beds. Their stress state is significantly influenced by
the interaction of buckling, shear lag and effect of transverse load
due to traffic action resulting from the deck performance. Con-
currently, the geometrical and material nonlinearities should be
taken into account. To analyze the behaviour and resistance of the
bridge orthotropic deck subjected to traffic action, the nonlinear
computational model of the railway bridge with the ballast bed
was developed using software ANSYS.

Nevertheless, the actual structural member resistance could
be changed by various factors like degradation of materials due to
aggressive environment. In general, deteriorating structures are
maintained in accordance with their condition states. Because of

limited available resources, incorrect maintenance decisions and
although many quality corrosion protection systems are available
at present, phenomena of corrosion as the basic and most impor-
tant degradation effect is significant all the time.

Effects of this degradation cause material loss leading to the
reduction of structural resistance. Corrosion effects influencing
member resistance can be obtained by means of a structural model
based on some corrosion models. Then, corrosion effects could be
expressed in the form of the time variant loss of the resistance. The
parametric study of simulation of corrosion effect was realized to
observe the variation of the bridge ultimate strength within the
bridge service lifetime resulting from the generalized corrosion of
the bridge stiffened deck plate.

2. Structural model

Two numerical finite calculation models were developed – the
deterministic model and the probabilistic one. To determine the
resistance of compression stiffened flange, the orthotropic plate
was necessary to model using thin shell elements with the ade-
quate finite element mesh allowing for the effect of plasticization
and large deflections. The developed model was calibrated using the
results of experimental analysis with emphasis on the real structural
behaviour.

A bridge structure was modeled using shell finite elements of
SHELL 181. Von Misses isotropic nonlinear plastic material model
with bilinear hardening was applied to describe material charac-
teristics given by the bilinear stress – strain diagram with the elas-
ticity module E � 210 GPa, hardening module of E/100 and yield
strength of fy � 285.91MPa corresponding to the measured and
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ANSYS software environment was developed using software support module PDS. Random variables were described by means of parameters
of probability density function according to data determined experimentally. The model takes also into account the geometrical and material
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evaluated actual mean value of the yield strength of the real bridge
structure.

Due to absence of measured initial imperfections, the standard
equivalent geometrical initial imperfection in the form of sinusoidal
surface was incorporated into the calculation model. The transverse
displacement fields of imperfect plates are normally represented by
a double Fourier series. For generally used ratios of plate dimen-
sions, following equation was considered for modeling the initial
imperfections

, (1)

where f0 is the value of initial plate bow amplitude, a and b are the
plate length and width respectively. 

The amplitude of the longitudinal stiffener initial bow was con-
sidered by the value of a/400 in accordance with EN 1993-1-5 and
the initial bow of the deck sheet in transversal direction between
longitudinal stiffeners was given in the form of “hungry horse”
with the amplitude b/200. 

The resulting shape of the global bridge deck imperfection
shape can be seen in Fig. 1.

sin sinw f x
a

y
b0 0

r r=

The probabilistic model was developed using deterministic one
and software support module PDS (Probabilistic Design System)
allowing for direct connection between FEM analysis and methods
of the probability analysis. Based on the parameters of material
characteristics as well as other random variable input values and
their statistical models, PDS module enables to generate files of
random variables and to calculate required probabilities. Using sen-
sitivity analysis, the effect of input parameters on the structural
resistance could be determined achieving the reliability optimal
level.

Random character of individual values was considered in accor-
dance with the Gaussian random process. Random variables were
described by means of parameters of probability density distribu-
tion according to data determined experimentally. The calculation
was carried out using LHS simulation method for 40 steps of the
data dispersion. The nonlinear calculation ran in every step deter-
mining random output parameters in the form of stresses and defor-
mations of girder bottom flanges in experimentally measured places
(see Fig. 2). Concurrently, in frame of probabilistic calculation,
the effect of random input variables on the stress and deformation
intensity was evaluated by means of stochastic sensitivity analysis
using Spearman correlation coefficients. All variables were taken
into account as parameters influencing sensitivity and the resulting
effect was introduced using the percent expression.

3. Corrosion modelling 

Corrosion of the plate deck due to environmental conditions
was taken into account. Two cases of the bridge deck corrosion
were considered. Firstly, the corrosion was supposed to be acting
on the lower part of bridge deck only under the assumption that the
deck insulation would be serving during the whole bridge lifetime.
Secondly, the corrosion was considered to act on the lower and
also upper part of the bridge deck, so that the bridge insulation
was not perfect during the whole bridge lifetime. Due to absence
of the actual corrosion model of this structural model, known cor-
rosion prediction models were used for corrosion modeling of the
lower part of the bridge deck. Therefore, general models of Akgul-
Frangopol [1] and of Qin – Cui [3] were used. 

Fig. 1 Deterministic finite element model of orthotropic plate deck –
shape of initial deformation (multiplied 100 times) with finite 

element mesh.

Input random variable specifications Table 1

No. Name of parameterType of distribution Type of distribution Mean value Cov.

1 TPL Thickness of plate Normal 14.076 0.15500

2 TFHN Thickness of main girder flange Normal 50.070 0.21800

3 TFPR Thickness of cross beam flange Normal 15.561 0.14300

4 TVYST Thickness of stiffener Normal 25.310 0.28400

5 TWHN Thickness of main girder web Normal 14.272 0.17600

6 VYSKAVYST Stiffener height Normal 248.89 1.80500

7 EX1 Elasticity modulus Log - normal 210000 8400.0

8 FY1 Yield strength Log - normal 285.91 16.09000
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The corrosion losses were determined using following rela-
tions expressing the mean value and standard deviation in the case
of Frangopol model 

, (2)

, (3)

and in the case of Qin–Cui model

, (4)

, (5)

where t is time in years.

Corrosion effect was taken into account by means of thick-
ness reduction dcorr calculated according to the above mentioned
probability models using following relation

(6)

where tpl is the plate thickness without corrosion effects.

4. Numerical analysis of corrosion influence on the
resistance

Numerical analysis was accomplished using the calculation
model described in chapter 2. The calculation model developed in
the software environment ANSYS consisted of 56472 nodes, 45163

t t d,pl red pl corr= -

. / .exp t10 0674 0 181
.

dcorr
0 0294

v = - -̂ h7 A

. / .exp t1 67 1 9 15
.

dcorr
1 97

n = - -̂ h7 A

. t0 00289 .
dcorr

0 045v =

. t0 03207 .
dcoor

0 5n =

shell elements and 44 beam elements. The traffic action was
modeled as the uniformly distributed load, due to load distribution
through the ballast bed under railway sleepers in the slope of 4:1
according to the EN 1991-2.

Firstly, the deterministic geometric and material nonlinear
analysis of the imperfect structure (GMNIA) using average cross-
sectional characteristics was accomplished. Then using incremental
analysis, the resistance of bridge structure was determined under
assumption that the limit state of the structure was declared by the
structural collapse represented by the maximum load attainment in
numerical calculations. Also the stresses were controlled to observe
the state when the bridge deck would be in an elastic-plastic state
and the plastic strain could achieve the value of 2εy (εy corresponds
to the steel yield strength). 

Secondly, the stochastic analysis was realized. The results of
this analysis (the mean values and standard deviations) are shown
in Table 2 compared to the deterministic one. Some outputs of this
analysis can be seen in Figs. 5–7. 

In this study, the effect of random input variables on the stress
and deformation intensity was evaluated by means of stochastic
sensitivity analysis using Spearman correlation coefficients. All vari-
ables were taken into account as parameters influencing sensitivity
and the resulting effect is introduced in percent expression. Because
of the limited paper size, there are presented only the results of
stresses at the midspan of longitudinal stiffener. Nevertheless, it
can be seen from the Figures that the importance level of the stiff-
ener cross-sectional characteristics is higher in the case of elastic
range. In the case of collapse, the greatest importance level was
achieved by the yield strength. These results were confirmed by
the matrix of the rank correlation coefficient.

The time variant analyses were the third and fourth analysis
type, by which the time dependent effects of the environmental
action in the form of corrosion were taken into account. For both
above mentioned prediction models of corrosion losses, the time-
dependent development of resistance within the design working
life of 100 years was computed. The resistance was computed in
discrete time points with time step of 5 years until 25 years and
then was used the time step of 25 years. The time-dependent devel-
opment of the maximum applied load on the structure (at the col-
lapse) can be seen in Fig. 6 and the time-dependent development
of minimum and maximum stresses in the middle of the bridge
structure span can be seen in Fig. 7 (for the same load intensityFig. 2 Cross section of bridge with ballast bed

Comparison of obtained stresses (the load intensity 250 kN.m�2). Table 2

Stress [MPa]

Results from
σ0 σ1 σ2 σ3 σ5 σ6 σ7 σ8

Design calculation EN1993-1-5 350.94 �277.59 �267.47 �105.08 350.94 �277.59 �93.36 �191.83

ANSYS – deterministic 287.32 �258.79 �271.28 �108.53 290.28 �264.54 �79.63 �157.39

ANSYS – stochastic – mean 287.48 �259.31 �272.89 �106.37 290.35 �265.54 �81.82 �158.70

-standard deviation 15.665 8.226 7.265 14.708 15.121 8.713 3.110 6.938
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Fig. 4 Deformed deck shape at collapse Fig. 5 Sensitivity plot for sigma 2

Fig. 6 Cumulative distribution function of the sigma 2 Fig. 7 Histogram of output parameter of the sigma 2

Fig. 3 Obtained stress state plot at collapse
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Fig. 6 Time-dependent development of maximal applied load 
on the structure

Fig. 7 Time-dependent development of peaks of stresses

Fig. 8 Obtained stress state plot in the time � 0 years, load intensity � 250 kN/m2

Fig. 9 Obtained stress state plot in the time � 100 years, load intensity � 250 kN/m2. 
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of 250 kN.m�2). From Figs. 6 and 7 it can be seen that there is
a little difference between the values of both cases, if the corro-
sion affect only the bottom side of bridge deck or both sides (also
corrosion under ballast bed).

5. Conclusion

The paper presents specifications of the real behaviour of the
bridge orthotropic plated deck with the ballast bed. The probability
distribution of the ultimate strength of the imperfect bridge deck
structure under out-of-plane load and axial compression resulting
from global bending was evaluated in dependence on several random
variables and assessed by a nonlinear finite element analysis.

The bridge deck resistance is significantly influenced by the
corrosion degradation and therefore the corrosion effects should
be taken into account for a structural design. On other hand, the
bridge deck resistance is ensured by structural redundancy accord-

ing to the Slovak standard at the present time. Although the cor-
rosion effect means the structural resistance decrease by about 11 %,
it is controversial to increase the deck plate thickness according to
the recommendation in EN 1993-1-1, whereas the difference of the
corrosion effect in cases 3 and 4 respectively is not significant.

Another parametric study has to be carried out for various
deck plates and longitudinal stiffener slenderness using stochastic
analysis to obtain more results for more sophisticated conclusion
analysis. Except of that, the research of corrosion processes under
the insulation of the bridge deck should be conducted to obtain
the actual model of corrosion losses prediction. 
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Introduction

Considering the predominant use of combustion engines,
exhaust gases contain high amount of both gaseous and solid con-
taminants. They include high quantities of the finest fractions that
can stay in the air for a long time; they can easily enter the respi-
ratory tract and be harmful to human health.

The Faculty of Civil Engineering of the University of Zilina,
Department of Highway Engineering has participated in the inter-
national project “SPENS Sustainable Pavements for European New
Member States” [3] aimed at sustainable transport and focusing on
evaluation of effects of different types of roadways on generation
of particulates caused by transport. The Department continues this
focus also in research activities of the Centre of Excellence for
Systems and Services of Intelligent Transport.

The aim of this part of the work to be presented is to compare
development of particulate matter and its composition along roads
depending on surface type of the road. 

1. Particulate Matter Monitoring

Sites representing both non-urban and urban roads with various
traffic volumes and various surface types were selected to monitor
concentrations of specific fractions of the particulate matter at
locations with different traffic volume.

Air samples were taken using medium-volume LECKEL MVS6
sampling pumps. The devices are intended for outdoor use at high
or low temperatures. The flow of the air to be taken is controlled
and basic physical parameters are maintained by means of a ther-

ANALYSIS OF PARTICULATE MATTER COMPOSITIONANALYSIS OF PARTICULATE MATTER COMPOSITION
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term monitoring, differing in particular by the surface of the roadway – either with asphalt concrete paving (AC) or with stone mastic asphalt
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Fig. 1 Automatic system for traffic intensiveness monitoring (SIERZEGA SR4)
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mally compensated slot. PM capturing filters are inserted between
Teflon holders into a sampling head forming an integral part of the
device. Filters from nitrocellulose fibres were used to capture PM
(Fig. 2).

Measurements were taken in compliance with the European
standards EN 12341 [8] and EN14907 [9] where this methodology
is used as a reference method.
– Particle concentrations were determined gravimetrically from

every exposed filter. Traffic volume was recorded continuously
using an automatic traffic intensiveness detector SIERZEGA
SR4. Detector – the microwave radar Works at the base of
dopplers principle (Fig. 1).

Multiple measurements were taken at four sites between 2007
and 2009. Most measurements focused on PM10 monitoring.
Representation of different particles was monitored at two sites in
July and October 2008, taking samples to monitor chemical com-
position of PM.

The positions were selected as follows (Fig. 3):
1. D1 highway, Predmier – four-lane road, surface – stone mastic

asphalt (SMA);
2. II/507 Bytca, bypass road – two-lane road, surface – stone

mastic asphalt (SMA);
3. I/18 Zilina, city through road – four-lane road, surface – asphalt

concrete (AC);

4. I/18 Dolny Hricov – two-lane road, surface – asphalt concrete
(AC).

Dependency between temperature and particulates concentra-
tion was shown at the monitored positions (Figs. 4 to 7), but no
dependency between average values of particulates formed and total
traffic volume was proven. This can be proven, for example, by the
monitored section No. 4 in Dolny Hricov with the D1 highway
opened early in 2008, so traffic volume at the I/18 road signifi-
cantly decreased, but with no effect on PM10 particulate concen-
tration (Fig 7).

Fig. 2 Filter weighing by means of analytical scales (left); measuring position by the D1 highway (right)

Fig. 3 Scheme showing localisation of measuring positions around 
the city of Zilina

Fig. 4 Long-term observation at the measuring position 1, 
D1 highway, Predmier

Fig. 5 Long-term observation at the measuring position 2, II/507 road,
Bytca bypass
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Continuous control measurements were made using mobile
monitoring equipment in cooperation with ENVItech, s.r.o. Trencin
(Figs. 8 to 9). However, traffic count was done only manually during
the continuous measurement. This partial measurement, on the
contrary, indicates an interim dependency between the currently
increasing traffic volume and the amount of PM concentration.

2. Comparison of Surfaces on the Basis of their
Qualitative Parameters

Measurements of roadway surface roughness and analysis of
surface pavement compound were done on measuring positions 2
and 4. The measurements support results presented on monitoring

Fig. 6 Long-term observation at the measuring position 3, I/18 Zilina
city through road

Fig. 7 Long-term observation at the measuring position 4, I/18 road
Dolny Hricov

Fig. 8 Measurement at the roadway
position 4 Dolny Hricov (on the left)

Fig. 9 Measuring at position 4 after laying down the new surface (2 weeks old);
Mobile monitoring equipment by ENVItech Trencin on the right

Roadway surface, asphalt concrete ACo roadway surface 11 – 15
years old (on the right)
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of particulate matter composition depending on surface pavement
type.

Average results for roughness from two repeated measure-
ments taken by Profilograph GE representing thickness of macro-
texture surface are as follows:
– Mastic asphalt surface (SMA) was found to be MPD � 0.95…

i.e. the surface is visually rougher, its grain size is larger;
– Asphalt concrete (AC) was found to be MPD � 0.42… i.e. the

surface is visually smoother with fine grain size.

This corresponds also to composition of the asphalt com-
pounds: SMA – 20% share of fine fraction up to 2 mm; AC – 50%
share of fraction up to 2 mm.

Roughness measurements by the profilograph were taken also
at position 4, observing differences between the original roadway
surface and the newly laid pavement surface (made from asphalt
concrete again).

Average results for roughness from two repeated measure-
ments taken in August 2008 show that the new surface is better in
terms of quality and rougher:
– the newly laid asphalt surface (AC/new) was found to be

MPD � 0.80;
– the original asphalt surface (AC/old) was found to be MPD �

� 0.38.

When the new pavement surface was laid down, formation of
particulate matter was reduced, probably due to a better bond
between the fine aggregate and the binding material (Fig. 10).

3. Chemical Analysis of Samples 

Chemical analyses of samples taken at position 1 were done
to determine content of selected metals (ICP/MS, Agilent 7500ce).
The aim was to identify differences in PM composition resulting
from operation of vehicles on roads with different surfaces. To eval-
uate metal content in PM10 fraction we cooperated with Centrum
dopravniho vyzkumu Brno (Brno Transport Research Centre).

It is assumed that inorganic particles are formed only by abra-
sion of cement-concrete pavements. These particles therefore rep-
resent 90% of the particles resulting from abrasion of asphalt-
concrete pavements [4] and they consist mostly of coarse fraction
PM.

Fig. 10 Comparison of measurements of particulate matter
concentrations on the original asphalt surface

and the newly laid one at the Dolny Hricov position

Fig. 11 Course of dependency between particulate matter PM10 formation and air temperature
(position 4 – Dolny Hricov)
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Contents of selected metals, representing sources related to
mechanical abrasion of particles, such as Zn, Sb, Cu, Ba and other,
were identified in both fine and coarse PM fractions. Contents of
selected metals in both PM fractions were higher at sites with
asphalt-concrete pavement at both collection campaigns, except
K and Pb in the second collection campaign in the autumn (Fig.
12).

4. Discussion about Results

According to foreign studies, abrasion of tyres, brake shoe lining
and roadway contributes significantly to non-combusted traffic
emissions. For example [6] or [7] suggest that the share of non-
combusted PM10 emissions in total traffic pollution is 50% at
present and 50% comes from combustion processes. Considering
the renewal of vehicle fleets and use of new fuel types it is likely
that the share of non-combustion emissions will become higher.

Analysis of principal components (PCA) for emission source
quantification in transport was done by [5]. A component analysis
transforms initial variables into orthogonal quantities summarising
variances of the initial variables. However, it is up to interpretation
whether these new components represent artificial characteristics
or whether they reflect real factors. 

Thurston [5] specifies the substances that achieve the highest
component values. For tyre and brake shoe lining abrasion, these

are benzothiazole, zinc (Zn), copper (Cu), antimony (Sb), tita-
nium (Ti), nickel (Ni); for roadway abrasion, these are nickel (Ni)
and vanadium (V); and calcium (Ca), aluminium (Al) a barium
(Ba) in case of resuspendation. 

Based on the chemical analysis done at measuring stations (Fig.
12) it can be assumed that the data obtained on higher Ca, Zn, and
Cu values among the chemical substances monitored show that
the particulates captured in flow pump filters can originate from
tyre and brake shoe lining abrasion and resuspendation. The share
of road surface abrasion is negligible. Comparison of effects of
roadway surface clearly shows that abrasion of components was
higher on a roadways made from asphalt concrete than on road-
ways made with mastic asphalt surface.

These are just partial results of our research work. The moni-
toring should be complemented by other measurements to have
sufficient number of samples for a relevant statistical evaluation.
This research work is under way.
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Fig. 12 Content of selected substances in PM10 fraction – position 1 – I/18 Zilina through road [1]

Share of specific transport sources to PM10 based on evaluation by Principal Component Analysis (PCA) (Thurston, 1983) Table 1

Share
Unidentified 

source
Diesel 

combustion
Petrol 

combustion
Re-suspension

Abrasion of tyres 
and brakes

Abrasion 
of roadway

% 7.9 25.0 21.6 10.7 22.6 12.2
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1. Introduction

Traffic assignment is the fourth and last major step of the tra-
ditional four-step process of transport modelling. This includes
assignment of vehicle and person trips. The assignment of trips to
the network is the final output of the modelling process.

Historically, highway and transit assignment procedures were
used primarily for system analysis of large scale transportation
improvements. A single volume-delay function for all facility types
of roadways, the Bureau of Public Roads (BPR) curve, was used
to estimate link travel times resulting from the assigned volumes.
In recent years, a number of enhancements have been made to the
process, due in part to increases in computing power. Volume-delay
functions have been developed for different facility types (freeway
versus arterial, for example). The detail of the coding of the net-
works has increased dramatically, along with the associated reduc-
tion in the size of the traffic analysis zones. Better assignment
algorithms (such as equilibrium assignment) and parameters have
produced improved results [1].

2. Volume delay function in general

Volume-delay functions (VDFs) describe the speed-flow rela-
tionships in a travel demand model network based on the available
link capacity. As traffic increases on the network, the resulting
travel time and delay increase. In an effort to better represent delay
due to congestion, some study areas estimate alternative volume-
delay functions or construct speed-flow relationships based on

observed data to achieve reasonable congested weighted speeds
from the trip assignment mode [2].

In most traffic assignment methods, the effect of road capacity
on travel times is specified by means of volume-delay functions t(v)
which expressed the travel time (or cost) on a road link as a func-
tion of the traffic volume (V). Usually these functions are expressed
as the product of the free flow time multiplied by a normalized
congestion function. 

, where (1)

to – free flow time,
V – volume,
q – capacity (it may be full capacity, capacity on the level or 

saturation flow).

The function should have several conditions. For the formula-
tion of VDF the conditions can be divided into two groups – math-
ematical and behavioural [3].

Mathematical
From the mathematical point of view, having in mind the

system optimal principle, the function should be [3]:
� continuous,
� strictly increasing,
� non – negative.

Behavioural
Following facts should be kept in mind [3]:

*t t f q
v

v o= d n
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The article deals with the issue of capacity restraint functions (curves) determining for roads and their use in the transport model. It
describes the procedure for obtaining traffic flow characteristics and the derivation of the parameters needed to create basic restraint BPR func-
tion (Bureau of Public Roads). New parameters were then used in traffic assignment process. The impact of parameter changes for routes
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� in urban traffic most of the trips are made everyday – users have
a lot of experience with traffic conditions in different times of
the day on different routes,

� the user can make also “on-time” decisions – if he sees there is
a congestion on the street in front of him or when he hears about
congestion on the radio, he can turn and choose another route,

� time spent in the congestion weighs much more for the user
than travel time at an acceptable speed – the user is strongly
forced to choose another route,

� free flow speed – ex definition as a speed without any distur-
bances on the road, it decreases after implementing the traffic
lights, but many users choose a route having in mind the real
free flow. 

3. Measurement of traffic flow characteristics

The interdependence of the traffic flow characteristics as the
speed (S), volume (V) and density (D) is necessary for the deriva-
tion of the VDF function. It is not easy to obtain the mentioned
characteristics by the traffic survey. It could be calculated from the
continuity equation (equation 2). This equation includes speed and
time gap of each vehicles.

V(x,t) � S(x,t) � D(x,t) , where (2)

V(x,t) – volume,
S(x,t) – speed,
D(x,t) – density.

The measured data of traffic characteristics on Obvodova Street
in Zilina are listed as a practical example. The measurements were
performed continuously for a period of 168 hours from Monday
to Monday in March 2009. Obvodova street is a two-lane for the
adjacent settlement and civil amenities Fig. 1.

The radar equipment SR 4 (Fig.1) was use for measurement
of the necessary traffic characteristics (traffic flow statics). The
device operates on the principle of the Doppler phenomenon. The
change of the wavelength (frequency) of electromagnetic or acoustic
waves is caused by movement of the source and observer. It could
capture a vehicle speed between 8 and 255 km/hour with the accu-
racy of 3% for the speed, 20% for a vehicle length and 0.2 s for
a time gap.

During the survey a total sum of 66,700 vehicles was recorded.
The greatest 24 hour volume was measured in the afternoon hours
on Friday, 3/13/2009.

An example of graphical evaluation of the transport charac-
teristics relationship for the single traffic flow (one direction) on
the Obvodova Street is shown in Figs. 2–4.

The relations between traffic flow volume and density (Fig. 2),
between speed and density (Fig. 3) and between speed and volume
(Fig. 4) illustrate the large dispersion of calculated values. The
measured data were statistically evaluated and thereafter customized
by the obtained standard deviation σ � � 0.13 to the form x � σ.
The traffic flow quality on the road during the survey was also
evaluated based on the function course [5].

Fig. 1 Location of Traffic detection device SR4 on Obvodova Street 



25C O M M U N I C A T I O N S    3 A / 2 0 1 0   �

The function of the volume-density relationship has an increas-
ing tendency. That means that the lane capacity was not exceeded

during the survey. The maximum volume was estimated by extrap-
olation of the calculated data (Fig. 5). In this case Vmax is approx-
imately 1000 vehicles per hour. The value of optimal density is x
coordinate of Vmax point and it presents 42 vehicles per km. The
maximum (free flow) speed was set by extrapolation of the func-
tion of speed – density relationship. In this case Smax is approxi-
mately 48 km per hour (Fig. 6). The value Smax could be also
obtained by using a regression equation of the trend curve.

4. The determination of BPR function

Many different types of volume-delay functions (or capacity
restraint function CR-function, Fig. 7) were proposed and used
in practice in the past. By far the most widely used volume delay
functions are the BPR functions, which are defined as

tBPR(v) � to * (1 � a * satb) , (3)

where
tBPR � tCur – BPR flow time, (current flow time),
to – free flow time,
sat – saturation,
a,b – parameters.

Fig. 2 Relation between traffic flow volume and density

Fig.3 Relation between traffic flow density and speed

Fig. 4 Relation between traffic flow volume and speed

Fig. 5 Extrapolation of the relation between traffic 
flow volume and density

Fig. 6 Extrapolation of the relation between traffic flow 
speed and density

Fig. 7 Example of BPR functions for small v/c ratios
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The volume-delay function, i.e. dependence of travel time on
saturation, was processed according to the basic shape of the volume-
delay function BPR (equation 3). This relationship is graphically
shown in Fig. 8. The target trend line of calculated values is the
looking volume-delay curve (capacity restraint curve). 

Travel time was calculated based on equation (4):

, where (4)

scur – current vehicle speed,
s0 – free flow vehicle speed,
r – route length = constant,

The values of parameters a and b of the trend line were found
iterative. The value of parameter c was equal to 1. The new found
parameters are [5]:

a � 0.98                 b � 1.85

Traffic flow in the opposite direction was determined by the
same process and the parameters of volume-delay curve were found
[5]: 

a � 0.89                 b � 2.11

The results in this example show that the VDF (their para-
meters) are different not only for different types of routes, but also
for driving directions.

The obtained results will be used in the transport model, in
this case specifically in the PTV Vision-Visum program.

5. Restraint functions in Visum

VISUM is a program for computer-aided transport planning
which serves to analyze and plan a transportation system. The trans-
portation system includes private and public transport supplies
(PrT and PuT) and travel demand. VISUM supports planners to
develop measures and determines the impact of these measures.
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In loaded networks, the link travel time and the turning time is
determined by volume-delay function “VDF”. This VDF describes
the correlation between the current traffic volume v, and the capac-
ity qmax . The result of the VDF is the travel time tCur in the loaded
network. VISUM provides several types of volume-delay functions
[4]:
1. the BPR function from the American Bureau of Public Roads

(Illustration 28),
2. a modified BPR function with a different parameter b for the

saturated/unsaturated state,
3. a modified BPR function with an additional penalty parame-

ter d regarded for each vehicle in the saturated state,
4. the INRETS function developed by the French Institute

National de Recherche sur les Transports et Leur Sécurité.

The time tCur of a network object is calculated with volume-
delay functions. Based on the assumption that the travel time
(impedance) of network objects increases with increasing traffic
volume, all assignment procedures are in turn based on the assump-
tion that travel times of network objects are a monotone incre-
mental function of traffic volume.

PTV-Visum program works with the default VDF setting as
a function of BPR with the parameter values a � 1, b � 2 and 
c � 1 for all types of roads. But it allows changing this setting and
identifying the parameters for a previously defined road types
(model calibration) – Fig. 9.

The links are defined as Global type (0* – 9*) or Types (00 –
99) in Visum. Every type of the link has attributes that have to be
defined. Default values can be defined for the following attributes:
name, rank, capacity – PrT in passenger car units, number of lanes,
v0-PrT, vMin-PrT, transport system, max. speed and road toll by
transport modes.

For example the traffic model of Zilina, which was created on
the departmnet of highway engineering, has defined six main global
types of links. We used only two types of the volume delay func-
tion with default setting. The optimal setting of all global link types
is the question of many future measures (Fig. 10).

Fig. 8 Volume-delay curve after interval modifying to x � σ

Fig. 9 Definition of volume delay function in PTV Vision –Visum
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6. Conclusion

The optimal setting of all attributes of the traffic model is
a very difficult problem. The volume delay function is the main

factor for calculation of real flow time. Sometimes the final results
of traffic volumes are much higher than the capacity (over assign-
ment). The new setting of parameters puts more exact values of
the final capacity.

The Visum software allows defined impedance functions for
links but it doesn’t allow defined impedance functions for direc-
tions on the link separately. For this reason the model maker has
to use the average values of impedance function parameters. The
exact values of parameter could be specified only by a calibration
process. 

The impedance functions are very useful and important ele-
ments in the traffic assignment process and inseparable part of the
calibration and validation process.
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Fig. 10 Definition of global link type
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1. Introduction – Outline of the Term Benchmarking

Benchmarking is a concept that is as old as the Olympics in
ancient Greece. Athletes recognised that performance could be
continuously enhanced through comparison with others.

Benchmarking is not a standardized method and therefore, in
practice, there are a number of definitions. The following two are
probably the most widely accepted. The American Productivity
and Quality Centre (APQC) [9] which currently represents the
leading world benchmarking institution and initiates benchmark-
ing projects long-term [14], defines benchmarking as the process
of identifying, learning from, and adopting outstanding practices
and processes from any organization, anywhere in the world in
order to improve performance [1].

According to the official dictionary of the American Society
for Quality (ASQ) [10] benchmarking is a technique whereby
a company measures its performance against that of the world’s
best in class, determines how such companies achieved their level
of performance and uses this information to improve its own per-
formance[5].

The Slovak literature [22] states that benchmarking is a con-
tinuous and systematic process of comparison and measurement
of any products, process or methods in any given organisation that
have been deemed suitable for measurement in the attempt to define
the goals and to improve the performance of the organization.

2. Civil Engineering Testing in the Slovak Republic

One of the instruments in regulating the market diversity of
testing norms in civil engineering as well as the standardization of

civil engineering testing at a professional level, is a process of
accreditation whereby testing laboratories must conform to the
system and technical requirements of the norm STN EN ISO /
IEC 17025 [24]. This norm creates a platform for comparing pro-
fessional competence and stipulates the conditions for ensuring
quality measurements and conditions for assuring quality of mea-
surements.

The current construction environment is characterized by:
� high public demand for quality works;
� fast pace of construction; new entrants in the field of linear

works construction;
� budget tensions;
� decline in skilled workers in relation to requirements,

INTER-LABORATORY COMPARISON OF ACCREDITED
LABORATORIES IN TERMS OF BENCHMARKING IN SLOVAKIA
INTER-LABORATORY COMPARISON OF ACCREDITED
LABORATORIES IN TERMS OF BENCHMARKING IN SLOVAKIA

Maria Trojanova – Katarina Zgutova – Lubomir Pepucha – Martin Pitonak *

The overall implementation of active benchmarking - the transfer and implementation of good practice in a closed circle in inter-labora-
tory comparisons its one of his components. To ensure that mission it’s been created inter-laboratory comparisons model for benchmarking –
and as a support web system. The system is open to different types of quality indicators and its c showing basics compliance with accredita-
tion requirements.
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Fig. 1 Schematic representation of Civil Engineering testing 
in the Slovak Republic 



29C O M M U N I C A T I O N S    3 A / 2 0 1 0   �

� the introduction of new technologies and modern methods of
testing building materials and construction elements.

Therefore, in the context of active benchmarking, inter-labo-
ratory comparisons are a significant component of the transmission
and implementation of good practice in civil engineering. As a result,
and in order to achieve high quality inter-laboratory comparisons,
a model of civil engineering testing has been created – Fig. 1.

3. Benchmarking Classification

Based on the findings of research, the following benchmarking
classification was determined [20]:
� competitive benchmarking – where the subject of interest is

a particular product or performance of direct competitors on the
market;

� functional benchmarking – where one or several functions of
certain organizations are compared;

� generic benchmarking – where the centre of attention is the com-
parison and measurement of the specific organization’s process.
This applies to any appropriate organization with a similar
process, although it may well not be a direct competitor.

Depending on where the benchmarking is performed, it is
classified as: 
� Internal – performed within one organization between units

which have the same or similar processes and functions;
� External – where the partner for comparison and measurement

is a different organization.

4. The Practical Importance of Benchmarking

Benchmarking in general:
� helps to better understand requirements of customers and other

stakeholders
� allows managers to obtain information that would otherwise come

to light accidentally, or would remain unknown – also helps to
dispel unwarranted optimism

� is the way towards the discovery of objective indicators for mea-
suring own performance and productivity in order to accurately
identify own strengths and weaknesses,

� is one of the most effective ways of gathering suggestions for
improvement. 

Benchmarking is not strictly a closed process or a method with
clearly defined rules and procedures. The number of stages or steps
is very diverse and varies in different companies and organiza-
tions from 4 (representing the PDCA cycle – Fig. 2) up to 20
steps. The starting cycle for the application of benchmarking onto
accredited laboratories is a four step cycle, with customer involve-
ment as per Fig. 3.

For all professionals in the field of quality management, it is
important to note that the draft of the new ISO 9004 incorporates
the article 8.3.5 recommendation that benchmarking methods

should adhere to clearly defined rules and procedures [14]. It may
therefore be expected to supplement the ISO 17 025 which is cur-
rently fully compatible with the standards of the 9000 class.

Also, it is likely that benchmarking will become a component of
accredited laboratories, thus becoming not only a comparison in the
area of test results, which are subject of inter-laboratory comparisons,
but also in the system section, which is also supported in the ISO/IEC
17025: 1999 point 5.9.

The laboratory shall have quality control systems to monitor
the validity of the tests and calibrations undertaken. The data col-
lected has to be recorded in such a way as to identify trends and,
where feasible, to use statistical methods to assess results. This
monitoring has to be planned and controlled, and may include,
but not be restricted to, the following: participation in inter-labo-
ratory comparisons or competence testing projects.

As a result of these developments, a benchmarking tool is pro-
posed: – a web portal which is to be an open system for different types
of quality indicators. The only valid outcome for any process of
benchmarking is to identify areas for self improvement. It is the
implementation of projects of improvement which gives benchmark-
ing a meaning.

Fig. 2 Benchmarking four-step PDCA cycle [33]

Fig. 3 Customer involvement in benchmarking process
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5. Benchmarking in testing laboratories

There are three basic prerequisites for customer oriented
benchmarking in testing laboratories [6]:
1. Leadership. Customer oriented benchmarking, in the most

cases requires a complete reorientation from thinking in the
terms of maintenance resources, production and activities, to
thinking in terms of providing a product and service that are
important for the customer; whilst, at the same time, thinking
in terms of efficiency and performance related to products and
services. Such reorientation requires strong support from the
management. Without leadership, moving towards customer-
oriented benchmarking will not be successful.
Another aspect of good leadership is to bind the organization
to the benchmarking. Time, effort, labour resources and atten-
tion to the data required from each laboratory should not be
underestimated. It is necessary to use the same performance
measurements for all the benchmarking partners; however, it
is very likely that the data will not be uniform at the start.
Data should be collected in accordance with a specific plan.
The practices at all levels of any given laboratory must be doc-
umented and shared with the benchmarking partners; especially
if these have a different organisational structure. It is also nec-
essary to make a commitment to implementing the ideas emerg-
ing from benchmarking and ensure that goals are actually
achieved. It should also be borne in mind that performance
measurements and new practices will mean re-deployment of
resources within a laboratory

1. Culture. The culture of the work environment must support
the idea of continuous quality monitoring and improvement.
Customer oriented benchmarking requires a culture which is
not always satisfied with the status quo and does consider it
set in stone. Prior to starting benchmarking, it is helpful to
view change and comparison with others as a way of improv-
ing the product and service for the customer. Management
should monitor and analyse successes, reward improvements
and genuine effort and be able to rapidly spot failures.

2. Common indicators. Participants in customer orientated bench-
marking must agree with the measurements to be used. It is
much easier to find a consensus about measurements within
a laboratory than to accept external standards.

6. Benchmarking indicators and their units

Benchmarking indicator indicates to what extent the labora-
tory achieves the performance of competition

(1)

where:
Ub – benchmarking indicator [%]
Pv – characteristic parameter of performance of own organisation
Pvk – identical parameter of performance of the competition

The increasing value of this indicator and its permanently
getting closer to 100% is obviously a positive trend [2]. 
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This part is one of the key outcomes and suggests a catalogue
of measurable indicators suitable for benchmarking of accredited lab-
oratories – orientated to the customer – purchaser together with units.
These indicators are those that are directly or indirectly relevant
to the customer, however, there are many other measurements that
are already recognized or are still to be identified. 

The measurements are divided according to elements – items
required for accreditation and then by attributes, where are asso-
ciated measurements and their units and the note. The catalogue
should include items such as the following:
1. Sampling 
2. Validation of methods
3. Data control 
4. Assurance of quality tests results – this is the only indicator that

is measured within the scope of inter-laboratory comparisons
5. Complaints 
6. Personnel
7. Handling the testing items and other.

Indicators of selected items are identified by:
� professional assessment
� brainstorming
� studying professional literature
� cooperation with accredited laboratories staff

It is an open system where items are associated with attrib-
utes, methods of measuring and units, as for example:

Benchmarking costs:
� Costs of meetings – include the costs of overheads. This includes

travel, accommodation, per diem allowance and other costs,
� Costs of time – benchmarking team participants invest their

time to review the problems, to find suitable and willing partners,
time for mutual visits, not to mention the time for analysis and
implementation. All this means that participants are absent
from their work, and must be replaced by auxiliary workers,

� Costs of benchmarking database – an organization that wishes
to introduce benchmarking into the daily process must create
and maintain a database of their benchmarking results, and the
best results of participating organizations.

Quality indicators example Table 1

Attribute Measuring Units Note

Homogen
eity of the
sample

Standard 
deviation

Quadrate
of
evaluated
parameter 

Procedure which is carried
out by the laboratory and its
instruments

Discordan
t sample

Average
number of non-
homogeneous
samples

Number Procedure which is carried
out by the laboratory and its
instruments



31C O M M U N I C A T I O N S    3 A / 2 0 1 0   �

7. Web Portal as a Basic Benchmarking Tool 

Web portal for benchmarking emerged as a result of the prac-
tical need to make the execution of inter-laboratory measurements
more efficient. The system for benchmarking of accredited labo-
ratories is designed and intended for comparative purposes. Its
applicability is therefore far broader. It can also be used for com-
parison in other sectors of construction and by other construction
works operators. 

Starting Points for the Emergence of the Portal 
The starting point for designing the system was that it should

be flexible and useful for comparing all types of laboratories at all
levels, to be used not only within the Slovak area, but also in
Europe. If need be, it can serve a single organization, such as the
National Motorway Company – at the level of motorway con-
struction, as a tool for selecting an accredited laboratory.

Due to the reasons listed, it is possible to expect a large range
of different types of indicators, parameters and categories that
require different entries. Therefore, the starting point in creating
the system was the design of forms by an administrator, with the
relevant number of columns and rows to record units, as desired.
The representatives of laboratories have to enter basic information
about the laboratory and, subsequently, parameters they have mea-
sured and the basic characteristics of the testing environment.
These characteristics can be edited by the administrator.

Benchmarking participants, after permission to register, have
to fill in individual forms designed by the administrator.

Participation of laboratories in benchmarking process provides
objective evidence about the reliability of the results [26] they
produce, allows them to identify sources of potential errors and
subsequently to improve the quality of their work. The motivation
of individual entities is the need to compare the results of their
own work with other laboratories (partners but also competitors).

Participation of laboratories in competence testing and com-
parative measurements is an important part of showing compliance
with the accreditation requirements. It is one of the key criteria to
fulfil the accreditation requirements of accredited laboratories [24].
For this reason, it is very important that laboratories, in their own
interest, participate in such competence tests and comparative mea-
surements.

Company Calibrium, Ltd., in conjunction with the Faculty of
Civil Engineering at the University of Zilina, organizes the national
competence tests and comparative measurements in the field of
construction, in accordance with the valid Methodical Guidelines
for Accreditation and the Slovak National Accreditation Service,
and coordinates the national system of competence testing and
comparative measurements aimed at:
� allow, within limits, the individual laboratories to prove compli-

ance with the follow-up and measuring instruments via participa-
tion in the competence testing and comparative measurements,

� serve as an effective tool of the Slovak National Accreditation
Service for ensuring the comparability of results of testing and
calibration activities of laboratories.

On-line application of benchmarking 
The basic assumptions the application should meet are:
� multi- platform, namely the independence of the system used by

the testing laboratory or other organization,
� accessibility not only via LAN, but also over the Internet (acces-

sible 24 hours a day). 

Due to the reasons discussed, the most suitable solution for
the customer driven benchmarking appears to be the use of the
platform Client – Server, which allows complete separation of the
application section from the user section, where the user enters
the data and results into the user interface on his or her computer
and these are evaluated, processed by a program located on the
server. 

The connection between the User – Client and Server must be
encrypted by SSL protocol, in order to prevent leakage of infor-
mation that the testing laboratory or other organization is not
willing to disclose. In this way, the operating body guarantees the
inviolability of the information provided by the testing laboratory
for comparison. Implicitly, the table of results with information
from testing laboratories will identify the laboratory only as
a number, which will be changed regularly and different for each
testing laboratory.

Application environment
Due to the diversity of operating systems, software facilities

on user computers we applied the environment of web pages for
communication of testing laboratories with the server. This ensures
trouble free access into the application for all users – testing lab-
oratories. Server hardware is located in an air-conditioned server
room, under 24 hour surveillance by security service, camera system,
and a system for ensuring constant connection of servers.

Fig.4 Scheme of on-line comparison process
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Web portal user interface 
After studying mathematical methods for statistical compar-

isons of inter-laboratory tests, we started programming the applica-
tion itself. The body of the application is divided into the following
sections for clarity.
� Logging into the application, we resolved by an allocation of

a unique code, which will be allocated to the particular laboratory
by a generator program in order to avoid possible human error.
Application users will authenticate themselves by the username
and the assigned code. On the server we created a secure con-
nection via HTTPS (encryption by generated, or Certification
Authority verified, authoritative certificate). In terms of appli-
cation users, the highest level of security will be ensured.

Fig. 7 Recording access to the application

Fig. 5 Scheme of work on creation of web portal application

Fig.6 Logging into the application
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For authentication of users we incorporated to the applica-
tion a system for recording the access into the application. 

At the same time the database stores IP address from which
the application was accessed, password changes and other impor-
tant data facilitating the detection of potential misuse of access
data. Each figure recorded in the database is Time Stamped, thus
the time is precisely defined and can not be changed not even by
the administrator.

Password change – following successful login, the user has the
option to change the password. The minimum number of charac-
ters for the password, we selected six characters. 

� Data entry – we chose a system where an application user selects,
in the left hand menu, the test for which she or he wishes to
enter the data, for example for the static load test. Following
the click on the given item, the form will appear and the user
can enter the values measured. In the future we anticipate more

Fig. 8 Option to change the application access password

Fig. 9 Method of data entry into the application
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benefits in the automatic control of data entered, in order to
prevent the entry of diametrically opposed data because of human
error.

� Displaying the results – if the user enters his or her values for
particular measurements and other participants in inter-labora-
tory comparison have done the same, the evaluation will be dis-
played. To protect the user data, each user views the results table
reshuffled. So even if 2 users agree that they will provide the
results table to each other, it will not be identical, the arrange-
ment of laboratories will be different.

� Trial testing - we created a group for testing the web application.
Each participant was assigned a unique code for the laboratory
test. The user logged into the application under her/his name
and password and entered the value measured, specifically for
Concrete – compressive strength. Unfortunately, some partic-
ipants were not familiar enough with the system and entered
incorrect values, and therefore it was necessary to send them

the information about re-entering the results into applications.
This delay meant that the outcome of inter-laboratory compar-
ison was not evaluated in the expected time frame. However,
we see the possibility of adjustments in the future.

� System Adjustments – during the simulation of the inter-labora-
tory comparison minor errors appeared and are currently being
remedied; this mainly concerns: 
� control of input data entry
� allowing the continuous monitoring of the results of com-

parison
� possibility to export the results to PDF, CSV or other.
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1. Introduction

A series of mathematical programming models of transporta-
tion problems were formulated and solved in the several last decades
to obtain solution of the transportation problems. In those models,
regular distribution of time intervals was taken as a quality crite-
rion of searched solutions, even if the original objective was to
minimize the total waiting time of passengers or cars in traffic
flows. This original criterion was replaced by the criterion of reg-
ularity to preserve linearity of the processed mathematical models.
This simplified approach was used because of that time state of
computation technique, which did not allow complying with non-
linear or large linear problems. Furthermore, the criterion of regu-
larity was often simplified to min-max or max-min objective function
and so, only the worst time interval of the solved problem was
improved by the associated optimization process.

This way, the obtained results were far from the optimal ones
in many cases, even if an exact method was used to solve the asso-
ciated linear programming problem. In this paper, we present two
transportation problems with the original and surrogate objective
functions and compare the results obtained by solving a simplified
model with the max-min criterion and a more precise and larger
model, which respects the quadratic criterion. This comparison
including the inevitable large problem solving is enabled by exploita-
tion of optimization environment called XPRESS-IVE. Abilities of
this tool are also studied in this paper in connection with the
necessity to solve much larger linear problems to comply with the
quadratic criteria. 

2. Max-min approach to the signal plan for light-
controlled crossing

Let us consider that a set I represents a set of traffic flows at
a crossing. Each traffic flow i � I is characterized by intensity fi ,
i.e. number of vehicles that enter the crossing per time unit, and
the saturated intensity fi

s of the flow, which is a maximum number
of vehicles that can leave the crossing per time unit. Let τi be the
standard for a minimum duration of green light for the flow i at
the crossing.

Let K � {F1, F2 , … Fr} be the set of r phases at the crossing.
A phase Fk is a set of non-collision flows that can have simulta-
neously green light at the crossing. We assume that the phases
follow in the order given by their indices and that the flow of green
light period for all phases falls into the interval �0, tmax �. Let mij

be the minimal interval between two successive collision flows
from different phases and let tmax be the time of crossing period
duration.

The natural objective is to design a signal plan so that the total
waiting time of all relevant participants is minimal. Let us realize
what the waiting time is for a flow i with the intensities fi and fi

s,
when duration of the red light is denoted as ti

r and duration of the
green light is denoted as ti

g.

Figure 1 depicts the dependence of a number of waiting vehi-
cles on the time during one period of a signal plan of a crossing.
The shadow area in the figure corresponds with the total waiting
time of all participants of the flow i entering the crossing during
the period tmax .
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The total waiting time of all participants of the flow i during
the period tmax is:

0.5 * (ti
r)2 * fi � 0.5 * (ti

r)2 * (fi)
2/(fi

s � fi) �
(1)

� 0.5 * (ti
r)2 * fi

s/(fi
s � fi) 

To build a model of the problem, we introduce the variable xi

as the starting time of the green signal of each traffic flow i during
one period and the variable yi as the ending time of the green
signal of traffic flow i during one period. Due to simplification, we
denote the value of expression (2) as ci .

0.5 * fi * fi
s/(fi

s � fi) . (2)

To model the duration ti
r of the red light, we introduce the

auxiliary variable ui , and then the model of the original problem
can be stated as follows:

Minimize (3)

Subject to tmax � yi � xi � ui for i � I (4)

Subject to for i � I (5)

Subject to yi � xi � τi for i � I (6)

Subject to xj � yi � mij for k � 1, …, r�1 i � Fk ,
j � Fk�1 (7)

Subject to xj � yi � mij � tmax for i � Fr , j � F1 (8)

Subject to xi � Z� for i � I (9)

Subject to yi � Z� for i � I (10)

Subject to ui � 0   for i � I (11)

The constraints (4) are link-up constraints connecting starting
and ending times of the green light period with the associated
length ui of the red light period.

The constraints (5) assure that time of the green signal for the
traffic flow i is at least as long as the crossing time for the passing
of all incoming vehicles. The constraints (6) assure that time of
the green signal for the traffic flow i is at least as long as the stan-

y x
f

f t
1

max

i i
i
s

i
$- +f p

*c ui
i I

i
2

!

^ h/

dard time (if the crossing time for the passing of all incoming vehi-
cles is negligible).

Constraints (7) and (8) assure that the gap between the ending
time and starting time of two collision traffic flows from two con-
secutive phases is greater or equal to the minimal interval between
these two flows. Constraints (8) assure this situation for the traffic
flows between the last and the first phase. 

Unfortunately, the model (3)–(11) is non-linear because of
the objective function (3). This constituted serious obstacle in the
period, when the first attempt at the problem solving was done.
That is why the non-linear problem was substituted by linear one.
The substitution was in the following way [1]. The objective func-
tion corresponding with the total waiting time during the period
tmax was abandoned and replaced by a demand that the minimal
relative reserve of the relevant traffic flows should be as high as
possible. The relative reserve of the flow i with time of the green
signal ti

g is defined by the ratio (12).

(12)

To model this rearranged problem, we introduce a variable u
as a lower bound on each relative reserve of all relevant flows.
Now, making use of the above-mentioned variables xi and yi , the
new problem can be described as follows.

Minimize u (13)

Subject to for i � I (14)

Subject to yi � xi � τi for i � I (15)

Subject to xj � yi � mij for k � 1, …, r�1 i � Fk ,
j � Fk�1 (16)

Subject to xj � yi � mij � tmax for i � Fr , j � F1 (17)

Subject to xi � Z� for i � I (18)

Subject to yi � Z� for i � I (19)

Subject to ui � 0 (20)

Assuming that u � 1, the constraints (14) assure that the time
of the green signal for the traffic flow i is at least as large as the
crossing time for the passing of all incoming vehicles. Relative
reserve of the traffic flow i must be greater or equal to the lower
bound u. The other constraints have the same meaning as con-
straints (6)–(8) respectively.

Comparing the two models, we have to admit that they are not
equivalent, which implies that the result of the second problem
solution need not optimize the original objective function. In the
computational study we point out these differences and demon-
strate their consequences.
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Fig. 1 The waiting time of the flow i during period tmax
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3. Max-min approach to the arrival time coordination 
in public transport

Let us consider that a set I represents a set of n vehicle arrivals
at an observed stop in a given period. Let ti denote the time of the
arrival i. This arrival time can be shifted from a time ai , which
denotes the earliest arrival time of the associated vehicle, to the
time ai � ci , which denotes the last arrival of the vehicle. The
period ci is a maximal shift from the earliest arrival time of the
vehicle. 

Let t0 be a fixed time of the first arrival and tn be a fixed time
of the last vehicle arrival. It is assumed that passengers come to
the observed stop with an average intensity f. The objective is to
move the times ti for i � 1, …, n�1 so that the total waiting time
of passengers is minimal.

Figure 2 depicts the dependence of waiting passengers on the
time during the period �t0, tn�. The shadow area in the figure cor-
responds with the total waiting time of all passengers visiting the
stop during the considered period.

It follows that the total waiting time of all considered passen-
gers during the period �t0, tn� is:

(21)

To simplify the following model, we introduce an auxiliary
variable ui as the maximal waiting time between the arrivals ti�1

and ti for i � 1, …, n. We also introduce a variable xi , for i � 1, …,
n�1, which corresponds with a shift of the arrival time ti versus
time ai . Then the model of this original problem can be stated as
follows:

Minimize (22)

Subject to x1 � a1 � t0 � u1 (23)

Subject to xi � ai � xi�1 � ai�1 � u1

for i � 2, …, n�1 (24)

Subject to tn � xn�1 � an�1 � un (25)

Subject to xi 	 ci for  i � 1, …, n�1 (26)
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Subject to xi � 0 for  i � 1, …, n�1 (27)

Subject to ui � 0 for  i � 1, …, n (28)

Similarly as in the previous case of waiting time at the crossing
also in this case [1] there was no smart tool at disposal to solve
the quadratic problem (23)–(28). That was why the approach of
maximization of the shortest period between consecutive arrivals
was used. The variables xi , for i � 1, …, n�1 were introduced as
above and the variable y was used as the lower bound of periods
between pairs of consecutive arrivals. Then, the following linear
model was obtained:

Minimize y (29)

Subject to x1 � a1 � t0 � y (30)

Subject to xi � ai � xi�1 � ai�1 � y
for i � 2, …, n�1 (31)

Subject to tn � xn�1 � an�1 � y (32)

Subject to xi 	 ci for  i � 1, …, n�1 (33)

Subject to xi � 0 for  i � 1, …, n�1 (34)

Subject to y � 0 (35)

Constraints (30), (31) and (32) assure that any time gap
between arrival times of two consecutive arrivals must be greater
or equal to the lower bound y. Constraints (33) assure that the time
shift of the arrival time i is not greater than the maximal value of
the shift for the arrival time.

4. Linearization of quadratic criteria

As mentioned before, the more precise original models with the
waiting times expressions included into their objective functions
had to be abandoned due to non-linearity even when the way of
linearization had been known [2], [3]. The reason was that the lin-
earized model after rearrangement becomes too large to be solved
by the past tools.

In this paper we focus on answering the question whether the
new techniques implemented in today’s optimization tools are able
to overcome the former obstacles. Further we will show the way
of linearization, which can be used to replace objective functions
(3) and (22) by linear expressions almost without loss of accu-
racy.

We have to realize several next properties of the processed
non-linear models. First, both considered objective functions are
separable. It means that each non-linearity included in summation
depends only on one variable, whose value is bounded from lower
and upper sides by the values 0 and ui

max respectively. Second, the

Fig. 2 The waiting time of passengers during period �t0 , tn�
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objective functions are convex and their minimal value is searched
for. Third, the time values in the transportation problems are given
in some integer units, e.g. seconds or minutes. It means that one
unit is a maximal accuracy, which is necessary to take into account.
It follows that the quadratic function (ui)

2 can be replaced by
a piecewise linear function without loss of accuracy as shown in
Figure 3. 

To replace the non-linear item (ui)
2 by a piecewise linear func-

tion in the range �0, ui
max�, where ui

max is integer, we introduce
a set of auxiliary variables zij , where 0 	 zij 	 1 for j � 1, …, ui

max.
Then, the relation between variables ui and zij can be expressed by
equation (36).

(36)

The non-linear item (ui)
2 can be replaced by the right-hand-

side of equation (37).

(37)

In a common case when this way of linearization is used it is
necessary to assume that zij�1 � 0 follows from zij 
 1. Never-
theless, the assumption of convexity of the minimized objective
function approves this implication.

Now, models (2)–(11) and (22)–(28) can be linearized by
introducing a series of variables zij � 0, j � 1, … ui

max for each
non-linearity (ui)

2. The quadratic items in the objective function
must be replaced by a linear expression according to equation (37)
and link-up constraint (36) must be added to the model for each ui .
Furthermore, each model must be enlarged by constraints (38).

zij 	 1 for  i � I, j � 1, …, ui
max (38)

This way, the models become linear and linear-programming
solvers programmers can solve the associated problems. Never-
theless, we have to note that the number of auxiliary variables zij

can be a considerably large number in some cases. The number is
equal to the value of expression (39).

*u j z2 1i
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(39)

5. Case study by XPRESS-IVE

To perform the computation of the original problems with the
waiting time and also the derived max-min problems, we used the
general optimization software environment XPRESS-IVE for our
study [4], [5]. This software system includes the branch-and-cut
method and also enables solution of large linear programming prob-
lems. The software is equipped with the programming language
Mosel, which can be used for both the input of a model and writing
of input and output procedures. The experiments were performed
on a personal computer equipped with Intel Core 2 Duo E6850
with parameters 3 GHz and 3.5 GB RAM.

To verify the method we formulated an instance for each
problem. The instance of a signal-plan determination for a light-
controlled crossing problem consists of 8 traffic flows which are
divided into two phases. The first phase consists of flows 1, 2, 5
and 6, and the second phase consists of flows 3, 4, 7 and 8. The
situation with traffic flows is described in Fig. 4. The values of

u max
i

i

n

1=

/

Fig. 3 The quadratic function and its approximation by a piecewise
linear function fPL(ui)

Fig. 4 Signal plan example

Signal plan example – fi , fi
s, τi Table 1

i fi fi
s τi [s] F1 F2

1 0.1 0.3 10 1

2 0.2 0.5 10 1

3 0.15 0.4 10 1

4 0.2 0.6 10 1

5 0.1 0.3 10 1

6 0.15 0.35 10 1

7 0.25 0.6 10 1

8 0.15 0.4 10 1
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flow intensities fi , saturated flow intensities fi
s, standard minimum

duration τi of the green light for the flow i and assignment of flows
to phases are reported in Table 1. Table 2 contains the values of
the minimal time period mij between two successive collision flows
from different phases. The value of time of the crossing period
tmax was set to 150 seconds.

Results obtained by software environment XPRESS-IVE are
presented in Table 3. The column “Max-min” contains resulting
lengths of the green signal for flow i obtained by max-min approach
(13)–(20) and the column “Quadratic” contains the lengths of the
green signal for flow i obtained by the linearization of quadratic
criteria (2)–(11),(37),(38). “Waiting time” denotes the value of
the total waiting time in vehicle-seconds, “Row” denotes the number
of structural constraints of the model and “Columns” denotes the
number of used variables. The computational time in both cases 

The instance of the arrival time coordination problem con-
sists of 8 vehicle arrivals which can be shifted. The description of
the instance and the associated solution are given in Fig. 5 and
Table 4. The column ai denotes the earliest possible arrival time
of an associated vehicle, ci denotes the maximal shift of arrival of

the vehicle. We used the value of 10 for the intensity f of the pas-
sengers coming to the stop.

The column “Max-min” contains resulting lengths of intervals
between two successive arrivals obtained by the max-min approach
(29)–(35). The column denoted as “Quadratic” contains the lengths
obtained by the second method. “Waiting time” denotes the value
of the total waiting time in person-seconds, “Rows” denotes the
number of structural constraints of the model and “Columns”
denotes the number of used variables. The computational time in
both cases was also less than 1 second.

6. Conclusions

We renewed a solving approach to the public transport prob-
lems which originally included the waiting time in their objectives;
nevertheless they had been solved by much simpler max-min
method. Our contribution to the problem solving consists in
complying with the original non-linear objective function which
expresses the time lost by waiting passengers. To solve the prob-
lems with the original objective function, we applied a piecewise
linear approximation of the quadratic items and made use of
special properties of optimization environment XPRESS-IVE to
solve the resulting large linear problems. We implemented both
former and latter method to be able to compare the resulting

Signal plan example – mij Table 2

mij 1 2 3 4 5 6 7 8

1 – – 8 8 – – 8 –

2 – – – – – – 10 –

3 8 – – – 8 8 – –

4 10 – – – – – – –

5 – – 8 – – – 8 8

6 – – 10 – – – – –

7 8 8 – – 8 – – –

8 – – – – 10 – – –

Solutions for signal plan example obtained by Table 3
max-min approach and linearized quadratic criteria

i
Max-min Quadratic

yi � xi yi � xi

1 60 51

2 65 61

3 61 63

4 55 81

5 65 51

6 70 66

7 68 74

8 62 81

Rows 48 56

Columns 17 1216

Waiting Time 698 [vs] 573 [vs]

Fig. 5 Instance of the arrival time coordination problem

Solutions obtained using max-min approach Table 4
and linearized quadratic criteria

i ai ci

Max-min Quadratic

ti � ti�1 ti � ti�1

0 0 0 – –

1 10 4 10 10

2 15 1 6 6

3 22 8 6 10

4 28 8 6 10

5 34 20 6 12

6 40 30 6 12

7 46 30 6 12

8 84 6 38 12

9 90 0 6 6

Rows 17 25

Columns 9 359

Waiting Time 16760 [ps] 9480 [ps]
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optimal solutions, the sizes of processed models and the compu-
tational times necessary for obtaining optimal solutions. We found
that even if piecewise linear models are much larger than the pre-
viously used max-min models, the computational times increased
negligibly. With regard to the quality of optimal solutions, the com-
parison shows that the solutions obtained by the renewed approach
are much better than those obtained by the former max-min
approach.
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1. Introduction

The emergence of various technologies allowing the real-time
collection, processing and transfer of data between stationary traffic
devices, moving vehicles and data centers provides many new pos-
sibilities for Intelligent Transportation Systems (ITS). Vehicular
networks (VANETs), as a subset of Mobile Ad-Hoc Networks
(MANETs) are gaining importance because they allow local data
exchange and limited internetwork access for vehicles moving
together in a traffic flow. The vehicles which are outside the range
of a stationary communication gateway can be still connected
through nearby vehicles.

These networks have however very specific characteristics
mainly due to the fact that the mobile elements (vehicles) are
moving at high speeds, which has considerable impact on the per-
formance of functions like connection initiation, addressing, routing,
etc. On the other hand, mobile nodes could provide similar com-
munication services as stationary nodes. The basic problem is to
decide when a mobile node could be included in a communication
model as a stationary node and when as regular mobile node –
a client. Considering a distributed data delivery system or distrib-
uted databases system, we need to create a replication model in
which mobile nodes could be included in a replication schema.

2. Problem definition

Distributed database systems and distributed database man-
agement systems have been developed in response to trend of dis-
tributed computation. In distributed models of computations several
sites are connected via a communications network. However, the
need for mobile access to large databases leads to problems with
mobile computer connectivity. Mobile computers often suffer from

limited connectivity or complete lack of network access. Existing
replicated databases are not well suited for mobile scenarios as
well as algorithms used for data replication, in spite of the fact
that it is the most desirable environment.

A basic problem comes with the assumption that the single
network can not satisfy communication needs. This is typical for
mobile communication networks used for personal communication
as well as wide area communication networks. For our architec-
ture we can consider a virtual wide area network characterized by
common communication network parameters such as bandwidth,
latency and others. Nevertheless, communication parameters must
be continuously re-evaluated since the geospatial network is much
more sensitive to communication parameters changes than com-
monly used local area networks.

Another principal problem is typical for mobile networks. The
communication network consists of static and mobile nodes. Hence
we need to take into consideration two kinds of characteristics for
nodes and communication network (vertices and edges in graph
representation). In principle, static and mobile nodes need each
different management by the architecture itself. 

Since a virtual network allows us to serve fundamental needs
for huge information based services such as analytical information
distribution, we will use the static model for basic data distribution
across a network. The replication itself provides mechanism for
data distribution to that part of network where the information
portion is consumed. Hence, data replication benefits follow our
needs for analytical data distribution.

In general, wireless communication networks keep track of
a mobile client’s location through a profile. This profile contains
not only client’s current position (or location) but also another
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information used for billing and authentication [1]. We recommend
using profiles for application and services implemented in ITS.
Since the connectivity, bandwidth, data storage and processing
capacity of the individual elements in ITS’s virtual architecture
varies in time, the system must also handle the load balancing and
prioritization of the distributed information [2]. 

For the fragment allocation problem the assumption comes
with WAN described as a network. The network consists of sites
S � {S1, S2 , …, Sm}, on which a set of transactions T � {T1, T2 ,
…, Tq} is running and a set of fragments F � {F1, F2 , …, Fn} into
which global data can be distributed [3]. This is the generalized
problem and it could be adopted for more specific purposes focus-
ing the optimal data distribution.

The principal problem of distribution follows two definitions
of optimality: minimal cost and maximal performance. The cost
function consists of the cost of storing each Fj on site Sk . Existing
models and implementations are mostly based on a read/write
pattern for the first definition of optimality or response time/
throughput at each site for the second one. Both optimizations
can be performed either statically or dynamically. 

Static optimization solves the problem of partitioning all global
relations during the fragmentation phase of distributed database
design [4]. Adaptive optimization tries to make suboptimal solu-
tion by using some kind of heuristic algorithm taking in consider-
ation runtime behavioral statistics of a distributed database [5]
[6]. Alternative methods are discussed e.g. in [7].

3. Model for client-based ITS services

Considering advanced services provided by ITS, we need to
take into account significant data portions transported by a com-
munication network. Since for low data consuming services common
GSM networks can be used, this kind of network is inappropriate
for large data transmissions. Of course, advanced communication
protocols could be used e.g. HSDPA, but the question of low cost
independent solution is still relevant.

A basic model for adaptive data replication including mobile
nodes connected via IEEE 802.11 standards was introduced in [8]
[9]. By the static fragment allocation the fragments are located at
the sites from which they are most frequently accessed. Since the
distributed database system is rather dynamic, the main problem
with previous, static allocation of fragments comes with changing
workload. This occurs when the access frequencies to various por-
tions of database from a particular site vary with time. Even very
simple methods for dynamic data allocations are able to improve
the system throughput by 30 percent. Experimental evaluation of
dynamic data allocation strategies can be found in [10]. To deter-
mine when a re-allocation is needed, algorithms proposed in [10]
maintain weighted counters of the number of access from each
site to each block. For effective estimation the aging factor is used
to update counters. The main problem can be divided into the two
problems: how to detect changes in workload and how to dynam-

ically re-allocate fragments of database result in improved through-
put. 

Considering mobile nodes, the communication network charac-
teristics must be evaluated carefully since they form a transmission
cost matrix. Basic characteristics for static nodes, such a through-
put and latency (or round-trip time), can be estimated reliably by
tools such a tstat or pathchar. For wireless clients is estimation
more difficult. Technology for wireless communication based on
the IEEE 802.11 standards provides connection with variable
transmission characteristics. Rather than throughput and latency
a signal-to-noise ratio (SNR) is a characteristic that has to be involved
in a replication model. SNR affects both characteristics through-
put and latency in a significant way as shown in [11]. SNR directly
impacts the performance of a wireless connection. A higher SNR
value (in dB) means that the signal strength is stronger in relation
to the noise levels, which allows higher data rates and fewer
retransmissions.

The linear mathematical model for throughput prediction
based on previous observations can be defined as [11]: 

T � Tmax SNR � SNRC (1)

T � A � (SNR � T0)      SNR 	 SNRC (2)

Where Tmax is a saturation throughput, A defines slope, T0 is
a breaking point where Tmax is changing to curve described by A,
SNR0 is a cutoff SNR specified by a hardware vendor and SNRC

defines a critical threshold. A respective exponential model is also
described in [11], for the proposed solution linear algorithm is
sufficient enough to describe communication network character-
istics. Now we can define a set SNRC of m elements, where each
value snrci represents the critical threshold for site i as SNRC �
� {snrc1, snrc2, …, snrcm}. When the site i is a static node, the critical
threshold is zero. Finally, we need to implement a function which
returns the current SNR value for mobile nodes. Such a function is
necessary to implement on each site from the replication schema
since it depends on a particular configuration. 

4. Adaptive algorithm

Based on previous observations, we defined the adaptive repli-
cation algorithm [8] which manages mobile node access into the
replication schema. For ITS architecture the main modification is
based on an assumption that mobile nodes are using analytical
data only for reading. Since we can spread the replication schema
by this algorithm, it is increasing availability of large data set to be
replicated on mobile nodes. By experimental evaluation we simu-
lated transfer of fragments inside the replication schema by using
the algorithm without and with mobility management. 

The modified algorithm for analytical data distribution in ITS
architecture has in comparison with the algorithm proposed in [8]
only one phase. The expansion test is used for spreading data over
mobile nodes. The second test, test of contraction, is not used
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since we are managing to write operations only on static nodes.
The replication schema in this architecture is not necessarily asso-
ciated with the database but the data distribution itself. 

Test of expansion:
Step 1: The control process examines read counters for each frag-

ment containing analytical data.
Step 2: The site with the highest counter value is marked as a can-

didate for fragment re-allocation.
Step 3: If the candidate is the site on which the fragment is cur-

rently located, go to step 6.
Step 4: For the mobile nodes get SNR and SNRc values. For static

nodes return SNR � 100 and SNRc � 0.
Step 5: If SNR � SNRc then copy the fragment from the original

site to the candidate site. Otherwise choose the site with
the highest counter value from the set of unmarked sites
and mark it as a candidate for fragment re-allocation –
then go to step 3.

Step 6: Wait for a specified number of transactions to be com-
pleted and then go to step 1.

The experimental results show that for regular connection when
a mobile is not sufferings from a limited access the number of
transactions per second (TPS) stays on the same level. TPS is one
of the most common benchmark criteria, thus we present the repli-
cation performance in this value. For mobile nodes with variable

SNR the situation is much more interesting. The adaptive algo-
rithm shows a significantly better TPS number and this gain from
implementation can be used for a better mobility management. By
SNR checking we can easily improve the overall performance and
select mobile nodes for analytical (and thus large) data transmis-
sion. 

The overall replication cost is reduced mostly for an unstable
communication network as shown in Figure 1. Local maximum is
presented about the critical SNR (SNRC). It means that at this point
even our algorithm is not able to improve the performance signifi-
cantly due to the variability of communication network characteris-
tics. For bad network parameters, on the other hand, the introduced
algorithm is significantly better than a non-managed replication.
The observed results show about 60 percent better overall response
time. This is given by the fact that the proposed algorithm avoids
the replica transmission to the node with communication prob-
lems. Hence the unwilling transmission is not causing problem of
Nash equilibrium in the communication network [12]. 

5. Conclusion and future work

Performance in distributed database systems is heavily depen-
dent on allocation of data among the sites of a replication schema.
The static allocation provides only a limited response to workload
changes. The situation is even worse when mobile nodes are included
in the replication schema. We presented the algorithm for dynamic
re-allocation of data with mobile computers included in the replica-
tion schema. The proposed algorithm offers a significantly increased
performance for nomadic nodes with a limited connection. Our
experiments make a practical case for future development of algo-
rithms for changing environment such as intelligent transporta-
tion systems, location aware application and information systems
for mobile users.
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1. Introduction

Performing winter road maintenance (WRM) is an important
activity, necessary to keep the traffic on our roads in winter period
safe and smooth. The appropriate authorities at all levels sup-
posed to make sure roads are passable are the nation-wide author-
ities that administer the roads of the categories II and III, and the
municipal authorities that are in charge of the roads and walkways
in municipalities. Yearly, they all spend not a little money on the
job. The finance they have to spend is not unlimited, of course,
and the companies carrying out WRM often face the problem of
having winter road maintenance machinery that is not functioning
properly. This sometimes means the companies are not able to
react to calamities sufficiently enough, which might result in dan-
gerous traffic situations.

When WRM is well planned and organized, it is possible to
achieve remarkable cost and energy savings, and at the same time
to keep or even improve the operation level and quality of WRM. 

2. Problem formulation 

Let us have a road network consisting of individual road seg-
ments. The road network is divided into several regions. In the
network there are fixed maintenance centres. Each of them has
a given number of available winter maintenance vehicles (gritting
vehicles, ploughs), as well as a given number of sufficiently dimen-
sioned gritting material depots.

The WRM operation plan may be formally defined as follows:
after a calamity emergency has been announced, the road network

needs to become passable within a given time limit. The road cat-
egories determine the maintenance priority. Vehicle routings need
to be planned and synchronized, so that the given time limit can
be kept. The individual routings are represented by a sequenced
list of road segments. The starting and finishing points of the list
are identical – the maintenance centre. The routings do not need
to be planned to be mutually excluding, which means some of the
road segments can be part of several routings. Thus the routings
of individual vehicles consist of two types of road segments: those
the vehicle does WRM on, and those the vehicle just uses for
transit.

The goal of the solution is to propose the minimal number of
WRM vehicles necessary to keep the operation plan time limit. The
proposal does not deal with changing the locations of the winter
maintenance centres and gritting material depots, or with chang-
ing the road segments allocation to the individual regions.

3. Proposed solution 

We are going to describe the road network of one region as
a connected oriented graph G � (V, E), where G � {v1, v2, …, vn}
is a vertex set and E � {(vi , vj) : vi , vj � V, i  j} is an edge set.
With every edge (vi , vj) is associated a non-zero length ci, j . Let sci, j

be the length of the shortest path connecting the vertex vi with the
vertex vi in the graph G. Let D � V be a set of the centres, each of
them with a given number of vehicles.

The analysis of the problem has determined the type of the task
to be solved: it is a modification of CPP (Chinese postman problem).
The modification is a result of the gritting vehicles capacity limi-
tation, which leads to CCPP (Capacitated Chinese postman problem,
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as well as of the fact that not all of the edges require to be attended,
which leads to RPP (Rural postman problem) [2].

The modifications named above make the task NP-difficult.
That is why it was suggested to use a heuristic approach to solve
the task. The approach is based on the primary Clark-Wright heuris-
tic method [1] modified to attend the edges in the oriented graph.
The method is further modified in dependence on the number of
additional and limiting conditions [3].

The routings of individual gritting vehicles are calculated inde-
pendently for each of the regions. We might describe the solution
method in a simplified way as follows:
1. Selecting a random not gritted edge (vi , vj) with the highest

priority; we will call it the primary edge.
2. Allocating the primary edge (vi , vj) to the nearest centre vd � D

with a gritting vehicle available.
3. Transferring the gritting vehicle from the centre vd � D to the

primary edge (vi , vj) using the shortest path.
4. Gritting the primary edge and transferring to the centre, using

the shortest path. The primary routing {vd , …, vi , vj , …, vd} has
originated.

5. Selecting a not gritted edge (vk , vi) with the highest priority,
the one closest to the primary edge.

6. Gritting the edge (vk , vi) and inserting it into the routing {vd ,
…, vi , vj , …, vk , vi , …, vd}.

7. If the routing takes less time than the time limit is, returning
to the point 5. Otherwise as follows:

8. Closing the routing.
9. If there is a not gritted edge remaining, returning to the point

1. Otherwise as follows:
10. Saving the solution and returning to the point 1. Repeating

the steps n-times.
11. Selecting the best solution which is the one than requires the

lowest number of vehicles within the region, and the sum of the
routing times of all vehicles is minimal. 

12. The end of calculation within one region.

4. Processing the documentation and creating 
the input data 

An important, and often also a much time consuming part of
solving the task was to prepare the input data of good quality for

the calculations [3]. We used the road network of Zilina self-gov-
erning region divided into five regions as the source of the input
data for the solution. When transforming the road network into the
graph, we identified the road segments from the map documenta-
tion as the graph edges, and they were allocated with the starting
and ending nodes. The total number of the road segments is 727,
each of them is a two-way, which means the number of the edges
in the graphs equals 1454. Table 4.1 shows the number of edges
for the individual regions. 

Except the length there are more data defined for each of the
edges:
� Routing – it is supposed to differentiate the roads of various

width arrangements and ways of maintenance. It distinguishes
two and more lane two-way roads with only one lane to be
gritted in each direction, one-way roads with one lane to be
gritted, four and more lane two-way roads where two vehicles
move simultaneously in each of the directions during the main-
tenance, two and more lane one-way roads where two vehicles
move simultaneously in one direction.

� Priority – a numerical entry which distinguishes the importance
of the individual road segments transportation-wise; it depends
on the category which the road the segment is a part of falls
into.

� Demandingness – it takes into consideration the consumption
of gritting material according to the type and complexity of
a road segment. From the viewpoint of their demandingness  seg-
ments are divided into critical (very dangerous), to be gritted
with the dosage of 300g/m² of mixed gritting material, dangerous
with the dosage of 150g/m², others with the dosage of 80g/m²,
and not maintained segments.

Number of edges in the individual regions Table 4.1 

Region
Number of

edges
Number of

centres
Number of vehi-

cles

Horne Povazie 326 5 21

Liptov 344 4 21

Turiec 310 2 15

Orava 270 3 25

Kysuce 204 4 14

Entries characterizing the edges Table 4.2 

Road 
number

Start.
node

End.
node

Length Routing Priority
Dem.
ness

Gritting
speed

Transit
speed

Name of the edge

II / 520 4-10 4-31 7000 1 2 3 40 50 KRASNO NAD K – KLUBINA

II / 520 4-31 4-32 3800 1 2 3 40 50 KLUBINA – RADOSTKA, connection

II / 520 4-32 4-33 5130 1 2 3 40 50 RADOSTKA, connection - NOV BYSTRICA

II / 520 4-77 5-118 6500 1 3 5 25 25 water reservoir BYSTRICA – ORAV LESNA, west

III / 520003 4-32 4-53 2738 1 1 0 40 50 RADOSTKA, connection – ST BYSTRICA

III / 520001 4-32 4-87 3600 1 1 0 40 50 RADOSTKA, connection - RADOSTKA 1

III / 520001 4-87 1-130 396 1 2 1 30 30 RADOSTKA 1 – RADOSTKA
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� Gritting speed of the vehicle – it takes into consideration how
much the demandingness of a segment enables the vehicle to
move. For critical segments, the speed was to 25 kms/hr, for
dangerous segments it is 30kms/hr, and for other segments it is
40 kms/hr.

� Transit speed of the vehicle – it takes into consideration how
much the demandingness of a segment enables the vehicle to
move. The speed values for critical and dangerous segments are
identical with the gritting speeds, the transit speed for flat seg-
ments is set to 50kms/hr.

� Number of the road – it helps identify a given segment. 
� Name – identification entry (text description of an edge) which

makes it possible to identify the exact position of a segment on
a road map.

Vertex of the graph represent the vehicle centres, and they are
allocated with the existing numbers of vehicles. Table 4.3 is an
example for the region of Kysuce.

5. Assessing the current situation and proposing the
required number of vehicles 

We did calculations for the input entries above, and processed
several of their outputs into tables. They provide an overview of
numbers of gritting vehicles in the regions (Table 5.1) and in the

Numbers of vehicles in the region of Kysuce Table 4.3

Centre Number of gritting vehicles

Kysucke Nove Mesto 5

Makov 5

Stara Bystrica 2

Podvysoká 2

Proposed number of vehicles for the individual regions Table 5.1

Region Current situation Proposal Surplus Shortage

Horne Povazie 21 21 - -

Liptov 21 26 - 5

Turiec 15 15 - -

Orava 25 23 2 -

Kysuce 14 16 - 2

Proposed number of vehicles for the centres Table 5.2 
of the region of Kysuce

Region
Current sit-

uation
Proposal Surplus Shortage

Kysucke N. Mesto 5 8 – 3

Makov 5 6 – 1

Stara Bystrica 2 2 – –

Podvysoka 2 0 2 –

SPOLU 14 16 2 4

Gritting vehicle routing Table 5.3 

Centre: Stara Bystrica, routing 1. Time of routing: 118.69 minutes, length of routing: 68.01 kms

Seq.
number

Road 
number

Starting 
vertex

Ending 
vertex

Action Name of edge

1. III / 520003 4–53 4–32 gritting ST BYSTRICA – RADOSTKA, connection

2. II / 520 4–32 4–33 gritting RADOSTKA, connection – NOV BYSTRICA

3. II / 520 4–33 4–34 gritting NOV BYSTRICA – VYCHYLOVKA, connection

4. II / 520 4–34 4–35 gritting VYCHYLOVKA, connection – NOV BYSTRICA, east

5. II / 520 4–35 4–77 gritting NOV BYSTRICA, east – water reservoir BYSTRICA

6. II / 520 4–77 5–118 gritting nadrz BYSTRICA – ORAV LESNÁ, west

7. II / 520 5–118 4–77 gritting ORAV LESNA, west – water reservoir BYSTRICA

8. II / 520 4–77 4–35 gritting water reservoir BYSTRICA – NOV BYSTRICA, east

9. II / 520 4–35 4–34 gritting NOV BYSTRICA, east – VYCHYLOVKA, connection

10. II / 520 4–34 4–33 gritting VYCHYLOVKA, connection – NOV BYSTRICA

11. II / 520 4–33 4–32 gritting NOV BYSTRICA – RADOSTKA, connection

12. III / 520003 4–32 4–53 gritting RADOSTKA, connection – ST BYSTRICA

13. loading

14. III / 520003 4–53 4–32 transit ST BYSTRICA – RADOSTKA, connection

15. II / 520 4–32 4–31 gritting RADOSTKA, connection – KLUBINA

16. II / 520 4–31 4–10 gritting KLUBINA – KRASNO NAD K

17. II / 520 4–10 4–31 gritting KRASNO NAD K – KLUBINA

18. II / 520 4–31 4–32 gritting KLUBINA – RADOSTKA, connection

19. III / 520003 4–32 4–53 transit RADOSTKA, connection – ST BYSTRICA
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individual centres (Table 5.2) that are necessary to keep the given
120-minute time period for WRM.

Apart from proposing the number of vehicles, we designed
a routing for each vehicle, defined by the sequence of the edges
and with the information whether the given edge is supposed to
be gritted or just transited without gritting. There is an example in
Table 5.3 with a routing proposed for one of the vehicles of the
centre Stara Bystrica in the region of Kysuce.

6. Conclusion 

The proposed solution suggests such numbers of vehicles that
are able to carry out WRM in the required quality. We suggested
routings for WRM vehicles for the time limits set for carrying out
WRM.

To a great extent, the results are influenced by the values of
the input data – gritting material consumption, WRM vehicles speed

when gritting the road segments and when transiting the road seg-
ments that do not require to be gritted. Last but not least the results
are also influenced by the division of the road segments into crit-
ical (very dangerous), dangerous and others. Specifying them will
increase the reliability of the calculations.

Also the number of simplifications of the suggested solution
has an impact on the accuracy of the results. Moreover, it is pos-
sible to improve the proposed heuristic, too, and more research is
being done into the possibility to combine proposed routings within
one centre, re-calculate them and look for potential improvements.
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Introduction

Vehicular Ad-hoc Network (VANET) is a form of Mobile Ad-
hoc Network (MANET) which interconnects vehicles among them-
selves and vehicles with nearby roadside equipment. The main goal
of VANET is to provide safety and comfort for passengers. Typically,
vehicles are moving rapidly in large geographic areas. Equipped with
wireless network devices they would have direct network access
only to several other nodes in close distance. Furthermore con-
nection to some of them would be lost in a short time but others
would become available.

In such an environment plenty of new data are produced every
moment however they are to be obsolete by even newer data soon.
In certain applications these data could become useful if they were
accessible and aggregated in a proper moment. This leads to the
idea of Distributed Database System (DDBS) in VANET.

A database of parking places integrated into vehicles can serve
as an example of such a system. Each vehicle acts like one site in
a distributed database system. After the vehicle is completed and
leaves the car factory, its built-in database is empty. After the
system becomes activated, the vehicle starts to query the distributed
database for information about parking places in surroundings
periodically. When the vehicle receives some data, it saves them
into its own built-in database. The sites providing these data could
be either other vehicles or parking places.

Based on a similar principle, the vehicle’s navigation system
could query for data about traffic situation. This way it would be
able to provide up-to-date information about traffic jams or acci-
dents to the driver.

In this article a new architecture of DDBS is introduced
because, as shown below, classic architecture of DDBS is not suited
for dynamic environment of VANETs.

1. Classic architecture of DDBS

To demonstrate the problems of implementing the classic
DDBS architecture in a dynamic networks environment, some of
the DDBS architecture basics are presented below. They are not
supposed to provide an exhausting description of the architecture,
but to focus on the parts causing problems with the queries in
dynamic networks.

Fig. 1 shows the DDBS architecture from the viewpoint of
data organization. It is a simple multi-layer model with four layers.
Each one of the layers represents a certain view of the data them-
selves.

1. LIS (Local Internal Scheme) is a physical representation of the
data stored in one site. It is an analogy of the internal scheme
from centralized databases.

2. LCS (Local Conceptual Scheme) describes the logical organi-
zation of data in one site. It is used to handle the data fragmen-
tation and replication.

3. GCS (Global Conceptual Scheme) represents the logical organi-
zation of data in the whole distributed database system. This
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layer is an abstraction of the fact that the database system is
distributed.

4. ES (External Scheme) represents the user view into the distrib-
uted database. Each external scheme defines which parts of
the database the user is interested in.

The fact that the user uses only the global conceptual scheme,
and they do so by means of the views defined in the external scheme,
assures that the user can manipulate with the data regardless of
their position in the distributed database system. Therefore it is
necessary to have a mapping from every local conceptual scheme to
the global conceptual scheme. This mapping, named GD/D (Global
Directory/Dictionary), is defined as a part of the distributed database
system. Its main role is to provide access to mapping between
local conceptual schemes and the global conceptual scheme. Thus
it has to be accessible from each of the sites sending queries into
the system.

There are several possibilities of storing GD/D, however all of
them require that the system knows all of its parts all the time.
Whether the GD/D is stored in one place or distributed through-
out the system it has to be accessible as a whole.

This is not possible in a dynamic network. Either in an Ad-Hoc
network, or even in a dynamically changing managed network,
there is no way to ensure communication between all the sites in
the system. Under these circumstances the GD/D cannot be used
to locate data in a distributed system.

2. Existing solutions

Till now most of the real applications solve this problem by
avoiding dynamic networks as a transport channel. They tend to
choose reliable network types such as GPRS [3]. However, for
a certain type of applications dynamic networks seem to become
a suitable alternative. At the present time there are several attempts
to create an architecture that would operate in MANET environ-
ment [1] [5]. All of them are based on the same principle. There
are three types of nodes in the system:
1. RN – Request Node – A node that is able to query a database.
2. DBN – Database Node – A node that stores data and that is

able to process user’s queries.
3. DD – Data Directory Node – A node that holds GD/D. Its

responsibility is to create a query plan and to control the exe-
cution of the plan.

A request node sends a query to a data directory node which
creates a query plan and subsequently delegates an execution of
its parts to proper database nodes.

Yet from the used terminology it is obvious that the design
emphasizes the network communication. The biggest problem for
deployment of distributed databases in the dynamic network envi-
ronment is the necessity of the knowledge of all the sites in the
system. This problem persists in this solution as well because the
GD/D is still used.

3. Proposed solution

The only way to make sure it is possible to use the distributed
database system in the dynamic networks environment is to remove
the GD/D from the system and replace it with a different princi-
ple. As it has been already said, the GD/D describes the mapping
between the local and global conceptual schemes. Without the
mapping, the system does not know where the data are located and
how to query them.

Using the GD/D in the dynamic networks environment is
impossible because it requires knowledge of the whole system
(global directory). In a dynamic network every site knows its imme-
diate surroundings only. So querying a distributed database is fairly
limited in such environment. The only sites which can be addressed
with queries, except the one requesting information, are those in
the immediate surroundings in the network. Thus the system nat-
urally creates virtual clusters of sites that can communicate with
each other. The clusters overlap, so every site of the cluster can
communicate with a different set of sites.

This implies a possibility to move the directory from the global
level to the cluster level. This principle may be called Cluster Direc-
tory/Dictionary (CD/D). In this way the directory contains only the
mapping of the global conceptual schemes of the sites accessible to
the local conceptual schemes exclusively. However, there might be
problems in this system due to clusters overlapping. Therefore,
the local conceptual scheme of each site has to be mapped onto
the global conceptual scheme in several CD/D.

The cluster has no central site as it is strictly peer-to-peer
system; however CD/D has to be stored somehow. The only pos-
sible way is to store parts of CD/D locally only. One site has
mapping from the global conceptual scheme onto its own local
conceptual scheme. The CD/D then consists of all of the local
mappings in the cluster.

Executing local queries in such a system is very simple because
all of the accessible data and all of the mappings are available,
thus not needing to communicate with other sites in the cluster.
But since queries are normally done globally all over the whole
accessible part of the database [8], the communication between
the sites in the cluster is necessary.

Generally there are two possibilities of communication in
a database cluster:
� communication with registration into the cluster,
� direct communication of the sites.

The first possibility requires registration of the site within the
cluster. By registering each site into the cluster the system promotes
the virtual clusters into associated groups of sites. The sites are
aware of each other; therefore, they can create and store a complete
copy of the CD/D locally. Because of the clusters overlapping, each
site can have more than one CD/D stored. This may simplify the
process of queries because every site knows where the data are
located.
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On the other hand, it is impossible to register every new site
into the cluster when it comes to such a rapidly changing environ-
ment as VANET certainly is. Either if sites were searching for the
nearby clusters or clusters were sending notifications about its
presence to the surroundings, these notifications would have to
occur so often that the network would be overloaded.

On the contrary, the direct communication does not require
any form of registration. Instead, the sites communicate directly
with each other. Therefore, the communication solely occurs when
it is needed, and the network can be overloaded only by sending
too many queries during a short period of time.

However, no site knows the whole CD/D, so the query exe-
cution cannot be entrusted to a particular site. Instead of that
a query has to be sent to the entire cluster and each site needs to
detect whether it can process it or not. The response to the queries
can be sent directly to the query site. Since communicating with
the whole cluster is required, the query has to be sent as broadcast
or multicast messages.

4. Querying database in dynamic network

The new form of the site-to-site communication requires a new
architecture of the distributed database system. In spite of that,
there are some similarities with the traditional architecture.

There are two defining architectural principles of the tradi-
tional distributed database systems. “The first is that the system
consists of a (possibly empty) set of query sites and a non-empty
set of data sites.”[6] “The second is that each site (query or data)
is assumed to consist of a single independent computer.”[6]

These principles are not specific to any particular type of the
distributed database environment. So they can be applied equally

to the distributed database system in the dynamic networks envi-
ronment as well. This leads to the conclusion that there are two
basic types of sites:
� Data site – contains fragments of the distributed data. From the

viewpoint of data organization it preserves the local internal
scheme and the local conceptual scheme. As it was stated before,
it also contains a part of the CD/D.

� Query site – acts as the user’s interface to access the distributed
database system. From the data organization point of view it
preserves the external scheme.

Queries are sent via the network as broadcast or multicast
messages. This way a query site does not know who is to process
the query, or if anyone is to process it at all. This restricts the query
process in two ways:

� Asynchronous communication is required. There is no way how
to determine the number of data sites that will respond to the
query. Therefore, the querying site has to process responses after
they come, instead of waiting for the known number of responses,
like it would have to do in the traditional architecture.

� The query syntax needs to be well structured, so it can be easily
divided into smaller subqueries. The data site which has received
the query can only contain a part of the data required for the
response (e.g. when the data are horizontally or vertically frag-
mented). So it has to send one part of the query back to the
cluster.

The UML sequence diagram in Fig. 2 shows an example of
the communication between querying sites and three data sites.
A query in a form of an expression formatted in a certain way is
sent by means of a broadcast message into the whole cluster. The
data site 1 has some fragments of the queried data, thus it returns
them directly to the query site. The data site 2 does not have any
data, so it stops the query processing immediately. The data site 3
also has some data; therefore it returns them to the query site. It

Fig. 2 Processing a query in the cluster
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is up to the query site to decide when to stop receiving answers. It
is important to be aware of the fact that the connection between
any of the sites and the rest of the cluster can be interrupted at any
time of processing the query.

Another question is formatting the query. A classic SQL query
is not structured very well, and dividing such a query into smaller
parts is not a simple task. However, the relational algebra allows
doing so. The only problem is the bad format of the query, which
resembles natural language rather than a relational algebra expres-
sion. Another possibility is using a relational algebra expression
directly, in a form of lambda calculus [2] [4]. The lambda function
syntax allows to extract any part of the expression, and to evaluate
it individually. In this way the user can easily create queries, send
them over the network and divide them if necessary.

5. Limitations of new architecture in VANET

The architecture introduced in this article does not intend to
be a universal database system. It is a specialized solution for the
implementation of distributed database systems in dynamic network
environment. Its usage is limited in several ways which is obvious
especially when used in VANET. They are caused by rapid move-
ment of vehicles at a large geographic area.

Firstly, it is impossible to access the whole GD/D. Even the
CD/D exists only virtually and every node can access only its local
part. Thus it's very difficult to optimize queries.

It is impossible to provide referential integrity because the dis-
tributed database can be partially or even fully inaccessible. In fact,
in different times it has access to different subsets of the database.

For the query site there is no way of how to find out whether
it has already received all the data it has requested or if it has to
wait longer.

This architecture allows just read-only access to the distributed
database. Destructive operations can be executed locally only.

In wireless environment, all the nodes that are within the
signal range and use the same channel, share the bandwidth of the
transport media. Too many queries and broadcast messages can
easily overload the network.

Due to movement of vehicles it is even possible that a data
site would become inaccessible to the query site when the query is
being processed. Thus it is important for response to be well struc-
tured and divided into small fragments. If every fragment can be
understood separately, then the query site can make use of received
data even if a part of the response has been lost.

Another problem of this architecture is that the implementation
of AAA (Authentication, Authorization, Accounting) services is
more difficult because the sites are not aware of each other. This
can be partially solved by signing the requests electronically, and
encrypting the data using the PKI (Public Key Infrastructure).

However signing and encrypting goes against previously mentioned
idea of small fragments, because every fragment would have to be
signed or encrypted separately which means a lot of extra data.

These limitations are results of the environment rather than
the defects of the architecture. Thus the architecture can only be
used when these problems are not limiting.

6. Example of an application

VANET does not provide any kind of guarantee of how many
data would request site receive as responses. In fact it may receive
no data at all. Thus it is not suited for applications where reliable
connection is required.

However, if query sites were interested especially in recent
data that are specific to their present geographic location and data
sites were producing new data on their way. In case that receiving
all of the responses is not crucial but receiving at least some of
them would pose some kind of advantage, then VANET would
represent environment in which this is possible.

A database of parking places integrated into vehicles could
serve as an example of such a system. Each vehicle would act like
one site in a distributed database system. After the vehicle was
completed and left the car factory, its built-in database was empty.
After the system became activated, the vehicle started to query the
distributed database for a list of parking places periodically. It
would receive information from other vehicles about positions of
parking places in its proximity.

Positions of parking places could be of course inserted to the
vehicle’s database using some kind of side channel, for example
from data media. However, intelligent parking places are equipped
with sensors detecting which slots are available and which are not.
This information can be queried and stored by vehicles that are
passing closely. Afterward as this vehicle moves to the different
location they can be queried by others and provide them with
information about situation on that parking place.

7. Conclusion

VANET is a kind of dynamic network with rapidly changing
situation and without guarantee of service availability. As such, it is
not suited for critical applications which rely on delivery of all the
data. However, there are several applications that do not require
availability of all the data but rather the most recent data that are
present in the relative proximity to the querying site.

Examples of such an application are distributed database of
parking places in the town or information about present traffic sit-
uation in the region the vehicle is headed toward.

The present architectures of DDBS are not suitable for such
an environment. The proposed architecture removes their limita-
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tions; however it brings few of its own as a result of principles of
dynamic networks.

In a short time a prototype of the system will be created so
that its behavior can be tested experimentally. It would be possible
then to compare this new architecture with the existing ones.

Acknowledgement: 
This contribution is the result of the project implementation:

Centre of excellence for systems and services of intelligent trans-
port, ITMS 26220120028 supported by the Research & Develop-
ment Operational Programme funded by the ERDF.

"Podporujeme vyskumne aktivity na Slovensku/Projekt je spolufinancovany zo zdrojov EU."

References

[1] ARTAIL, H., SAFA, H., EL ZINNAR, R., HAMZE, H.: A Distributed Database Framework from Mobile Databases in MANETs,
In: Proc. of 3rd IEEE International Conference on Wireless and Mobile Computing, Networking and Communications, Oct. 2007, pp.
54–61.

[2] HILLEBRAND, G.G., KANELLAKIS, P.C., MAIRSON, H.G.: Database Query Languages Embedded in the Typed Lambda Cal-
culus, In: Proc. of 8th IEEE Symphosium on Logic in Computer Science, Montreal, Canada, June 1993, pp 332–343.

[3] KRSAK, E., HRKUT, P.: Operativne riadenie a navigacia zasahovych vozidiel hasicskeho zboru pomocou informacneho systemu s dis-
tribuovanou architekturou [Operative Management and Navigation of Fire Brigade’s Vehicles Using Information System with Dis-
tributed Architecture], In: GIS : Ostrava, 2008, ISBN 978-80-254-1340-1 (in Slovak).

[4] MERUNKA, V.: Objektove modelovani [Object-oriented Modelling], In: Praha : Alfa Nakladatelstvi, 2008 (in Czech).
[5] RAHBAR, A., MOHSENZADEH, M., RAHMANI, A.M.: HDD3M: A New Data Communication Protocol for Heterogeneous

Distributed Mobile Databases in Mobile Ad Hoc Networks, In: Proc. of Intern. Conference on Education Technology and Computer,
April 2009, pp. 93–98.

[6] OZSU, M. T.: Distributed database systems, Available from: http://softbase.uwaterloo.ca/~ddbms/publications/ozsu/EIC/eic.pdf.
[7] OSZU, M. T., VALDURIEZ, P.: Principles of Distributed Database Systems. In: Pearson Education, 2nd edition, 1999.
[8] SOKOLOVSKY, P., POKORNY, J., PETERKA, J.: Distribuovane databazove systemy [Distributed Database Systems] In: Acade-

mia : Praha, 6th edition, 1992 (in Czech).



55C O M M U N I C A T I O N S    3 A / 2 0 1 0   �

1. Introduction

Present day communication technologies as well as microelec-
tronics allow production of reliable and low energy consumption
devices suitable for intelligent transport system (ITS) applications,
[1]. Communication platform became integral part of ITS infra-
structure.

In 1999, U.S. Federal Communication Commission (FCC)
allocated 75 MHz spectrum at 5.9 GHz for Dedicated Short
Range Communications (DSRC) devices to be used for car-to-car
as well as car-to-road infrastructure communications. The primary
goal of above mentioned decision was to improve traffic flow and
safety aspects of public road transport.

On 5th August 2008, the EU Committee decided to allocate
a frequency band from 5875 to 5905 MHz for ITS applications,
which is going to be used on non-exclusive basis. Intelligent trans-

port V2X communication frequency band as well as maximum limit
of mean spectral power density (EIRP) is illustrated in Fig. 1, [2].
Inter-vehicle (IVC) and roadside-to-vehicle (R2V) communication
is permitted in all of frequency bands. 

Channel allocation is defined as specified in table 1, [3]. One
physical channel is allocated as a G5CC and four fixed channels
are identified as G5SCs.

G5CC and G5SC1 to G5SC4 are dedicated for the following
usage:
� The G5CC shall be used for road safety and traffic efficiency

applications and may be used for ITS service announcements
of services operated on G5SC1 to G5SC4.

� G5SC1 and G5SC2 shall be used for ITS road safety and traffic
efficiency applications.

� G5SC3 and G5SC4 shall be used for other ITS user applica-
tions. 

Fig. 2 presents power density limits of ITS transmitting units
at a frequency band of 5.9 GHz. Transmit power limit as well as
power density limit for a defined channel is presented in table 1.
Maximal transmit power limit equal to 33dBm was defined on the
basis of the study of electromagnetic compatibility between ITS and
other radio systems for fixed, mobile and satellite services, [4]. 

The total RF output power and the power spectral density
when configured to operate at the highest stated power level of the
transmit power control (TPC) range shall not exceed the levels of
33dBm and 23dBm/MHz, respectively. The total RF output power
and the power spectral density when configured to operate at the
lowest stated power level of the TPC range shall not exceed the
levels of 3dBm and �7dBm/MHz, respectively, [4], [7]. 
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Fig. 1 Maximum limit of mean spectral power density (EIRP)
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V2X communication system allows dynamic control of trans-
mit power of a device in a range of 30 dB. Settings of the transmit
power shall be in steps of 0.5 dB controlled by the congestion
control manager. Half-duplex and broadcast data transmission mode
is supported.

Data rates for 10 MHz channel spacing are defined in table 2,
[3]. 

2. RF Output power analysis

As it was mentioned above, V2X communication system sup-
ports dynamic control of transmit power of a device to support
scalable and reliable communication between communication units
of V2X network. Transmit power control block plays one of main
roles in sense of guarantee high quality communication between
vehicles as well as roadside units and vehicles.

The analysis of RF output power delivered to the transmit
antenna could be principally based on adaptation of Friis trans-

mission equation utilizing a proper radio propagation model that
represents path loss between two on-board units (OBU) or road-
side unit (RSU) and on-board unit (OBU) of a vehicle. Path loss
models accepted by standardization bodies will be used in the
analysis.

Friis transmission equation 
Mathematical model of Friis transmission equation is as

follows, [5]:

, (1)

where:
GT and GR are the antenna gain of the transmitting and receiving
antennas, respectively, λ is the wavelength, d is the distance. The
inverse of the factor in parentheses is the so-called free-space path
loss. This simple form applies only under the following ideal con-
ditions:
� The antennas are in unobstructed free space, with no multi-path. 
� PR is understood to be the available power at the receive

antenna terminals. 
� PT is understood to be the power delivered to the transmit

antenna. 
� The bandwidth is narrow enough that a single value for the

wavelength can be assumed. 

Equation (1) is possible to rewrite to logarithmic form as
follows: 

PT � PR � GT � GR � L , (2)

where:
PT is the transmit power in dBm, 
PR is the received power in dBm,
GT is the transmit antenna gain in dBi,
GR is the receive antenna gain in dBi, 
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European channel allocation Table 1 

Channel 
type

Centre 
frequency 

Channel 
number

Channel 
spacing

Default data 
rate 

TX power 
limit 

TX power 
density limit

G5CC 5 900 MHz 180 10 MHz 6 Mbit/s 33 dBm EIRP 23 dBm/MHz 

G5SC2 5 890 MHz 178 10 MHz 12 Mbit/s 23 dBm EIRP 13 dBm/MHz

G5SC1 5 880 MHz 176 10 MHz 6 Mbit/s 33 dBm EIRP 23 dBm/MHz

G5SC3 5 870 MHz 174 10 MHz 6 Mbit/s 23 dBm EIRP 13 dBm/MHz

G5SC4 5 860 MHz 172 10 MHz 6 Mbit/s 0 dBm EIRP -10 dBm/MHz

Fig. 2 Power density limits of ITS transmitting units 
at frequency band 5.9 GHz

Data rates and channel spacing Table 2

Modulation coding scheme (MCS) 0 1 2 3 4 5 6 7

Data rate in Mbit/s 10 MHz channel 3 4.5 6 9 12 18 24 27

Modulation scheme BPSK BPSK QPSK QPSK 16-QAM 16-QAM 64-QAM 64-QAM

Coding rate R 1/2 3/4 1/2 3/4 1/2 3/4 2/3 3/4
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L is the free-space path loss in dB:

, (3)

where:
λ is the carrier wavelength in [m], 
d0 is the breakpoint distance in [m] up to which it is possible to

calculate free space path loss using equation (3).

Relation (2) represents obvious form of equation for RF
output power level calculation. 

ETSI propagation model (European Telecommunications Stan-
dards Institute) 

ETSI accepted a large scale fading propagation model used
for mobile communication applications, [6]. To account for the
increased path loss coefficient, the total path loss is split up into
two contributions:

L � L0 � L1 , (4)

where: 

, d0 � 15 m, d 	 d0 , is free 

space transmission path loss, (5)

,  d0 
 d, is the path loss 

assuming a path loss coefficient n � 2.7 (6)
beyond the breakpoint distance d0 in [m],  

λ is the carrier wavelength in [m], 
d is communication distance in [m].

ECC propagation model (Electronic Communications Com-
mittee)

Improved path loss factor of a large scale fading propagation
model is presented in [7]. Signal degradation beyond the first
breakpoint distance is taken into account and path loss corrections
are defined. ECC propagation losses L are considered as the con-
ventional expression up to d0 (3) and the corrected expression
beyond:

,    d 	 d0 (7)

,

d0 
 d 	 d1 (8)

d1 
 d (9)
where:
λ is the carrier wavelength in [m], 
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d is communication distance in [m], 
d0 is the breakpoint distance in [m] 

(up to which it is possible to calculate free space path loss),
d1 is the breakpoint distance in [m],
n0 , n1 are path loss factors.

ECC performed studies to estimate the impact from FWA
(Fixed Wireless Access) systems on the RTTE on-board units
(OBU), including false wake up detection and its effect on OBU
battery life. Breakpoint distances and path loss factors were defined
on the basis of the studies, table 3.

3. Simulation

Referring to equation (2) and radio propagation models, it is
clear that RF output power level of transmitter, PT , is depended
on: 
PR receiver sensitivity in dBm,
GT transmit antenna gain in dBi,
GR receive antenna gain in dBi, 
L path loss propagation model in dB,
λ carrier wavelength in [m], 
d communication distance in [m], 
d0 , d1 breakpoint distances in [m], 
n0 , n1 path loss factors.

Receiver sensitivity: PR [dBm]
The minimum receive sensitivity (OBU or RSU) specifies the

required receive input power (i.e., at the antenna connection) includ-
ing an implementation margin of 5 dB for a receiver noise figure
of 10 dB and a BER of 10�5, table 4 [8]. PR is defined in compli-
ance with a communication channel bandwidth for corresponding
data rate. 

Referring to simulation, value of PR is selected on the basis of
information in table 1: 

PR � �72 dBm (BW � 10 MHz, data rate � 6 Mbits/s).

Transmit and receive antenna gains: GT , GR [dBi]
ITS applications expect 10 dBi antenna gain for road-side unit

(RSU), 8 dBi or 5 dBi antenna gain for on-board unit (OBU) of
a vehicle, [4].

Appealing to simulation, values of GT and GR are selected in
compliance with Inter-vehicle (IVC – channels numbers: 178, 180)

Parameters of propagation Table 3

Urban Suburban Rural

Breakpoint distance d0 [m] 64 128 256

Path loss factor n0 beyond the first 
breakpoint

3.8 3.3 2.8

Breakpoint distance d1 [m] 128 256 1024

Path loss factor n1 beyond the second
breakpoint

4.3 3.8 3.3
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or roadside-to-vehicle (R2V – channel number: 176) communica-
tion: GT � 5dBi, GR � 5dBi (IVC communication).

Path loss propagation model: L [dB] 

Referring to simulation purposes, a radio wireless propagation
model must be proposed in compliance with practical applications.
Relating to above mentioned models, value of carrier wavelength
λ is corresponding with the channel type (channel number) used
for ITS services, [3]: λ � 0.0508m (channel type: G5CC; channel
number: 180; centre frequency 5.9 GHz). Breakpoint distances
d0 , d1 as well as path loss factors n0 , n1 are defined by practical
measurements or standards: equations (3), (5), (6) and table 3. 

Communication distance (range): d [m]
It is distance between two communication units, i.e. transmit-

ter and receiver (RSU and OBU, OBU and OBU). Appealing to
simulation, values of d are defined up to the communication range
limit: 1000 m, table 5.

Table 5 presents results of calculations based on theoretical
models representing relation of TX power level of the transmit unit
and the distance between on-board units of two vehicles. Calcula-
tions were done for several radio propagation models. A free-space
model (M1) expects no obstacles between transmitter and receiver,
i.e. propagated waveform is not degraded (path loss coefficient 
n � 2). ETSI model (M2) expects line-of-sight communication with
severely destructed first Fresnel zone (path loss coefficient is in the
range: n � 2.5 … 3; n � 2.7 was selected; the pass loss coefficient
for non-line-of-sight conditions would be in the range: n � 3 … 5).
ECC models (M3, M4, M5) were derived from mobile communi-

cation ones. They respect three different ITS environments: urban,
suburban, rural. Path loss coefficients were adapted for ITS appli-
cations. 

Referring to differences between estimated values for a defined
distance of the models (table 5), validity of the models had to be
verified by practical measurements in ITS environments. Unfor-
tunately, this step was impossible to realize due to lack of technical
equipment. That is why the results of simulation could be inter-
preted only on theoretical basis.

TPC dynamic range for channel number: 180 is 30dB. Minimal
TX power level is defined on the level of 3dBm, maximal is equal
to 33dBm. Appealing to table 5, theoretical TX power values lower
than minimal limit were replaced by 3dBm and higher ones than
maximal limit by 33dBm. Adaptation of the values is in compli-
ance with defined TX power limits as well as practical realization
of TPC block. Increasing TX power to minimal limit will improve
reliability of communication between vehicles. Unfortunately, de-
creasing TX power to maximal limit will shorten communication
distance, i.e. communication range limit 1000 m does not need to
be met. Looking for the solution to solve this topic, communica-
tion range limits at maximal TX power � 33dBm were calculated,
table 6. 

The values in table 6 show that improvement of communication
range limits for inter-vehicle communication (IVC) via selected
channel type and defined minimum receiver sensitivity could be
realized by increasing the receiver antenna gain of the vehicle.
Models M2, M3 and M4 did not meet expected 1000 m limit
neither after increasing the receiver antenna gain. In this case it

Minimum receiver sensitivity for a BW of 10 MHz Table 4 

Data rate [Mbits/s] Minimum sensitivity [dBm]

3 �85

4.5 �84

6 �72

9 �80

12 �77

18 �70

24 �69

27 �67

Dependency of TX power level of the transmit unit on the distance between    Table 5
OBUs of two vehicles (channel number: 180; TX power � PT � GT)

Models Distance [m] 10 50 100 250 500 1000

Free-space model M1 TX power [dBm]  EIRP 3 5 11 19 25 31

ETSI model M2 TX power [dBm]  EIRP 3 8.5 17 27.5 33 33

ECC model Urban M3 TX power [dBm]  EIRP 3 5 14.5 31 33 33

ECC model Suburban M4 TX power [dBm]  EIRP 3 5 11 23 33 33

ECC model Rural M5 TX power [dBm]  EIRP 3 5 11 19 27.5 33

Communication range limits at maximal Table 6
transmit power 33 dBm

Models
Communication range limit [m]

GR � 5 dBi GR � 8 dBi

Free-space model M1 1278 1805

ETSI model               M2 405 523

ECC model: Urban M3 279 328

ECC model: Suburban M4 471 565

ECC model: Rural M5 933 1033
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would be necessary to arrange OBU with better minimum receiver
sensitivity. Unfortunately, data rate had to be decreased to guar-
antee reliable communication. Referring to values in tables 5 and
6, it is possible to conclude that ECC models estimate TX power
in compliance with specific features of ITS environments. 

Appealing to values of TX power in tables 5 and 6, it is pos-
sible to state:
– Model M1: in spite of the fact that communication range limit

of 1000m is met and full TPC range of 30 dB is utilized the model
would be valid only for very short distance free-space IVC, R2V
communication;

– Model M2: communication range is shorter than 523 m; better
TX power estimation could be expected for urban and subur-
ban environments rather than rural one;

– Model M3: communication range is shorter than 328 m; model
could be used for TX power estimation in case of urban envi-
ronment;

– Model M4: communication range is shorter than 565 m; model
could be used for TX power estimation in case of suburban
environment;

– Model M5: communication range met the limit of 1000 m; model
could be used for TX power estimation in case of rural envi-
ronment;

4. Conclusion

V2X communication system plays a core role of inter-vehicle
as well as road-side-to-vehicle communication allowing development
of services focused on the improvement of road safety and traffic
efficiency (driving assistance: co-operative awareness, road hazard
warning; speed management; co-operative navigation; location based
services, etc.). The article presents fundamentals of transmit power
control analysis including simulation results for inter-vehicle com-
munication. Road-side-to-vehicle communication could be analyzed
in a similar way. Future research steps would be focused on: vali-
dation of presented theoretical models, incorporating traffic density
aspects into models and analysis of transmit power control from
the basic set of applications point of view. 
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1. Introduction

The public transport line planning is a crucial deal for each
designer involved. In general, the planning process comprises several
stages which start with a line route design and finish with a driver
scheduling [2], [4], [7]. We shall concentrate on the first stage only
where a system of line routes is designed. Even at this stage, various
objectives to the design can be applied to make the transportation
system more attractive for potential passengers. Depending on the
chosen objective, various sorts of information about origin-desti-
nation passenger flows are required and the fact must be taken
into account that any specific information need not be available
at the beginning of the planning process.

We mention here an approach which needs only information
about demand for transportation on the links of an underlying
transportation network. The objective of line system designing is
to improve service of the link with the worst demand satisfaction.
The link demand satisfaction is evaluated as the ratio of the number
of passengers who want to travel along the link in one hour and
the total number of seats which are at disposal on the link within
one-hour period. The resulting system of line routes must comply
with a constrained number of vehicles which can be assigned to
individual lines.

In this paper we come out from the approach called “PRIVOL”
[3], [5], [8] which starts with a large redundant set of pre-designed
lines covering all links of the considered transportation network.
A linear program is formulated in this original approach where dis-
posable vehicles are assigned to individual lines and the worst rel-
ative link demand satisfaction is maximized. This linear problem
is solved to optimality and some lines are subsequently discharged
from the starting set based on a number of assigned vehicles. This
process of line elimination can be repeated several times until

a convenient system of line routes is obtained. The major disad-
vantage of this approach consists in the necessity to design the huge
starting line set in advance. Furthermore, it must be taken into
account that extent of the line set does not assure that it contains
the most convenient lines for the system. This approach does not
design a line really, but it only selects some lines from the starting
set. To enable a link route generation under the above-mentioned
objective, we suggest here an approach based on the column gen-
eration method [1], [6]. We will show how to use the standard
optimization environment for the method implementation so that
a common designer who is not supported by a team of programmers
and other informatics professionals can use this approach.

2. Model of the original line elimination approach

The simplest case of the line elimination approach assumes
that there is a number c of vehicles which form a homogenous fleet.
Each vehicle has the same capacity K (number of seats). The graph
of transportation network consists of a set of nodes U and a set of
links H. An hour’s demand for transportation on link h is described
by intensity qh . The symbol th denotes the time which is necessary
for traversing the link h by a vehicle of the considered homoge-
neous fleet. Let the symbol L denote the starting set of line routes
where each route is given by some collection of links from H. In
the following models we shall use notation Lh and H, where Lh

denotes the set of line routes serving the link h and Hl denotes the
set of all links forming the line route l. The symbol Nl denotes so-
called frequency of vehicles assigned to the line route l which is
the number showing how many times a vehicle is able to run the
route within one hour. It is obvious that the equation Nl � 1/Tl

holds where Tl denotes the time necessary for traversing the route
l. In our case we assume that (1) holds.

THE COLUMN GENERATION TECHNIQUE FOR PUBLIC
TRANSPORT LINE PLANNING BY IP-SOLVER
THE COLUMN GENERATION TECHNIQUE FOR PUBLIC
TRANSPORT LINE PLANNING BY IP-SOLVER
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selection from a large set of all sensible lines and, on the contrary to the former approach, introduces the column generation method for a new
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(1)

The original line elimination approach [4] formulates the linear
model using integer variable xl modeling the decision on a number
of vehicles which should be assigned to the individual line route l.

Let variable y represent a lower bound of the relative link
demand satisfaction and let coefficient Kh denote the ratio K/qh ,
then a model of the vehicle assignment problem can be formu-
lated as follows:

Maximize  y (2)

Subject to  (3)

Subject to  for h � H (4)

Subject to  xl � Z� for l � L (5)

Subject to  y � 0 (6)

Constraint (3) of the model (2)–(6) ensures that the number
of assigned vehicles does not exceed the limit c. The constraints
(4) link up the lower bound y to the individual link ratios (7),

(7)

where the narrator expresses the number of seats which are offered
to passengers on the link h within one hour period and the denom-
inator corresponds with the number of passengers who want to
travel along the link h in one hour. The LP-relaxation of the model
(2)÷(6) is solved as a part of the original approach [4] and the
link route with minimal value of xl is discharged from the set L.

3 The column generation method

In general, the column generation method is used in connec-
tion with such problems where the most of columns of the asso-
ciated linear model has the same structure. Furthermore, the solved
problem must be formulated so that each addition of a column to
the model enlarges the set of feasible solutions. Then a better solu-
tion can be found in the enlarged set than in the previous one. In
addition, such method must be derived which enables to evaluate
possible improvement of the given objective function or to find
that no improvement can be reached by addition of any column.
The problem (2)–(6) has these necessary properties. The column
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Now we derive a possible method of column evaluation using
the theory of duality [6]. Let L denote an original set of line routes.
Let us denote the LP-relaxation of the model (2)–(6) as the primal
problem. Introducing dual variable vh for each constraint h of the
constraint system (4) and dual variable w for the constraint (3),
a dual problem of the primal one can be formulated as follows:

Minimize  cw (8)

Subject to  (9)

Subject to  for l � L (10)

Subject to  vh � 0 for h � H (11)

Subject to  w � 0. (12)

For the optimal solutions (x*, y*) and (v*, w*) of the primal
and dual problems respectively, the equation (13) holds:

cw* � y*. (13)

Now, let us consider a new line route r given by the links of
Hr . Let us define coefficients of the associated column Ar in the
following way:

ahr � KhNr if h � H and ahr � 0 otherwise (14)

The primal enlarged problem (2)–(6) can be reformulated for
the enlarged set L � {r} of line routes as follows:

Maximize  y (15)

Subject to  (16)

Subject to  for h � H (17)

Subject to  xl � 0 for l � L{r} (18)

Subject to  y � 0 (19)

For any feasible solution of (15)–(19) and for the optimal
solution (v*, w*) of (8)–(12), we can derive the following inequal-
ity:
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Since the expressions in brackets of the second and third
items of the resulting right-hand-side of (20) are negative (see dual
constraints (9) and (10)), the following inequality holds:

(21)

Taking into consideration the equation (13), we obtain:

(22)

Thus we can find that the inequality (23) is necessary for the
case when the addition of a column Ar is able to improve the
objective function y.

(23)

The inequality (23) can be rearranged to the form:

, (24)

which is 

. (25)

The inequality (25) can be rewritten as

. (26)

After these preliminaries, we can assert that a new line route r
can improve the objective function (15) only if the right-hand-side
of (26) is positive. To find if such a line route exists we formulate
the problem of finding the line route which maximizes the right-
hand-side of (26). For this purpose we introduce a set of binary
variables zh � {0,1} for h � H where the variable zh takes the value
of 1 if and only if the link h belongs to the generated line route. If
a network sub-graph fulfilling the conservative constraints (28) for
each node of the network is accepted as a feasible line route then
the line route generation problem can be stated as follows:

Maximize  (27)

Subject to  for u � U (28)

Subject to  zh � {0,1} for h � H (29)

The link sets Hin(u) and Hout(u) denote a set of all the links
coming into the node u and a set of all the links going out of the
node u respectively.

If an optimal solution z* of the problem (27)–(28) has a pos-
itive value of the objective function (27), then the solution forms
an improving line route. In the opposite case, no improving line
route exists at all.
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4. Exploitation of XPRESS-IVE tool

The theoretical derivation of the improving line route genera-
tion problem is only one step on the way to the usable tool of a line
route system design. As for the developed approach is addressed
to a common line system designer, we rearranged the models so
that the common commercial optimisation environment [9], [10]
can be used. Furthermore, we realize that a route designed by
solving the model (27)–(29) need not be a feasible route in the
concrete real transportation network. Because of this fact we fol-
lowed the idea that a designer should have a possibility to evaluate
the designed route-column and depending on its practical feasibil-
ity or unfeasibility, he should be able to accept or refuse the route
for the next processing. That is why we implemented the column
generation method in two programs written in the programming
language Mosel and we decompose the method into a series of
individual steps. Each step is represented by one run of the first
program consisting of two optimisation processes where the first
process solves LP-relaxation of the vehicle assignment problem
(2)–(6) and the second one solves the column generation problem
(27)–(29) for the shadow prices (optimal values of dual variables)
corresponding with the first problem.

If the solving process of the second problem gives an improv-
ing column, then the generated column enlarges the starting LP-
relaxation problem and the enlarged problem is saved to a unified
file. This way, the process of the column generation method can be
interrupted after each step and, if necessary, the generated column
can be modified in the file. The scheme of the first program is
depicted in Fig. 1.

The second program solves the integer programming problem
(2)–(6). This program can be applied on each version of the

Fig. 1 Scheme of the first program
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unified file in which data describing the vehicle assignment problem
are saved. It means that after each step (column generation) it is
possible to evaluate quality of the current system of line routes.

5. Case study

To verify the developed method, we made use of the real trans-
portation network of Frydek-Mistek in the Czech Republic. The
transportation network consists of 17 nodes and 46 links. The
intensities qh and travel times th for each link of the transportation
network were also taken from the real traffic situation of the town.
The vehicle fleet consists of 23 vehicles.

For our experiments we have a system of 9 real line routes at
disposal. This real system of routes is reported as RealS09 here-
after in reported study. One of the line routes serves all the links
of the transportation network. The biggest line route was taken as
a basis for forming a generated system of 12 line routes denoted
as GenS12. The generated system was formed by a series of column
generation program runs which formed 22 line routes. As some of
the generated routes were too small or they did not fulfil some
local condition of feasibility, the generated system was revised, some
routes were connected and some were discharged. Thus the system
GenS12 of twelve feasible routes was obtained.

The numerical experiments were done with both starting line
route systems to verify the column generation program and reveal
trends of associated parameters. Eleven steps of column generation
were performed with each starting system which means that systems
with a number of lines varying from 10 to 20 were obtained for
RealS09 and systems with a number of lines varying from 13 to
23 were obtained for GenS12. Solving the problem (2)–(6) cor-
responding with the enlarged system followed each column gen-
eration. The following parameters were observed:
yLP – optimal value of the lowest relative link demand satisfaction

of LP-relaxation of the problem (2)–(6),
yI – optimal value of the lowest relative link demand satisfaction

of integer solution of the problem (2)–(6),
NoUL – number of used links in optimal integer solution of the

problem (2)–(6).

The results for RealS09 and GenS12 are reported in Table 1
and Table 2 respectively. The number of line routes denoted as

NoL is used in the tables to distinguish the evaluated systems of
line routes.

All experiments were performed on a notebook with parame-
ters Core 2 Duo 2GHz 2GB RAM. The individual computing times
are not reported here, but we can assert that no time of program
run exceeded one second.

6. Conclusions

We have developed the column generation approach for
a special case of a line route design problem where the worst rela-
tive link demand satisfaction is optimized. The resulting method was
suggested so that it can be easily implemented in the common com-
mercial optimization environment XPRESS-IVE and man-machine
approach can be included to the process of individual route gener-
ation. We verified the method by performing the suggested column
generation process with two starting sets of line routes (GenS12
and RealS09). From the results reported in tables 1 and 2 we found
that each column generation brings some improvement of the
objective function of an optimal solution obtained for LP-relaxation.
Nevertheless, an improvement of LP-relaxation solution need not
be accompanied by any improvement in an optimal integer solution.
Thus a next improving line can be obtained after several column
generations. The experiments also showed that even if the process
starts from the better starting line route system (compare yI for
NoL � 9 in Table 1 with yI for NoL � 12 in Table 2), the same
number of column generations could give a worse result (compare
yI for NoL � 20 in Table 1 with yI for NoL � 23 in Table 2). In
general, we can state that the column generation process performed
on XPRESS-IVE environment together with a man-machine app-
roach represents a valuable tool for a line route designer.

Further research in this field can be focused on the following
directions. First, similar approaches could be developed for other
criteria which are used for the construction of an objective func-
tion. Next, more complex models for line route generation can be
studied to produce more convenient routes and avoid their local
infeasibilities.

Optimal values of parameters obtained by the Table 1
series of experiments starting with RealS09

NoL 9 10 11 12 13 14

yLP 1.773 1.820 1.873 1.883 1.895 1.977

yI 1.673 1.673 1.740 1.740 1.771 1.777

NoUL 9 10 10 10 11 12

NoL 15 16 17 18 19 20

yLP 1.988 2.011 2.029 2.045 2.088 2.096

yI 1.811 1.863 1.863 1.863 1.917 1.917

NoUL 12 13 13 13 12 12

Optimal values of parameters obtained by the Table 2
series of experiments starting with GenS12

NoL 12 13 14 15 16 17

yLP 1.700 1.835 1.910 1.994 2.025 2.115

yI 1.587 1.728 1.752 1.862 1.862 1.907

NoUL 8 9 10 11 11 11

NoL 18 19 20 21 22 23

yLP 2.159 2.169 2.178 2.185 2.186 2.188

yI 1.907 1.914 1.914 1.914 1.914 1.933

NoUL 11 13 13 13 13 15
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1. Introduction

In the Central Europe countries, construction works associated
with modernizing or building railway tracks belong to the largest
construction projects of current times. This corresponds to the
amount of the investments needed. Therefore, it would be a dis-
appointment and loss, if using the tracks were devaluated by low
quality of transport technologies following the construction part.
As a rule then, in both, the Czech and Slovak Republic the modern-
ized tracks have been equipped with a modern security remote-con-

trolled signalling equipment (hereinafter DOZ – remote centralized
traffic control). It enables to control railway traffic from various
workplaces many tens of kilometres distant from each other, and
to centralize transportation processes control.

By ‘control’ we mean the possibility of organizing traffic by
means of determining the train runs order, their overtaking, using
station and track rails etc. At the centralized dispatcher places
(CDP), the controlling process is connected directly to the elec-
tronic interlocking control, or stations security signalling equipment

GTN – INFORMATION SYSTEM SUPPORTING THE
DISPATCHER AND REMOTE TRACKS CONTROL
GTN – INFORMATION SYSTEM SUPPORTING THE
DISPATCHER AND REMOTE TRACKS CONTROL

Emil Krsak – Hynek Bachraty – Vlastimil Polach *

When constructing new corridor tracks, but also when reconstructing the existing ones of all categories, new significant improvements and
innovations occur in the contruction area. Consequently, the same phenomenon occurs in the newly installed securing, interlocking and sig-
nalling equipment, and generally enabling also remote track control. The traffic information and controlling system (hereinafter the GTN)
being developed by the Software Technologies Department of the University of Zilina in cooperation with the AZD Praha Company, represents
a graphical and technological extention of the electronic signalling equipment. It contains a compact data, technology and software model of
railway operation, enabling to receive information from the securing, interlocking and signalling equipment, as well as from other informa-
tion and controlling railway systems, about trains’ movement. It also enables to save, display and document the traffic progression, trains move-
ment and technological operations on them. Last but not least, it provides opportunity to display the anticipated prognosis of the traffic
situation, and transmit information about trains movement towards external IS, e. g. the passenger information systems at the stations etc.  

Currently, the GTN system has been implemented and used in several versions on the Czech and Slovak Railways tracks. Hereby we would
like to introduce its latest solution based on distributed architecture using a database system.
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Fig. 1 CDP Prerov, Large dispatcher's room No. 1 – General view of the dispatcher and operator centralised control place
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control respectively. This includes, e. g., creating the train routes
through particular stations, entering the information on anticipated
departures or specifying some events, such as a train origination,
expiration and renumbering, shifting at the station etc. 

The way the operating staff workcombines the train and station
dispatchers’ activities. The software controlling the signalling equip-
ment is usually able to supervise and change the state of the infra-
structure individual elements, to supervise the rails occupation by
train vehicles, and to identify in the occupation changes the indi-
vidual trains movement.

In Slovakia, tracks modernizing has still been in the initial
phase but in the Czech Republic it already started in the half of
the 90’s. The fact that dispatcher places originating at modernized
tracks were equipped with computer technologies, interconnected
by a reliable network and operated by computer-skilled staff, was
very inspirational for further development. In that period the AZD
Praha company addressed the Software Technologies Department
of the University of Zilina, suggesting to develop and implement an
information system using and developing possibilities of a modern
securing, interlocking and signalling equipment. On the basis of
the requests we developed the GTN – an information system to
support the DOZ’s dispatcher’s decision-making processes. The
GTN stands for graphic-technological extension of the signalling
equipment. The system has been directly connected to the elec-
tronic ESA interlockings by the AZD Praha, supplied to a new
corridor and later also to other tracks. 

Since the first GTN version was implemented, eight years
have already passed, and currently the system works on hundreds
of kilometres of tracks controlled by the AZD Praha signalling
equipment. In our article we are going to concentrate on the GTN
latest version implemented e. g. at the international corridor track
(OBB/, ZSR) Breclav – Prerov – Petrovice (/PKP), e. i. VI. TEN
corridor in the Czech Republic. Technical, technological and oper-
ational aspects of the transportation centralized control on the
Prerov – Břeclav track (CDP Prerov) are introduced in [5]. 

2. Technological links and GTN usage

The main role of the GTN system is to gain, identify and inter-
pret data on trains runs from the connected DOZ as well as from
other sources. It can document, archive and display the informa-
tion for the operation staff in a transparent way, including display-
ing the traffic prognosis. The system also sends out some of the
acquired information into other systems. The grounds of the GTN
activities is the data model of one-train run, and the traffic situation
model created from trains runs and network description. The current
transport plan has been acquired from the data of the SENA and
ZONA systems, being developed also at the Software Technologies
Department of the University of Zilina, and used by the Czech
Railways (CD) and Slovak Railways (ZSR) to construct the train
time-table plans. 

The GTN is a system supporting the decision-making process
related to controlling transportation processes. Displaying the traffic

prognosis has been its significant part. Another one is disburden-
ing the operation staff from routine and duplicate works (con-
ducting documentation, sending identical information into several
systems, confirming the announcements reception and so on), by
which the dispatcher gains time for the decision-making itself.
What is also important is to ensure automatized, fast and precise
information transfer.

From the viewpoint of activities, it is possible to divide the
work done by the GTN into four basic fields which we are about
to describe briefly below.

2.1. Information entering the GTN from the electronic 
signalling equipment

The main entry of the data about current traffic for the GTN
is provided via communication with some type of electronic inter-
locking installed by the AZD Praha Company. From the controlling
interlocking we are able to gain information on the trains numbers
movement in a so called stacks, corresponding to the individual
station and track rails. First, the train number appears in them,
then it changes some of the specific state signs, and, finally, it frees
the stacks. Except that, in some situations we also acquire an infor-
mation on the kind of action the interlocking operation staff have
performed. We use the information to put together the data about
the train run. A standard procedure in each station is creating a train
route, train arrival, anticipated and actual train departure and freeing
the rail. At large, we observe more than 30 different actions on the
train, such as the beginning and finishing the train run, sidetrack-
ing the train, changing the train route, shifting the train, riding on
emergency signal, train-confirming signal, several types of train
renumbering, departure and return of the train from the branch
line to the track, the train returning from the track, a train-run
expiration on the track etc. Correct and precise comparison of time
data of the actual and planned rides requires (regarding the disunited
methodology of various units of the railways) to work in some of
the time and data corrections of the acquired information. 

Although the GTN system also enables manual entering of the
train run information, this is just a backup in case of interlocking
or communication with interlocking fail. The ability to gain all of
the train run data in the controlled area automatically, without the
necessity of the operation staff´s assistance, represents a signifi-
cant element in the effectiveness as well as punctuality and reliabil-
ity of their work. Moreover, the data acquired from the signalling
equipment, which, to make sure it works correctly, has to observe
the train movement duly, are unimpugnable and demonstrably
precise. Thus the seminal traffic documentation of new quality
originates.

2.2 Information entering the GTN from the all-state 
raiway network and external IS 

Communication with the DOZ enables automatic acquisition
of the train run information until the moment the train occurs in



67C O M M U N I C A T I O N S    3 A / 2 0 1 0   �

the controlled area. Therefore, another extention of the GTN pos-
sibilities in the Czech and Slovak Railways environments was to
interconnect the system with the all-state railway network informa-
tion systems for freight and passenger transport (ISOR, CDS, PIS,
EDD). This enables us to gain information on the train and its run
from the moment it has been planned to the arrival at the con-
trolled area. The most important information are as follow:

� information whether a particular train operates today which we
react to by installing it into perspective traffic. This applies mainly
to freight transport; with passenger transportation we prefer to
refer to the train operation calendar.

� some of the train parameters, such as, e. g. its weight, length,
driving vehicle, engine crew, TIN (train identity number) etc.

� current train delay and the station of the latest known train event.
� planned operations on the train in the controlled area (terminat-

ing the run, sidetracking the train, renumbering the train and so
on).

� anticipated and actual departure time from the station neigh-
bouring with the controlled area.

2.3 Evaluating, retaining and presenting the 
transportation situation

The acquired data are saved into the traffic data model which
is presented to the operation staff in several ways. The basic ones
are as follow:
� a two-parts train control diagram displaying following informa-

tion: fulfilled traffic and perspective traffic, containing its prog-
nosis. Except the train routes locations themselves, to display
their attributes we have also used other graphical and interac-
tive means. The individual line segments are defined by opera-
tion staff, they can be displayed in different modes, forms and
numbers. 

� train data record, picturing time information on its run, used rails
and some important technological events. The train diagram and
train data record contain actual time data compared with the
planned ones, it is possible to display the differences. 

� summary information on the train, picturing the train technical
parameters.

� events protocol for the controlled area capturing all important
events in the traffic and the GTN servicing.

� number of internal protocols capturing in detail the GTN system
operation, its communication, operation staff activities etc.

Fig. 2 Displaying the main and side tracks in the controlled area of Breclav - Prerov
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These means enable to display the current situation and, at
the same time, to create, administer and show archive information
describing the traffic within the elapsed hours and days. The data
are transferred into archives gradually, in a certain interval after
the train run has finished, or after it has departured from the con-
trolled area. The traffic perspective part, except the possibility of
following the routes of actually operating trains in their current time
positions, also contains an algorithm for searching conflict trans-
portation situations and their proposed solutions. 

The key to the GTN importance is that this system of storing
traffic information has been certified for the Czech and Slovak
Railways as a full-value way of traffic documentation (so called
ELDODO, traffic electronic documentation). Operation staff is
thus free from a lot of manual work (keeping a transportation diary,
drawing the fulfilled train diagram etc.), and they are able to con-
centrate entirely on controlling the traffic.

2.4 Sending information into other IS

Precise train run data in the controlled area acquired in real
time from an electronic interlocking are so called ‘attractive infor-

mation’. They serve as input data for many other systems. If they
needed to be entered manually, a remarkable part of the GTN
system benefit would get lost. That is why we, except working in
the entry information, generate automatic outputs, too.

First of all, there are already mentioned ISOR, PIS and EDD
systems into which we send detailed information on trains arrivals,
departures and crossings (times, used rails, correction message sign,
reasons for breaching timetables etc.). The information serve the
operation IS, managerial systems (as well as to specifying the fee
for using the transportation route), the GVD analysis etc.

We send the information on the train arrival and departure,
as well as on the creating of the arrival and departure route in the
station into the INISS system, which provides voice and visualizing
information for passengers at the stations. The train announcements
for passengers thus correspond to the train actual run. Thanks to
the traffic situation prognosis in the GTN, passengers get up-to-
date and precise information on a train delay, too.

Another system which the GTN communicates bidirectionally
with is the ASDEK system for measuring some of the physical
entities of the running train. It is so called vehicle diagnostics of
a running train by means of the firing indicator, flat wheels indi-
cator, hot bearings indicator etc. The ASDEK system, after the
train has passed the check point, sends a resulting diagnostics report
on the train to the GTN; the GTN gets back to the ASDEK with
the number of the train the report concerns, for further processing
and archivation. In case the train has been diagnozed with a defect,
the GTN initiates an alarm and displays a warning window with
detailed information (the train number, the defect character and
extent, the axis number, the train side and others) which the dis-
patcher has to react to.

The GTN also enables voice services for the connection to
the train engine driver. Thanks to the voice communicator, it is
possible, directly from the GTN environment, to get connected to
the train or other participants. In the Czech Republic, the GTN
has been implemented with the IPR-Communicator by the CD-
Telematika Company; their communicator communicates in the
GSM-R and GSM-P environments.

Except the above stated data links, the GTN enables a direct
access to the portals of operation control in the railway intranet

Fig. 3 Events protocol in the controlled area of Karlovy Vary

Fig. 4 Train data record on the train No 610 – precise description 
of the train run
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network. Therefore, there is an access to the GVD tools, layoffs
IS, freight transport IS – CEVIS/WIC, information boards, ISPR
RVD – planning, ISOR CDS – trains timetables-related positions.
Another extending element is the possibility to send from the GTN
text parametered inquiries on trains (shift plan, train analysis etc.)
into the operation control system, so, immediately it gains further
detailed information for transportation control. This way, the GTN
user has at disposal a great number of information sources for its
work, including electronic mail.

Our system architecture is open and modular. Hence, it is pos-
sible to create connections to new systems, and to extend the exist-
ing ones. What guarantees good possibilities of the GTN system
further development is its modern software design and the solution
we describe below, in the up-coming parts of the article. 

3. Hardware and network architecture and communication

During the existence of the IS GTN the demands on its func-
tionality and usage range have been constantly increasing. From

the original requirement to create a single-purpose application to
watch and record transport within a two-to-three stations track
section, we have gotten to the current shape of a complex informa-
tion system for large track sections. That is why the IS GTN has
gone through several development stages. They corresponded to the
various system architectures the system had been built on in the
individual stages. The current architecture is based on a wide analy-
sis of all up-to-now used aproaches, on evaluating their positives
and negatives, summarising the existing functionalities, as well as
on future functionalities estimated on the grounds of experience.
The aim has been to create a significantly innovated information
system built on integrated modules which would communicate
with each other. At the same time, their development is relatively
mutually independent, maintaining the communication interfaces
functionality.

The architecture is built on distributed applications with
a quadruple of efficient central servers. The servers are divided
into the main and backup branches, where in case the main branch
should fail in any way, the backup branch takes over. One of the
two servers is a database server, the other one performs as an

Fig. 5 Architecture of GTN and interconnection to other systems
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application server. On the dispatcher’s computer the application
server’s client is running, offering all of the presentation module
functions, and containing all of the functions the dispatcher needs
to work with the GTN system.

From the viewpoint of communications, the system is based
on a fully distributed model. Communication protocols have been
designed in such a manner so that they can transmit events and
data changes in form of objects. Regardless the event source (train
position change, change of state of the signalling equipment element,
dispatcher’s entry information from an external information system),
each event is processed by a relevant module and it is transformed
into a data-change event. Consequently, the event is distributed
into each part of the system which the change is relevant to. Thus
we have achieved that the data are processed and saved into the
database in real time and, at the same time, every change is imme-
diately reflected in all the modules, whether it is a part of applica-
tion server or dispatcher’s client. It all results in a dynamic system
actually working in real time. The information on the traffic and
signalling equipment elements state are permanently at the dis-
patcher’s disposal. As soon as the values of the data displayed in
tens of windows at various worksites change they are instantly up-
dated.

From the viewpoint of functionality, the whole system consists
of three main modules as introduced below. Each of them has
a specific internal architecture, depending on the module applica-
tion logics. 

3.1 Module of communication with the EZZ 

The module is supposed to provide communication between
the signalling equipment and other parts of the system. The essen-
tial thing is to have managed communication protocols and formats
conversions. The module core consists of complicated algorithms,
which, on the grounds of the current state of train numbers stack,
elements, signalling equipment operating personnel’s commands
and up-to-now traffic progression, determine the individual train-run
events. The information get to the rest of the parts of the system
in a form which has been within the framework of the system stan-
dardized into a communication interface.

The module is the only one which gets in direct contact with
the electronic signalling equipment (EZZ). All of the EZZ specifics
are closed in the module. This enables the whole system to be rel-
atively independent on the type of electronic signalling equipment.
In case the EZZ changes in any way or develops or is replaced
completely, it is sufficient to readjust the module, while the rest of
the GTN system parts remain fully functional.

3.2 Traffic electronic documentation module

The transportation electronic documentation (ELDODO), as
it has been mentioned already, constitutes one of the main func-
tionalities of the entire system. It consists of several components

which the operating personnel will deal with mainly when present-
ing the transportation situation mentioned in Part 2.3. Detailed
information are saved in the database in various forms :
� Trains data. In the system each train is represented by a data

object which collects data about the train’s planned route, the
train’s actual operation and movement, and about the operations
carried out on the train. It is possible to display the information
in a graphic form in a train diagram, in the text train data record
collecting information on the train run, or in the train parame-
ters window. 

� Operating activities protocol which stores information on the
dispatcher’s interventions into the signalling equipment or GTN,
and on the manner in which they have been worked into the
trains data.

� Data about the communication with external IS which inform
about the information received from and sent to external infor-
mation systems. 

� Internal protocols which record information on the system state
and its activities that influence the system’s behaviour, help solve
unexpected states afterwards and harmonize the whole system’s
performance.

3.3 Module of communication with external IS

The module is responsible for mutual communication with
external information systems of the operation control, which the
GTN takes information from or which the GTN sends information
to. The module consists of several smaller modules created indi-
vidually for each type of an external IS. The sub-modules differ
from each other by the communication interface specifics, by the
transmitted data formats and structures, and by the ways the data
are worked in. Currently, there are following sub-modules:
� Communication with the operation control information systems

ISOR, CDS and PIS.
� Communication with the station dispatcher’s system EDD.
� Communication with the INISS, which is a system for station

automatized train arrivals and departures voice announcements
for passengers.

� Communication with the ASDEK system which is a track system
for contactless monitoring of bearings temperature, wheel rims,
circular brakes discs and irregularities on the wheels perimeters
at the moment of the train passing by the device.

The ISOR, CDS, PIS and EDD systems are communicated
with on the basis of telegrams of precisely defined formats which
are used by several applications utilized by CD and ZSR. The INISS
system is communicated with by means of WebServices and the
SOAP. A specific communication protocol has been designed and
implemented for the ASDEK system. 

4. Software and databasis solution

The growing demands on the system functionality have been
reflected also in the system software implementation itself. The
current version needed to solve several essential, and, to certain



71C O M M U N I C A T I O N S    3 A / 2 0 1 0   �

extent contradictory, requirements, which did not play a crucial
role when the first versions had been designed. They are simplicity
and transparency of the system, large scope of the controlled area,
and data basis standardization. All of the demands have been inter-
connected very closely, and solving one of them has an impact on
solving the others.

The goal was to create an architecture which would, in as an
optimal way as possible, sort out the requirements placed on the
system, and which, at the same time, would not be too complicated
from the viewpoints of technology and logics. The design stems
from a standard linear multi-layer architecture consisting of several
basic layers:
� Data persistence
� Data access
� Data manager
� Client’s and server’s application logics

This solution has increased the possibilities of the system’s
further modification and extention, and it supports its distributiv-
ity.

The controlled area range, attachment to other external infor-
mation systems and the data standardization requirement have
been the reason why the IS GTN has moved from its own data-
persitence management to using a database system. Yet, the archi-
tecture remains independent on the data-persistence system, and
it is possible to be replaced by implementing another layer of data
access.

The logic layer is responsible for the access to the lowest data-
persistence layer. It hides the complexity of the access to the phys-
ical data storage from the rest of the layers. The key point of this
part is its interface design. The interface helps the system gain the
data access, and it should be universal, not too complicated. Its
design ought to take into consideration various data-storages
systems.

The data manager represents the main core of the system. Its
modules ensure creation of serialized data entities which are used
with data-transfers between application layers. At the same time
the manager also functions as an administrator of data-objects col-
lections, and coordinates the communication between the layers.

The application logic layer implements the IS GTN function-
alities, i. e. the server as well as client parts of the system. It imple-
ments the interface between the user and the system, as well as
between external systems and the IS GTN. Paralelly, it processes
these user entries and external events, and generates system’s rel-
evant reactions.

5. Reasons to the control centralization, and its
advantages

Railway traffic management depends on the range, punctuality
and timeliness of the required information transfer. As long as

finding, collecting and processing the information are dependent
on a human factor exclusively, they are limited by its abilities. This
brings along a high number of employees participating in the con-
trolling process, and low effectivity of their activities. Therefore, in
order to improve the quality of railway traffic control, it is neces-
sary to use better ways of processing and utilizing the information
flows, to employ modern means of communication, securing and
information technologies.

Railway transportation control originates from the way the
signalling equipment is operated. The device type determines how
work is organized with the operation running itself. The ways of
work are very different, and they have a significant influence on the
railway traffic safety. It is an advantage to have good knowledge of
the whole route/track section. This requires the employee-in-charge
to have a good overview of the situation, which cannot be ensured
by the individual station dispatchers. The need of controlling larger
technological area units comes along also with the trains speed on
the track, namely on the tracks serving different types of trains
with remarkably different ride speeds.

The railway traffic remote control requires to create a work-
place where all necessary technologies have to be concentrated. It
is apropriate to place the employees in charge of neighbouring sec-
tions, or of one technological unit, into one control site (central dis-
patcher workplace – CDP), which will provide perfect overview of
the traffic situation on the individual tracks/routes.

The CDP has been created as a workplace for train traffic
remote control in controlled areas. The CDP consists of dispatcher
centres for the individual controlled areas. A dispatcher centre
constitutes a complex of operating and other workplaces of all func-
tion positions of the employees in charge of a given area. They are:
operation dispatcher, controlling and section dispatchers (DOZ
dispatchers), traffic operators, dispatcher of railway transport route
functionning (technical infrastructure). One of the components of
a transportation hall might be an overview display of the controlled
area on large screening units.

The DOZ dispatchers directly control the traffic within the
allocated part of the controlled area, and they remotely control the
signalling and iterlocking equipment. The number of the DOZ dis-
patchers on duty may change, depending on the train traffic density.
The number of service workplaces of the controlled area signalling
equipment has to be relevantly sized to the maximum expected
train traffic volume. Various operation personnel combinations and
division of the controlled area into the DOZ dispatchers’ districts
are determined by the service plan. Last but not least, operation
employees reduction, namely at the stations, has been a consider-
able benefit of the control centralization.

The way a long track section is controlled needs to respect also
the local operation-technological processes. Among limiting factors,
there is an ability of one employee to manage the operation of
their allocated area. Further on, the communication connections
to another workplaces participating in the controlling process have
to be elaborated, especially connections to the station dispatchers



72 � C O M M U N I C A T I O N S    3 A / 2 0 1 0

of all of the stations neighbouring with the controlled area. One
must not forget about specific demands on the communication
equipment. The essential thing is a connection between the DOZ
dispatchers, the controlled stations and entry stations, switchable
in accordance with the controlled station mode in remote or local
operation. Next, there is a need of local radio networks to connect
with working teams in the field (shifting, infrastructure mainte-
nance) and the track radio system (GSM-R) to connect with the
train engine driver. What is also important is the passengers infor-
mation system, or the carriage diagnostics system of the trains
currently moving on the tracks.

Delegating the control of the individual stations signalling
equipment to one central dispatcher workplace represents a break-
through in the transportation processes effectiveness and quality.
Implementing new technologies enables to change the track section
controlling technology significantly. The control of train traffic
within larger track units, including the single-route, branching or
train-creating stations, brings along higher effectivity of the deci-
sion-making processes. A model of control like this might include
all key transportation elements. To make also the management of
large track units as operative as possible, it is necessary to apply
correctly the supporting technical and telematic means and trans-
portation technologies. The signalling equipment remote control
with a direct connection to the information and management
systems of the railway transport enables the ultimate usage of the
information flows related to the transport processes management.
Therefore, the information and control system GTN has its irre-
placeable position in the systems architecture in the area of a track
operation. 

6. Implementing the remote control on the CDP Prerov
for the track Prerov – Breclav

The international corridor track Breclav – Prerov is a pilot
project of implementing the latest GTN system version, as well as
one of the first central workplaces of remote control.

The centralizied control of the track Prerov – Breclav was solved
as one controlled area. Since March 2007 the track has been con-

trolled from one CDP dispatcher centre in Prerov. To exectute
remote management of the signalling and interlocking systems of
all fifteen stations they have been using the AZD DOZ 1 system,
i. e. remote control with emergency servicing and with backed-up
communication branches. The dispatcher commanding computer
has been complemented by a range of specific servicing functions
related to the control of a large controlled area. They are, e. g.,
automatic turning of a track approval according to a given train
route or building a train route over more stations by one dialing.
The transmission of train numbers in the station and track rails relief
is commonplace. The signalling equipment control corresponds to
the basic technical requirements on the unified active control place.
The AZD DOZ 1 remote control is complemented by the GTN
application which automatically keeps the transport electronic doc-
umentation, displays current and perspective traffic situation, data-
communicates with higher information and controlling systems of
the railway transport. The GTN provides the access to selected
portals of the operation and operative control in the CD intranet.
Thus all of the important information are available within one
system, either directly or by request.

At all entry stations of the track Prerov – Breclav, terminals
for train numbers insertion and their anticipated and actual depar-
tures have been installed. Therefore, the mutual data communica-
tion has fundamentally minimalized the DOZ dispatchers’s voice
communication with the employees-in-charge of the entry stations
when negotiating the train rides.

A large display of the whole-track trackage is solved in a form
of backed-up individual serviceless projector equipment. Four dis-
playing modules with back projection of a 67� diameter and placed
into a row next to each other are used. Above them, there are 12
LCD monitors to display subways and platforms from the camera
systems. There are more than 80 screening cameras all over the
track. The individual pictures are switchable.

The dispatcher centre of the controlled area of Prerov – Breclav
is shared by the traffic control dispatchers and transportation
operators; the traffic route functionning dispatchers have an inde-
pendent room.

Fig. 6 View of dispatcher workplace in dispatcher room
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The traffic over a 100 kms double-rail track in 15 stations is
controlled by two control dispatchers. Three section dispatchers
are in charge of local works and operation over 8 sidetrackings.
Two operators watch the automatic activities of the passengers
information systems and other systems. This is the maximum per-
sonnel occupancy. However, there are also variants of lower per-
sonnel occupancy, which apply with low traffic volume.

The traffic route functionning dispatcher has at disposal the
state diagnostics of the station, track as well as remote signalling
and interlocking equipment. Furthermore, they watch the indica-
tions of the exchanges electric warming, trackage night lighting,
fire alarm, objects securing signalling, platform elevators operation,
supplying the traction power lines and signalling equipment. This
way, supervizing the track technical systems has been concentrated
into one and only workplace.

At four important stations, emergency station dispatchers are
based. In case of an emergency they take over. The other stations
do not have any transport-controlling staff. However, each station,
after it is occupied by a station dispatcher, is possible to control
locally.

7. Conclusion

Currently the GTN system has been implemented in more
than 50 controlled areas of the Czech and Slovak Railways net-
works. It serves as an extention of the AZD Praha’signalling equip-
ment on nearly 1,800 kms of railway tracks. Except the remotely
and centrally controlled tracks, which are described in detail in
the above article, it also works on extensive tracks controlled from
several stations, on small local tracks, as well as at big nodal sta-
tions, such as, e. g., newly reconstructed main station in Prague.
The system is supposed to be implemented abroad, too. It needs
to be able to react to all differences stemming from the different
implementations. Changing and innovating the GTN system is also
required due to the need to communicate with more and more
new external information systems and further versions of the sig-
nalling equipment.

The diversity in the implementation of the system has shown
the IS GTN flexibility, and its constant development. This is enabled
by its modular architecture, and by using the latest information
technologies for its creation. Therefore, GTN represents the com-
bination of a reliable system which, with some tracks, has been
working on its own for years, and of a modern application which
is able to develop itself and extend the areas of its utilisation per-
manently.

Abbreviations

ASDEK – system for measuring some of the physical entities of
the running train

CDP – centralized dispatcher workplace
CDS – central dispatcher system
CEVIS/WIC  – freight transport IS
CD – Czech Railways
DOZ – remote centralized traffic control
EDD – electronic traffic journal
ELDODO  – traffic electronic documentation
ESA – electronic interlocking system
EZZ – electronic signalling equipment
GTN – the traffic information and controlling system
GVD – railway traffic plan
INISS – information system for passengers
ISOR – the information system of operative management for CD
PIS – the information system of operative management for ZSR
SENA – the system for railway traffic plannig for CD
TIN – train identity number
ZONA – the system for the system for railway traffic plannig for

ZSR
ZSR – Slovak Railways
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1. Introduction

Transportation in the European Union is becoming more and
more important component of the economy. Every year more and
more passengers and cargo are to be transported. As the Document
by the European Committee ‘Keep Europe moving – Sustainable
mobility for our continent’ [1] reads, the volume of cargo trans-
portation grew by 2.8% every year from 1995 to 2004. The passen-
ger transportation growth rate was 1.9%. Between 1995 and 2004,
the cargo transportation grew by 28%, and the passenger trans-
portation grew by 18% in total.

These facts say that the growth is regular, and the tendency
does not seem to be changing. Unfortunately, the transportation
infrastructure is not developing equally quickly. Apart from other
consequences, this has also been resulting into a number of car
accidents on overly busy roads, with lots of lost human lives and
much time wasted in traffic jams. All these facts sum up into huge
economic loss and, last but not least, they represent damages to
the environment.

It is not easy at all to keep adding up new and new infrastruc-
ture, or, eventually, extending the existing infrastructure, and thus
hightening its capacity. Solutions like these are economically very
demanding, as well as sources are limited (both space and time-wise).
One of the possibilities is to involve informatics into the process
of solving these problems, and help achieve efficient and intelligent
control of the existing transportation and its systems. The intelli-
gent transportation systems (ITS) can organize and manage trans-
portation systems in such way that they can be used as efficiently
and economically as possible.

2. Communication in the intelligent transportation
systems 

Transportation systems are a specific type of systems, namely
from the viewpoint of communication networks. It is not possible
to fully apply the knowledge and principles used in common com-
puter networks. With computer networks the infrastructure is usually
fixed or localized in relatively small geographical locations, whereas
in the ITS the networks are geographically vast, and usually they are
not even interconnected completely. Moreover, contrary to common
networks, where the equipment is usually known in advance (com-
puters, routers, portals etc.) and also the services and their com-
munication protocols are known (WWW – HTTP, VOIP – SIP,
E-mail – SMTP, …), in the transportation systems networks the
equipment is considerably different – transportation infrastructure,
intelligent signs, parking systems, toll systems, garages, motor-cars
etc.

The services the above agents involved are able to provide are
diverse (information on navigation, fees, traffic jams on roads,
parking vacancies, defined traffic diversions …). In opposition to
traditional networks, the services need not be known in advance.
The standards given for this area are only being created, and the
question remains to what extent the producers will be willing to
implement them, or whether they will rather use their own propri-
etary systems, which can give them an advantage on the market.

In Europe it is the European Telecommunications Standards
Institute (ETSI) that creates standards for the area. Since it deals
mainly with the standards for the area of information and com-
munication technologies, most of the standards are oriented to
this area also in the ITS. Among the standards (most of which are
just being designed) there are standards concerning the commu-
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nication between a vehicle and the infrastructure, such as Dedicated
Short-Range Communications (DSRC), Continuous Air Interface
Long and Medium Range (CALM), as well as the mutual com-
munication between vehicles themselves [2]. They are standards
that prevailingly resolve especially lower levels of communication,
but it is also possible to find some standards describing potential
applications in the ITS area [3]. What is also promising is the initia-
tive of the motor-car (Audi, Fiat, Opel, Volvo, Volkswagen a others)
producers and other companies that have established CAR 2 CAR
Communication Consortium [4]. The main aims of the Consortium
are as follow:
� developing and pursuing the standards in the ITS area
� creating foundations and specifications for the standards, espe-

cially in cooperating with the ETSI,
� contributing to the worldwide harmonisation of the C2C stan-

dards,
� supporting the unified implementation of an exclusive commu-

nication frequency ,
� creating realistic strategies and business models of the C2C

applications implementation,
� demonstrating possibilities and feasibility of the C2C applica-

tions.

The architecture this article suggests to use is not proposed to
be an alternative to the above standards, it is rather an idea of gen-
eralising some of the application protocols so that the interoper-
ability between various participants of communication can become
easier, and new services on the same protocol platform of lower
levels can be developed and distinguished in more simple way. 

3. Services in intelligent transportation systems 

The basic categorisation of the ITS services is concentrating
on the participants of communication. According to which parties
participate in the communication, the services have been divided
into two essential categories as follow: 
� communication between a vehicle and the infrastructure (Vehicle

2 Infrastructure, V2I),

� communication between vehicles (Vehicle 2 Vehicle, V2V, some-
times also Car 2 Car, C2C).

The communication does not necessarily have to be focussed
only on the road transportation participants, but in general all kinds
of transportation can communicate with each other. Figure 1 from
ETSI website also shows that not just the road infrastructure can
serve as the source of information, but it can also be any other
device able to provide information in one or both directions (satel-
lite, mobile networks).

The architecture the article presents has been designed in
a general way, with no ties to any particular communication type.
Its main use can be seen in the mutual communication among
vehicles (e.g. the exchange of multi-media files among vehicles),
but also in the communication between a vehicle and the infrastruc-
ture (e.g. reporting dangerous situations on the road).

As it has been specified in the above part, the standardising
process in progress is concentrating mainly on lower communica-
tion levels. This is understandable because without the lower level
standards, the communication is not possible at all. However, it is
equally important to agree on the way the services to be provided
in the ITS.. The services are the key to success of the intelligent
transportation services. Therefore it is very important that motor-
car producers agree on a group of services the devices will support.
The unified transmission zone will not guarantee that a vehicle
understands every information that gets to it. The architecture
proposed hereby tries to solve the following questions:
� how to sort out the communication between the devices, when

one of them is offering an unknown service, or a service which
the other device does not recognize as it has not been defined
precisely, 

� how to complement an existing service with a new dimension or
property which are not directly supported by the other device,

� how to update the services without having to change the soft-
ware of all of the devices. 

4. Semantic modelling of information 

In 2001 the web founder Timothy Berners-Lee expressed his
idea of further routing the WWW service on the internet. The web
contains a great lot of text and other information that are easy to
access for people, but machines (other computers) are not able to
categorise or search for them. As the information does not contain
any other complementary information or its ties to other informa-
tion, machines cannot understand and connect mutually related
information. Searching is therefore limited just to key words, and
other information having semantic ties to the information are not
found.

Metainformation supplying to the existing information, or, in
other words, to annotating the existing text could be the solution.
These processes can be automated to a certain extent, but only the
person who arranges the pre-processed text apropriately can supply
the information with real meaning.Fig. 1 Types of communication in the ITS
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Several languages have been used to make formal records of the
relations among information. The most frequently used ones are
RDF, RDF Scheme and OWL. The following chapters describe
the languages briefly, in order to introduce the corner-stones of
the proposed architecture.

RDF language 
The RDF language [5] is intended to represent the informa-

tion on the sources in the WWW environment. It was originally
used to describe metadata, such as author, title, time, licence infor-
mation etc. The language is also possible to use in applications
other than it was originally meant for. The RDF data model is
based on triples of elements: subject, predicate and object, which
all together create a statement (declaration). The source can serve
as the subject or object, and the predicate corresponds to the object
attributes that have been observed. The model represents the triple:
the subject has an attribute (predicate) of a certain value (object). 

There is no defined representation for the RDF. You can use
a graph representation, as well as an ordinary text description.
The W3C has issued a recommendation for the serialisation based
on the XML language, i. e. sequencing the individual statements
into elements and attributes of the XML language. 

Here is an example of a record in the XML language:

<?xml version="1.0"?>

<rdf:RDF xmlns:rdf="http://www.w3.org/1999/02/22-rdf-

syntax-ns#"

xmlns:si="http://www.w3schools.com/rdf/">

<rdf:Description rdf:about="http://ids.fri.uniza.sk/ser-

vices">

<si:title>Services in Intelligent Transportation 

Systems</si:title>

<si:author>Patrik Hrkút</si:author>

</rdf:Description>

</rdf:RDF>

The same example written down in the form of a graph:

RDF Scheme
The RDF language describes sources by means of classes,

attributes and values; it needs a tool to describe application-spe-
cific classes and attributes. The RDF Scheme is a semantic exten-
tion of the RDF, and it provides mechanisms to describe the related
sources groups and relations among them. The RDF Scheme data
model enables to create data classes. The system of classes and
attributes is very similar to the object-oriented languages. A class

is defined as a sources group with identical characteristics. The
classes can create hierarchies on the basis of the relations. The
RDF Scheme does not provide dictionaries for applications, but it
can describe relevant classes and attributes and their mutual rela-
tions.

Ontologies
Ontologies represent the core of semantic information model-

ling. Before the applications are able to understand each other and
to recognize information in the data, it is necessary for them to use
mutually compatible data descriptions, i. e. to abide with syntac-
tical inter-operability. This way the systems will understand the
contents of documents correctly.

The term ‘ontology’ originates in philosophy, and it denotes
a theory of being, of what exists, and what are the relations between
the particular elements. Ontologies usually include definitions of
classes, relations among them, functions and restrictions. A typical
ontology contains a hierarchical description of important notions
of a given domain.

In the area of the intelligent transportation services it is pos-
sible to create an ontology, and to use it to define a common dic-
tionary to be used by all the participants of the communication in
the ITS. It will be necessary to collect all notions and define their
mutual relations. Then, on the basis of the collected information,
conveniently inter-related on the grounds of their semantic recip-
rocality, it will be possible to create a source of information on
not just the services provided in the ITS but also generally on all
terms from this specific area. At the end, it will be necessary to
write the information down by means of a formal language. A suit-
able candidate is the OWL language. 

OWL language 
The OWL contains more options of describing attributes and

classes than the RDF and RDF Scheme do; apart from other
things it can describe relations among classes, such as disjunction,
equivalence or cardinality. At the same time it contains wider pos-
sibilities for the description and characterisation of attributes. The
language was designed to be used by the applications which need
to process the contents of documents. The OWL guarantees mutual
interconnectivity of the contents, and provides good possibilities
for describing the relations among information. The OWL has three
variants differing from each other by their expressing abilities (in
downgoing sequence) – OWL Full, OWL DL and OWL Lite. The
OWL DL is the most frequently used one. 

Fig. 2 The RDF statement written down in the form of a graph
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With its expression rate, the OWL DL draw near the OWL
Full, with one difference – a statement evaluation is guaranteed
within definite time. The OWL DL supports a set of constructions
identical with the one the OWL Full does, with one difference: it
does not support free mixing of the RDF and RDF Scheme, and
it requires a strict separation of classes, individualities (in the notions
of the object-oriented programming, an individuality is understood
as a class instance), attributes and values (a class can be a sub-class
to other classes, but it cannot be an instance to another class). 

5. Design of the architecture to provide the ITS services

As it has been mentioned already, the suggested architecture
is aiming at covering various types of services in the ITS. In the
area developing as quickly as the ITS is, there will always be new
services appearing, or, the existing services will be enriched with
new attributes. One of the questions arising here is how to incor-
porate the new services and attributes into the existing systems
without having to upgrade the existing devices in any remarkable
way, whether they are devices in vehicles or in road infrastructure.
One of the things the suggested architecture is supposed to do is to
simplify the creation of new services as much as possible, as well as
to simplify their registration and distribution to the devices. 

The essence of the architecture is supposed to consist of the
ITS area ontology, which should combine all of the substantial
notions of the domain. The primary contents of the ontology would
consist of:
� vehicles, categorisation and attributes, 
� road infrastructure elements,
� services and their characterisations,
� events, car accidents, dangerous situations. 

Each newly originated service will be described in detail, cat-
egorised and suitably incorporated into the existing ontology. The
ontology like this could be distributed (e.g. using distributed data-
bases [6]) in the environment of road infrastructure or over the
internet. In case a vehicle gets within the reach of a device provid-
ing newer definitions of services, it would automatically update its
definitions of services. Of course, other vehicles disposing of the
newer ontology version are also able to convey the information,
and vice versa, vehicles with the latest ontology version would be
spreading it.

It is important to make sure the ontology is possible to be
used on the devices in the ITS. It is not possible to expect that the

devices would dispose of a remarkable calculation performance,
or of an extensive memory for complicated questioning which has
been done over ontologies. To solve this problem, we could use
a transformation, e. g. the XSLT, so that we can simplify the infor-
mation model in such a way that the information can be used for
simpler devices. Another potential solution would be implementing
a transformation or a simplified query language which would be opti-
mised for the devices with a weaker calculation performance. 

The following example will show us what the process might
look like in practice: a vehicle is signalling to another vehicles
coming from the opposite direction that they are heading towards
a road section where there is a dangerous situation. Not all vehi-
cles are able to understand that information exactly, but it is quite
enough if they are able to file it into a correct category, and, on
the basis of detailed information they have in their ontology, they
are able to estimate the type of the received information and its
importance, in spite of the fact that they do not recognize it. 

Last but not least, it is important to ensure authenticity and
unchangeability of the provided information, whether the informa-
tion comes from a source of the infrastructure or from another
vehicle. To solve such problems in practice, we often use the Public
Key Infrastructure (PKI), where the information is signed with
a private key of the issuer owning a credible certificate of a certi-
fication authority. The information receiver may verify the infor-
mation by the information sender´s public key. More information
on the PKI implementation can be found in [7].

6. Conclusion

The advantages of the proposed architecture will make it easier
to control the existing services, faster to implement new services,
more comfortable to incorporate services into the existing systems.
The architecture should bring more intelligence into managing
the services in the ITS. At the moment, the submitted architecture
is being designed, and the selection of the IT area technologies to
be used is being finalised. The pilot verification of the proposed
architecture is going to take place within the Easyway Project
which Slovakia has been participating in.
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1. Introduction

Wireless sensor networks (WSN) represent new technology
for effective solving of tasks that include distributed information
sources. According to [2] contemporary applications of sensor
networks can be divided into four basic groups:

Environmental and habitat monitoring. Nowadays mankind
stands in front of many unsolved environmental issues that can
drastically influence quality of life in the future. The monitoring
of changing parameters of environment is one of the first tasks on
the way to reduce undesirable effects. Collection and processing of
huge amount of data is possible using well organized WSN network.
WSN networks can essentially contribute to improving long-term
weather and climate change prediction.

Medical diagnostics and health care. Wireless sensor network
technology is ideal for monitoring health conditions of patients and
elderly people. Interesting practical application of WSN in health
care monitoring is described in [5]. Example of monitoring vehicle
drivers to determine their ability to drive can be found in [4].

Military surveillance and industry security. Due to its intensive
nature, distributed wireless sensor networks are suitable to monitor-
ing military strength, equipment and material. Wireless network is
part of “Smart Dust” technology that is based on large amount of
tiny wireless microelectromechanical sensors that could be spread
over a large battlefield area, monitoring enemy movements and
detecting everything from light to vibrations in a covert manner,
[6], [7]. WSN are often used to improve security in some dangerous
industry environments such as mines and nuclear power stations.

Industry applications. Wireless sensor networks can be found
in factories in technology processes monitoring, safety systems

and others. Nowadays WSN are used more and more in control
systems.

WSN could be characterized by following features:
Large-scale networks consisting of huge amount of sensors

arranged in space with defined granularity. Using distribution man-
agement system methods to execute complex and large numbers of
data could increase monitoring accuracy (signal-to-noise ratio is
increased) and decrease accuracy requirement of each nodes. The
existence of the redundant node can improve the lifetime of the
whole wireless sensor network and provides the system with strong
capacity of fault tolerance. A high density of sensor nodes enables
increased monitoring coverage and provides chances to eliminate
caves or fade zone.

Self-organizing networks make it possible to place nodes without
preexistent infrastructure. Individual sensor nodes can be scattered
randomly while respecting their communication range. After arrang-
ing, nodes are able to create functional network. In the case of
node failure or energy blackout the network topology is dynami-
cally changed. Likewise new nodes can be added on the fly. This
could prolong the networks’ lifetime and greatly improve their
performance.

Multi-hop routing is used to allow communication between
any two nodes whose separation is larger than maximum commu-
nication distance (usually few hundred meters). In such a case inter-
mediate nodes have function of repeaters. This area is continually
improved using new, interesting methods of routing.

Besides mentioned three basic properties wireless sensor net-
works are characterized by other properties that are described in
detail in [2].

WIRELESS SENSOR NETWORKS FOR ROAD TRAFFIC
MONITORING
WIRELESS SENSOR NETWORKS FOR ROAD TRAFFIC
MONITORING

Juraj Micek – Ondrej Karpis *

The paper presents an analysis of communication technologies that should lead to choosing technology appropriate for road traffic mon-
itoring. One of the best available communication technologies is standard ZigBee. Experimental measurements of data rate with respect to
distance under different operating conditions are presented. Based on obtained results it is possible to say that using ZigBee technology in
wireless sensor networks is appropriate if we expect lower data rates (70 kbps).
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2. Applications of WSN in traffic

One of the most perspective areas of WSN application is
traffic. Traffic systems are large-scale with distributed information
sources by nature. Traffic systems controlling requires different
approaches from those used in classical technology processes con-
trolling. Wireless sensor networks provide effective means for data
collecting and transport. This makes from them an inseparable
part of intelligent transport systems (ITS). Among the first success-
ful applications of WSN in traffic were systems for monitoring
transport flow parameters in order to determine transport inten-
sity, to control crossroads with traffic lights, to forecast trends in
traffic and so on.

Developing the WSN is a complex problem with many partic-
ular parts: network nodes design, development of effective methods
of data preprocessing and methods of reliable communication.

The network node consists of a sensor module, control and
signal processing module and RF transceiver, Fig. 1.

Each node must be able:
– to relay wireless data with defined data rate and communication

range
– to operate reliably without maintenance
– to provide qualities required from dynamic ad-hoc mesh com-

munication network.

To satisfy the presented requirements is often an unsolvable
problem. Increasing of communication range and data rate dra-
matically influence energy consumption and lower device lifetime.
Therefore, in most cases it is necessary to make compromise bet-

ween energy consumption and data rate or communication range.
From this point of view one of the most important decisions is to
choose an appropriate communication standard.

3. Communication subsystem

If we don’t take into consideration the frequency band defined
by standard 802.11.p then there is no dedicated frequency band
for wireless sensor networks. The only chance is to use some of
the free ISM (Industrial, Scientific and Medical) frequency bands.
In EU we can use one of the following ISM/SRD (Short Range
Devices) bands: 40.66 – 40.70 MHz, 433.05 – 434.79 MHz, 863
– 870 MHz (SRD), 2.400 – 2.500 GHz, 5.725 – 5.925 GHz, 24.0
– 24.25 GHz, 59.3 – 62.0 GHz, 122.02 – 123.0 GHz (SRD),
244.0 – 246.0 GHz (SRD). Most frequently used is ISM band
2.400 – 2.500 GHz. This band is used by several communication
systems that can influence each other (Table 1).

Wireless sensor networks belong to the group of networks
known as WPAN (Wireless Personal Area Network). According
to data rate are WPAN networks divided into following groups:

HR WPAN (High Rate) – high-speed networks used mainly
for RT and multimedia applications. Defined by standard IEEE
802.15.3 with maximum data rate of 55 Mbps or by standard UWB
802.15.3a with speed up to 110 Mbps within range of 10 m.

MR WPAN (Medium Rate) – networks with medium through-
put rate used as replacement of cables in consumer electronics.
According to standard IEEE 802.15.1 Bluetooth the data rate orig-
inally was only 1 Mbps, nowadays it is up to 3 Mbps (standard
SIG 2004).

LR WPAN (Low Rate) – low-speed networks dedicated to wire-
less sensor systems and other simple applications. A typical rep-
resentative of standards in this group is 802.15.4 IEEE 2003 and
2006 with data rate up to 250 kbps.

Acronym LR WPAN represents a low-speed personal data
network. It is a cheap, low power communication network that is
intended for applications with a limited communication range, data
rate and energy consumption. 

Fig. 1 Wireless network node

Wireless technologies used in frequency band ISM 2.4 GHz (2.4000 – 2.4835) Table 1

Technology/ 
interference source

Modulation
Frequency 

[MHz]
Channel number

Channel width 
[MHz]

Channel spacing
[MHz]

Wi-Fi, 802.11.b DSSS 2.412-2.472 13 22 5

Bluetooth, 802.15.1 FHSS 2.402-2.480 79 1 1

LR WPAN 802.15.4 DSSS 2.405-2.480 16 3 5

Wireless USB DSSS 2.402-2,479 78 1 1

Cordless phones Different 2.400-2.483 Different Different Different

Microwave ovens Impulse 2.400-2.500 – – –



82 � C O M M U N I C A T I O N S    3 A / 2 0 1 0

Some of the basic properties of LR WPAN are:
– Data rate of 250 kb/s, 40kb/s or 20 kb/s,
– Short 16-bit or extended 64-bit addressing,
– Channel accessing using CSMA-CA, (Carrier Sense Multiple

Access with Collision Avoidance), 
– 16 communication channels in 2.45 GHz band, 10 channels in

915 MHz band and 1 channel in 868 MHz band. 

Standard 802.15.4 defines properties, characteristics and para-
meters of two lowest layers of ISO/OSI communication model.
The link layer is reduced to a medium access control (MAC) sub-
layer.

The communication system defined by standard 802.15.4 can
operate in three ISM frequency bands. Transfer parameters used
in individual frequency bands are summarized in table 2.

Maximum transmit power must obey regulations defined by
individual countries. Approximate values of maximum transmit
power are shown in table 3.

Standard 802.15.4 defines 27 communication channels in three
frequency bands. Their numbering and center frequency, Fc are as
follows:

Fc � 868.3 MHz for channel k � 0,
Fc � 906 � 2(k�1) MHz for channels k � 1, 2, … 10, 
Fc � 2405 � 5(k�11) MHz for channels k � 11, 12, … 26. 

Frequency band 2.45 GHz is used by several wireless transfer
systems. In this band one can expect the biggest interferences caused
by Wi-Fi technologies (standard 802.11) that are presently used in
a large scale for data transfer. The assigning of transfer channels
in frequency band 2.45 GHz according to standards 802.11 and
802.15.4 is depicted in Fig. 3. The fact that standard 802.15.4
defines only two lowest layers of transfer system allowed creation
of different data transfer systems that are used in various applica-
tions. Let’s mention three mostly used technologies for area of indus-
trial automation: Wireless HART, SP 100.11 and ZigBee. ZigBee
technology is the most popular. 

Communication standard ZigBee is designed especially for
building automation, wireless telemetry, industrial automation, con-
sumer electronics and other applications with low demands for
data transfer rate. Development of this standard was started in 2002
by ZigBee alliance. By the end of year 2004 version 1.0 was finished
as extension of physical and MAC layers of standard 802.15.4.

There are two types of devices that can act as communication
nodes of ZigBee network:

Fig. 2 Structure of standard IEEE 802.15.4

Fig. 3 Transfer channels according to STD 802.11 and 802.15.4

Physical layer parameters Table 2 

Frequency
band

Frequency
range

Channel
number

Maximum
transfer
speed

Modulation Region

868 MHz
868-868.6

MHz
1 20 kb/s

DSSS w.
BPSK

Europe

915 MHz
902-923

MHz
10 40 kb/s

DSSS w.
BPSK

USA,
Australia 

2.4 GHz
2.4-2.4835

GHz
16 250 kb/s

DSSS w.
O-QPSK

other
countries

Maximum allowed transmit power Table 3

Frequency
band

Region Max. transmit
power

Regulation nr.

2.4 GHz Japan 10 mW/MHz ARIB STD-T66, B14

Europe 100 mW EIRP ETSI EN 30 328

USA 1000 mW 15.247 FCC CFR47,B14 

Canada 1000 mW GL-36, B15 

902-928 MHz USA 1000 mW 15.247 FCC CFR47, B14

868 MHz Europe 25 mW ETSI EN 30 220, B10
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– Reduced functionality devices (RFD) – relatively simple devices
with low memory capacity, limited performance and low energy
consumption. They are used as end devices in the network. They
lack features such as routing and/or coordinating. 

– Full functionality devices (FFD) – more complicated devices
whose hardware and software enables implementation of more
sophisticated functionalities. They can take the role of router,
coordinator and/or end device.

Basic types of ZigBee network nodes are:
– Coordinator, or PAN coordinator, establishes the network,

assigns addresses, stores security keys and so on. There can be
only one coordinator in each network. It is FFD type of device.

– Routers act as intermediate nodes, relaying data from other
devices. Router must be able to establish and control relations
between other nodes. Router is FFD device.

– ZigBee Trust Center (ZTC) is a main security element in the
network. It provides services related to security and message con-
fidence.

– End devices have sufficient functionality to talk to their parents
(either the coordinator or a router) and cannot relay data from
other devices. This reduced functionality allows for the potential
to reduce their cost. It can be RFD or FFD device.

– ZigBee gateway allows interconnection of ZigBee network with
other networks. Its main function is to converse communication
protocols.

Number and types of devices used in particular ZigBee network
depends upon its scale, complexity and application requirements.
Network layer of ZigBee supports these network topologies: tree,
mesh and star. Network securing, interconnection with other net-
works, multi-hop routing algorithms and other additional properties
are not mandatory for ZigBee networks. This is a reason why we
can see in praxis networks ranging from most simple ones (with
only one FFD as coordinator and some RFD’s) to complicated,
well secured networks designed for industrial applications. 

ZigBee alliance released new specification for wireless com-
munication named ZigBee PRO in the year 2007. This standard
has following improvements over the previous version:
– enhancements in the area of addressing and routing such as:

random address assigning with collision detection, limited broad-
casting, using AODV (ad-hoc on–demand distance vector) rout-
ing with possibility for many-to-one communication.

– Communication channel change. Interference with other com-
munication systems in ISM band can severely reduce network
throughput. ZigBee PRO uses a frequency agility method which
allows the coordinator to adaptively change used channels in
order to minimize influence of interference on network through-
put.

– Power management of end devices allows sleep periods with
a maximum period of 7.5 s. Routers are able to remember mes-
sages addressed to “sleeping” devices so there is no data loss
during a sleep period.

– Securing of data transfer is accomplished by symmetrical encryp-
tion AES 128. ZigBee PRO network should have one trust center
that provides security services to all other network devices.

ZigBee PRO standard has substantially better properties over
ZigBee standard in the fields of data rate, security and robustness
especially in the case of large scale communication networks. 

ZigBee technology was chosen as a key part of experimental
wireless sensor network for monitoring traffic parameters.

4. Experimental verification of XbeePro nodes
properties

OEM RF modules developed according to standard 802.15.4
are marked as Xbee and XbeePro. These modules allow rapid devel-
opment of wireless sensor networks. Modules are able to operate
in ZigBee Mesh communication networks. In order to verify prop-
erties of modules we realized following three experiments.

Two experiments were realized in full traffic in the middle of
day. The first experiment was focused on the influence of antenna
type on a data rate. The modules used maximal power output (North
American version). In the second experiment we examined the
influence of modules placement on a data rate. The placement of
receiver (point o) and transmitter is depicted in Fig. 4. First two
experiments took place in the centre of Prievidza.

There were 5 available Wi-Fi networks in 2.4 GHz band at the
place of receiver during measurements. Four of them had a low
level of signal (1/5 - 2/5) and one a had high level of signal (4/5).

The third experiment was focused on comparison of the
antenna type on a data rate under almost ideal circumstances –
outside the town, direct line of sight, none Wi-Fi networks. Second
and third experiments were carried out with modules set to comply
with European norms (maximum transmitter power output 10
dBm).

All the experiments were based on a simplex operation of
modules. The maximal data rate under ideal circumstances is about
76 kbps. For duplex communication the data rate is halved. The
term “data rate” means the rate of transfer of useful data.

Experiment 1 – influence of antenna type on data rate in urban area 

Parameters:
– Transmitter output power: 18 dBm (63 mW)
– Wire antenna of length 2.8 cm or ceramic antenna
– Length of measurements: 10 s
– Receiver placed 50 cm above ground
– Transmitter placed 120 cm above ground

Fig. 4 Transmitter and receiver placement
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The ceramic antenna was in vertical position during measure-
ments because of its better performance over horizontal position.
The influence of antenna placement depends on the distance of
modules and ambient circumstances.

Practically in all the measurements the wire antenna shows
a better performance. The data rate for distances under 60 m is close
to maximal. In special cases (no obstacles) the data rate remains
quite high even for greater distances (see measurement 2).

Experiment 2 – influence of modules placement on data rate in
urban area

Parameters:
– Transmitter output power: 10 dBm (10 mW)
– Wire antenna of length 2.8 cm
– Length of measurements: 20 s
– Receiver placed 50 cm above ground
– Transmitter placed 120 cm above ground (placement 1) or direct

on ground (placement 2)

The placement of modules has a significant impact on the
data rate. If the transmitter was placed direct on ground, the data
rate often was reduced below half of a normal data rate. However,
the influence of ambient circumstances sometimes allows a higher
data rate (measurements 2 and 3). Comparing tables 4 and 5 (rows
“Wire antenna” and “Placement 1”) one can see negative influence
of the lowered transmitter output power on the obtained data rate
especially at greater distances. For short distances (about 60 m)
the data rate is usually about 10 % lower.

Experiment 3 – data rate under almost ideal circumstances

Parameters:
– Transmitter output power: 10 dBm (10 mW)

– Wire antenna of length 2.8 cm or ceramic antenna
– Length of measurements: 20 s
– Transmitter and receiver placed at least 120 cm above ground

The result of this experiment is similar to the first experiment.
It confirms that the wire antenna has a better range than the ceramic
antenna. The difference is about 130 m if we define the lowest
usable data rate to be 2 kbps.

5. Conclusion and future work

The paper addresses the problem of wireless sensor networks
in traffic monitoring. It is focused on choosing proper communi-
cation technology, which satisfies basic requirements. One suit-
able technology is standard ZigBee. The results of experiments in
an urban area show that the communication range of modules is
quite dependent on modules placement, antenna type and ambient
circumstances. For a good modules placement with the wire antenna
it is possible to obtain data rates of about 67 kbps for distances of
at least 60 m. For lower data rates the distance can be extended
beyond 200 m. According to acquired data we can say that ZigBee
technology is suitable for WSN applications in transport systems.
In the next phase we will focus on developing network nodes
capable of sensing acoustic signals, vibrations and with optical dis-
tance sensor. The network will be used for the monitoring of trans-
port flows in real world.

Acknowledgement: 
This contribution is the result of the project implementation:

Centre of excellence for systems and services of intelligent trans-
port, ITMS 26220120028 supported by the Research & Develop-
ment Operational Programme funded by the ERDF.

Different antenna types in urban area Table 4 

Measurement 1 2 3 3a 3b 4 5 6 7 8 9 10 11 12 13 14

Distance [m] 54 214 300 381 383 305 207 165 60 55 119 203 245 144 91 51

Wire antenna [kbps] 75.2 67 25.3 18 2.6 47.2 42.8 59.2 75 73.9 41 32.3 11.1 50.2 37.9 67.4

Ceramic antenna [kbps] 52 55.8 2.6 0 0 20.3 44.3 37 71 68.4 13.3 11.9 6.4 4.2 9.6 53.6

Influence of modules placement Table 5

Measurement 1 2 3 3a 3b 4 5 6 7 8 9 10 11 12 13 14

Distance [m] 54 214 300 381 383 305 207 165 60 55 119 203 245 144 91 51

Placement 1 [kbps] 74.6 23.6 5.6 0 0 31.2 35.5 54.6 66.8 67.7 4.1 2.6 1.1 28.7 38.8 72.6

Placement 2 [kbps] 30.3 25.8 6.1 0 0 0.6 10.2 21.9 45.7 21.8 1.5 0 0 0.4 34.3 39.1

Data rate vs. antenna type Table 6

Distance [m] 100 120 140 160 180 200 220 240 260 280 300 320 340 360 380

Wire antenna [kbps] 74.3 74.7 74.9 76.8 74.3 71.9 63.9 74.5 52 71.5 25.4 17.3 31.7 12.5 0.8

Ceramic antenna [kbps] 74.6 74 73.6 59.1 72.2 32.4 14.3 2 0.2 0 0 0 0 0 0
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1. Introduction

The objective of this paper is to provide a view on an intelligent
traffic system. It consists of information computing from images
and distribution of this information to other nodes in the traffic
network. Such system can be used in areas of safety transportation,
reliability, cost reduction of transport etc. In the first part a pos-
sibility of obtaining suitable information is analyzed. In the second
part a framework for efficient data delivery (how the message looks
like, what the context is, etc.) is proposed. A possibility of integrat-
ing these different parts into one common system is also analyzed.
The type of information, which is computed in the first part, depends
mostly on the system deployment, but its general character could
be:
� Surveillance and security – the protection of objects from acci-

dents, vehicle crashes, pedestrian injuries, or just monitoring
a region of interest (ROI) from unauthorized access. A situation
which could be solved is, for example,: the monitoring of rail
crossing [1], entrances into companies etc. 

� Monitoring systems – providing early information about current
traffic situation (traffic jams, weather conditions, etc).

The process of information computing is based on image pro-
cessing. Inputs are obtained from a camera positioned in a hover
view (light pool). The camera is focused on ROI in which an
action occurs).

Images or video sequences are processed with our system (soft-
ware demo) and the result provides valuable information about the
state of system in the given ROI. These procedures can be gener-
alized as a task of foreground extraction. The information obtained
from the image processing part needs to be delivered to the final
customer and it should be accomplished in an effective way. For
this purpose the communication framework for a mobile ad-hoc
network is designed. The protocol satisfying all the necessary require-

ments for efficient data delivery (size, effectiveness, universality,
etc.) is introduced. 

Generalization can be made as follows: information is com-
puted from a video sequence (type of information depends on the
system deployment, for example: “alert → there is an object on
railway crossing”). This data is encapsulated into the message and
then it is distributed over a mobile ad-hoc network (MANET).
Each receiving node initializes a decision process based on the
importance of a received information (see Fig. 1).

In the second chapter of this work a system for foreground
extraction is described. Two different methods are analyzed. The
first method is a background modeling and the second one is a key
point detector. The results from classification process are sum-
marized in the third chapter. The 4th chapter proposes a protocol
for information exchange between all the objects of C2X1) system.
In the last chapter some important points for communication estab-
lishing and maintaining are outlined.

2. Foreground Extraction

Extraction of foreground objects is a fundamental task in the
image processing (to distinguish object from a scene). If this is
accomplished with a sufficient result, object recognition and clas-
sification, event detection could be performed. There are different
methods. An overview can be found in [2], some of them work with
one video frame – known are point detectors like SIFT [3], SURF
(Speed-UP Robust Features) [4], or Moravec and Harris detectors.
Other methods utilize a sequence of images to model background
– Eigenbackground, Mixture of Gaussians [5], Background com-
parison etc. Generally all approaches need to cope with: 
� Light and weather changes.
� Noise caused by trees, grass.

INTELLIGENT TRAFFIC SYSTEM: 
COOPERATION OF MANET AND IMAGE PROCESSING
INTELLIGENT TRAFFIC SYSTEM: 
COOPERATION OF MANET AND IMAGE PROCESSING

Stefan Badura – Anton Lieskovsky *

This paper presents a model for intelligent traffic system. Proposed methods describe ideas of information computing from images and its
distribution to different nodes in traffic system. Two algorithms for foreground extraction forwarded by classification of extracted objects are
discussed in the paper.. These approaches serve as a basis for information computing. Communication framework over MANET is presented
for efficient information delivery. Appropriate protocol is designed at first, and then some algorithms for efficient data delivery are discussed.

* Stefan Badura, Anton Lieskovsky
Faculty of Management Science and Informatics, University of Zilina, Slovakia, E-mail: Stefan.Badura@fri.uniza.sk

1) Car to Car. Car to Infrastructure
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� Permanent changes in background (new car in parking), etc.

The SURF which will be discussed first is an invariant key
point detector. We will estimate some key points that could repre-
sent the foreground. Next, we will discuss some methods for back-
ground modeling.

Invariant Key Point Detector
The SURF is a robust invariant key point detector. It is used

for foreground extraction and its description with a set of feature
vectors.

The algorithm is a three-step process:
1. Detection and localization of interest points.
2. Construction of feature vector – descriptor. 
3. Descriptors matching.

We utilize just first step in our work – interest point detection
and localization. This satisfies the problem of foreground extraction.

Detected interest points are considered as candidates for fore-
ground. 

If this method is applied on the surveillance system, the fol-
lowing consideration can be made: if the number of detected inter-
est points is increasing, there is probably an object in the scene.
This process uses Fast – Hessian features detector and it is based
on determinant D(H) of Hessian matrix H(f). The Hessian matrix
is the matrix of partial derivatives of two dimensional function
f(i,j) (see eq. 1)[4].

Hessian matrix (1)

Deter. of H (2)

Equations 1 and 2 are defined for the continuous function f,
but we work with an image, which means a discrete space. Each
point represents pixel intensity for this image at (i,j) coordinates.
Approximated derivatives are then computed by convolution with
an appropriate kernel (H is also approximated – H�). For the deter-
minant approximation (D�) the following formula is used:

(3)

Dii, Djj, Dij – are block responses (derivatives) in image for pixels
at (i,j), convolved with suitable mask.

Determinant computation is necessary for interest point detec-
tion (which are maxims in determinant matrix – see Fig. 2). The next
step of the proposed method is construction of the scale space by
producing image pyramids. We’ll stop here because we have infor-
mation about the foreground (or better said – we have candidates).
If we wanted to continue with other stages, we can obtain better
results, but the computation time increases with any other step. 

Background modeling
An example of background modeling is the Mixture of Gaus-

sians. In our experiments this method did not seem very robust for
the given problem2).
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2) All the algorithms were tested on a dataset which was captured from the entrance to a company. ROI covered an area where vehicles and persons
passed. In the region there was also a barrier which brought noise into the system, therefore, our methods are adapted to this specific problem.

Fig. 1 Design of system deployment. 
1 – Computational center (image processing). 

2 – Possible representation of ROI. 3 – Communication between objects. 
4 – Camera focused on affected ROI. 5 – Objects participated in

communication

Fig. 2 Left image represents results from invariant key point detector
(red circles are detected key points). 

Right image is an example of detected maxims in determinant matrix.
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We used a model based on a simple principle:

res � f(t) � f(t � n) (4)

res – result, f(t) – image intensity in time t; f(t � n) – image
intensity in past.

It is the background comparison model, simple and easy to
compute. To ensure better resistance more background models are
maintained. The first example (eqs. 5 and 6) is a modification of
the basic model from eq. 4.

res � f(t) � ref(t � 1) (5)

ref(t) � f(1 � α) � ref(t � 1) � α � f(t) (6)

Ref(t) – reference image (running average of background pixel
intensity); α – remembering constant

Another model: if pixel is executed n-times in a sequence as
foreground, then it is moved to background. We designed a model
where two simple approaches are mixed together for background
maintenance. If pixel in a given time t is decided to be a fore-
ground in both models, then it is executed as foreground for a given
time, otherwise it belongs to background. Such an approach should
cope with long term and also some temporary changes. This model
is not such a strong tool as, for example, Mixture of Gaussian which
can adapt to weather or light changes very quickly. But with our
approach, we can, firstly, better manage background models and,
secondly, our dataset was collected in a specific (real) situation,
so it needs a unique model. 

Two different methods for the problem of foreground extrac-
tion were compared each other. Background modeling methods and
invariant key point detector. The primary criterion was the rate of
correctly identified objects passing the ROI. Better results were
obtained with background modeling – background comparison
model. Errors occurred especially in the situation when there were
shadows. The Mixture of Gaussians (MoG) is another well known
method for background maintaining. Our model is in advance in
remembering objects for longer time compared to the MoG. MoG
and background comparison models work with video sequences,
SURF does not when it works just with one frame (time dimension
is not used). The SURF does not need to maintain the background
model (there is no problem with forgetting objects or light changes).
Weakness of this method is that low contrasted objects are recog-
nized very poorly, for small regions the SURF does not have to
recognize any objects (see Fig. 4), the whole process is also time
consuming against background comparison model. SURF is more
reliable in situation where known objects are searched.

3. Classification Process

The main goal of this part is to provide additional information
about the type of objects in given ROI. This information is then
added to the information computed in the 2nd part. This part is not
so important; it is just an illustration of another way of computing
some information from image that can increase an informational
character of the system. Generally, in this part we are interested
in three types of objects (pedestrians, personal cars, other type of

vehicles and false positives) – together four classes are distinguished.
The highest score of positive object's identification moved up-to
92.5 %. Before classification, a successful foreground recognition
has to be accomplished (previous part). If foreground candidates
are known, ROI is shrunk just to a small region around object. 

A simple classifier is used in our work based on the vector dis-
tance (MSE – Mean Square Error or Hamming distance). Each
feature vector is computed from appropriate images. Two different
inputs were compared. First input is the result from the foreground
extraction process (frame subtraction, see Fig. 4) and the second
one is obtained from edge images (see Fig. 6). Next, the vectors
are computed from these images, their sizes move around 10–15
values. The character of these values is:
1. From subtracted images – eccentricity, percentage of pixels,

centroids, compactness…
2. From edge images – number of single pixels, couples, triples,

tetras, number of lines “---”, ”|”, “/”, “\”, number of crosses
“+”, “x”...

These two types of vectors are used as input for our classi-
fier3). From the experiments it was clear that better results were
achieved using the second type of inputs (edge images). 

In previous text methods for information computing from
images were introduced. At first foreground objects were extracted,
secondly these objects were classified into classes. An example of
a final information could be: 

Fig. 3 An example when in ROI was an object, but it wasn't detected
(ROI is the area between lines)

3) All values need to be normalized.
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ALERT: On rail crossing is an object– it could be a car.

Next step is a delivery of this information to other traffic
objects (a train approaching the affected rail crossing). The infor-
mation delivery is discussed in next part.

COMMUNICATION PROTOCOL

In this part we present framework for information represen-
tation. Common communication protocol is introduced. MANET
(Mobile Ad-Hoc network) is used for information exchange. An
important task in this type of network is to solve the problem how
to represent information, what the message looks like and how to
deliver the information. When the message is created, it is sent to
MANET nodes which extract suitable information for themselves.
The information from the message serves as basis for decision

process in different kinds of collision situations (as mentioned before
– traffic jam, crashes etc.). The designed message should provide:
� Content for Emergency Warning Messages (content for infor-

mation obtained from an image processing part).
� Generating next hop messages (messages that need to be trans-

mitted to other vehicles).
� Ability to provide a message life cycle (registration, transfer,

removal, etc.).
� Simplicity, universality etc.

Designed message is also restricted by physical characteristics
of the system. There are limitations for example in a transmission
rate, available bandwidth and transmission power of devices. Some
implementation problems to be considered are:
� Message size (in kB).
� Insurance against unauthorized access to the message (it should

be considered that a secure message can increase the message
size).

� A small number of objects incorporated in communication can
cause that the message will not be properly distributed.

� A lot of objects involved into communication can lead to con-
gestion (see Fig. 6).

Content of the message
The common structure of the message in C2X –systems must

provide:
� Autentification and identification (IP, MAC, secure certificate).
� Messages encoding.
� The size and the structure of the message must allow smart pro-

cessing (compression).
� The possibility to use certification authorities.
� Information about state of the objects (position, velocity, direc-

tion, time stamp…).
� Information about occurred events (accident, emergency car

passing, mist, etc.).
� Information about multimedia description of the message (image

path or path to sound file).
� Covering information description:
� Source of the message (car, operation center, computation center

hydrometeorological institute, etc.).
� Type of a distributed message (public, private).
� Communication language of the message (English, Slovak, etc.).
� Priority of the message (probability for certainty of given event).

Protocol definition
Possible solution is to define the message according the XML

standards. This format ensures simple access regardless of used
platform at which it runs. The message of this type (XML) fits the
characteristic for a common communication protocol described
earlier. The following list contains the definition of designed pro-
tocol:
� identifier – Unique number, or text string that identifies the

message assigned to a sender.
� sender – Unique address identifying the creator of the message.
� password – Sender verification (secure function implementation).
� source – Identification of operator or device (vehicle).

Fig. 4 Results from background comparison model are shown, 
for various objects.

Fig. 5 Probability dependence of optimal message delivery and number
of objects in communication is shown.

Fig. 6 The image shows the process of edges extraction. Blur is applied on
original image, then Sobel edge detector is used. Detected edges serve as

input for classification process.
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� sent – Time and date of the sent message. Format is standardized
in ISO 8601 (example: "2002-05-24T16:49:00-07:00").

� scope – Code for type of message distribution (Public, Restricted,
Private).

� msgType – Type of the message (Alert, Update, Cancel, Ack,
Error).

� language – Code of used language for the informational content.
Code values standardized in RFC1766.

� category – (Security – military, legal, government, private, secu-
rity, Geo – geophysics, Met – meteorological, etc.)

� instruction – Text of recommended action, for receiver.
� headline – Title of the message record.
� GPS – GPS data.
� Other data necessary to identify events.

Basic structure of the message is inspirited from Common Alert
Protocol [6]. Names of elements and their values satisfy commu-
nication standards to make the whole system functional.

Protocol implementation
The algorithm for message processing should meet the fol-

lowing requirements:
� Control of the environment.
� Receiving and evaluating messages.
� Process management and displaying messages.

<alert xmlns = "http://www.incident.com/cap/1.0">
<identifier>KSTO1055887203</identifier>
<sender>KSTO@NWS.NOAA.GOV</sender>
<sent>2010-01-17T14:57:00-07:00</sent>
<status>Actual</status>
<msgType>Alert</msgType>
<scope>Public</scope>

…
<info>

<category>Road</category>
<event>RAIL CROSSING COLLISION</event>
<urgency>Immediate</urgency>
<severity>Severe</severity>
<certainty>VeryLikely</certainty>
<expires>2010-06-17T14:59:00-07:00</expires>
<senderName>NATIONAL TRAFFIC SERVICE</senderName>
<headline>ALERT : On rail crossing is an object.</headline>
<description>VEHICLE STOPS ON RAIL

CROSSING</description>
<instruction>POSSIBLE DANGEROUS SITUATION. BE

CAREFULL (SLOW DOWN)</instruction>
…

</info>
</alert>

The above XML description is an example of the message (a
part of the message). This protocol accomplishes all the necessary
requirements for C2X systems defined at the beginning of the 4th

chapter. For this purpose a demo application was developed to
acquire reliable information about its network abilities. The simu-
lation model was created to analyze communication between various
objects and for different types of traffic.

4. Didtribution of the information

Both static and mobile objects participate in communication.
When the result of image processing is transmitted the holder of
the original information is a computational center. It is a static
object and, therefore, it is important to use the model of “off-line
replication”. At first it is necessary to grasp properties of on-line
and off-line replication.

Off-line replication [7]
� Data are originally stored in one node then they are replicated

to another one. 
� Suitable for standard access methods. 
� Issues: 
� Users get only meta-data information concerning created repli-

cas, e.g., by email or through the web-site. 

On-line replication
Receivers of messages from the computational center are

mobile users. Each of them forwards message to another user. In
this case it is called on-line replication.
� Data replicas are created parallel by the node and shared

between mobile users. 
� Limitations: 
� Suitable for ‘custom’ access methods, incompatible with ‘stan-

dard’ ones. 
� Hard to implement, possible performance delays. 

Fig. 7 Example of simulation, for communication protocol
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Where to send a message?
The question is which node should be addressed with a new

message and how to deliver the message. It is already known what
the message looks like. Next step is to deliver it. The holder of the
original message is the computational center. The message needs
to be transmitted over Ad-Hoc network from this center. The
receiver of the message is a mobile object (vehicle, train). The
algorithm has to be implemented, which can administrate sudden
changes in the network topology (connecting disconnecting objects
etc.).

Different algorithms for the mentioned purposes are analyzed.

1th Algorithm – simple approach
� The computational center creates a set of available clients (Si

which is regularly updated – in very short intervals).
� The computational center broadcasts short messages (ack.) about

available information to an object from Si . This information is
broadcasted repeatedly (during the time it is valid).

� Time period is established for client to respond.
� If during the time period, one or more clients respond, the com-

munication is considered as successful and the message with
information is sent to the client.

� If some nodes from Si do not respond to the computational
center during a given period of time, they are disqualified for the
next time period (disqualification period). They are moved to
DQL – DisQualification List (if nobody answers, time period
can be increased). 

The algorithm described above ensures availability of original
data, but it does not consider requirements of a single client.
Clients do not have to demand all the data (just part of them –
replica). The proposed Simple algorithm does not provide mech-
anism for information confirmation. Another algorithm is intro-
duced.

2th Algorithm – algorithm based on confirmation
Let us suppose a set of mobile clients Si. Each of them has

a request for updating the original data. Let us further suppose Ri
as a set of such requests (Ri is a subset of original data). Then the
algorithm for replication request (Ri) from the client Si can be:
� The computational center (holder of original data) emits its iden-

tifier to environment (id + time stamp of the last update).
� The client Si sends a request for replication Ri from the com-

putational center.
� The computational center processes the request and sends

a response to the client. 
� If the client receives a complete message, it sends acknowledge-

ment to the computational center.

� The computational center erases Ri from the list of requirements. 
� If the client during the time period t does not answer, the com-

putational center checks availability of this client, t is increased
and the message is repeated.

� If the client does not respond for a certain amount of efforts,
the communication is stopped and the client’s request Ri is
erased from the request list.

5. Conclusion

In this paper we presented a model for detection and delivery
of information about unwanted events in traffic systems (recogni-
tion objects in given ROI). Two demos were created to prove the
functionality of the model. The first model is for image process-
ing. It is designed for recognition of foreground objects and for
providing information about unwanted events. Another demo is
a simulation of data delivery and protocol utilization. For image
recognition and classification we worked with about 20 video
sequences with different objects approaching ROI. It was about
28 minutes of records. We obtained up to 97% of correct assign-
ments. It means that 3 % of objects passing given ROI were identi-
fied negatively. For classification part the highest score of correct
assignments objects into classes moved around 92, 5%. From the
protocol simulation the following conclusion can be made: the
protocol meets many of the requirements and could be effectively
used for common tasks in mobile Ad-Hoc networks. XML stan-
dard ensures its universality, simplicity etc.

6. Future work

We would like to continue with a design of foreground recog-
nition system (general image processing tasks). There is a need to
cope with shadows, sudden light changes and also with high level
of details in a specific situation. We would like to test the pro-
posed methods in different real situations (detecting weather con-
ditions to inform drivers, detecting traffic jams etc.). For the part
of information delivery, it is necessary to test algorithms for effec-
tive data replication. It is also important to have in mind a power
range of devices which will be used (e.g. NEC LinkBird-MX).
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1. Introduction

In control safety-critical processes in industrial applications
safety-relevant industrial communication systems are being used for
transmission of safety-relevant data, which are characterised by
a high resistibility against hazardous failures. The consequences
of failures on a communication system’s operation can be examined
directly on the original system or by the system’s operation simu-
lation using a proper constructed model or by theoretical consid-
erations and calculations. It is necessary to point out that in most
cases the strict safety requirements on a safety-relevant industrial
communication system cannot be proved only by tests or practical
results because the dangerous state percent occurrence of a com-
munication system is very low. Therefore the value of mean time
between hazardous failures many times exceeds the operational
time of system. During safety analyses it is necessary to provide
a proof that the resultant risk is acceptable and the safety require-
ments are met.

The goal of the analysis of failures consequences on an indus-
trial communication system is to construct a model which enables
to identify the system’s transition process from a safe state to a haz-
ardous state and allows calculating the probability of hazardous
system state occurrence as a result of failures effects on the system’s
operation. An industrial communication system consists of terminal
equipment and a transmission system. In most cases the vendors of
safety-relevant devices indicate the resulting SIL (Safety Integrity
Level) so only characteristics of the transmission system have to
be examined.

The transmission system usually does not operate isolated but
is a part of another superior system providing service for it. There-

fore, the starting point of building a safety model is an exact defi-
nition of the interface between the transmission system and the
superior system for the purpose to enable a complete hazard identi-
fication which has to be considered during the transmission system
safety analysis. It is also necessary to explicitly define the event on
the transmission system’s output which is considered unwanted
(hazardous) in respect to safety properties of the transmission
system. An unwanted event usually includes an undetected data
transmission corruption and the next data manipulation is con-
sidered to be correct.

The knowledge of a transmission system failure and error
attributes create basic assumptions for realising measures not only
for failure prevention but also for failure detection and failure con-
sequences negation. It is necessary to know where, when and what
failures occur in systems, what are their reasons and consequences
on the system. From this point of view the considered failures can
be in principle classified in [1]: random failures of the transmission
system’s hardware part, failures caused by EMI (Electromagnetic
Interferences) and systematic failures of the transmission system. 

Industrial communication systems with a higher safety integrity
level often involve compound safety techniques in failure states
based on a redundant multichannel structure. Then the execution
of a safety-relevant function is realised independently by at least
two functional units. The compound safety systems utilise several
forms of redundancy for achieving the required safety integrity
level [1].

The article presents a model of a 1 out-of 2 (1oo2) system.

MODELLING OF SAFETY CHARACTERISTICS OF REDUNDANT
SAFETY – RELATED TRANSMISSION SYSTEM VIA MARKOV’S
ANALYSIS

MODELLING OF SAFETY CHARACTERISTICS OF REDUNDANT
SAFETY – RELATED TRANSMISSION SYSTEM VIA MARKOV’S
ANALYSIS

Jan Rofar – Maria Franekova – Peter Holecko *

The paper deals with problems of safety features modelling using a safety-related redundant transmission system as part of a safety –crit-
ical control system. The main part of the paper is oriented to the Markov model description which was realised for a 1oo2 redundant trans-
mission system. The results of quantitative safety analyses are valid for the fail safe redundant transmission system – Profibus DP with a
ProfiSafe safety profile. 

Keywords: safety-related transmission system, industrial application, modelling, quantitative analysis, Markov model, safety code, trans-
mission code, SHARPE

* Jan Rofar, Maria Franekova, Peter Holecko 
Faculty of Electrical Engineering, University of Zilina, Slovakia, E-mail: jan.rofar@fel.uniza.sk



94 � C O M M U N I C A T I O N S    3 A / 2 0 1 0

2. The Sense of Safety-Relevant Industrial
Communication System Modelling

Usually when modelling a safety-relevant industrial communi-
cation system several system parameters are being observed, which
are a part of the system’s technical quality care. Among these are
reliability, safety, operational life, availability, no-failure operation
and maintainability [2]. The generic standard IEC 61508 [3] rec-
ommends focusing on four parameters within the system lifetime:
Reliability, Availability, Maintainability, Safety (RAMS), as illus-
trated in Fig. 1, which provides a more global view of the system
safety. The defined system attributes can be fulfilled only with the
use of additional safety measures (so-called Fault prevention, Fault
tolerant or Fault forecast system) by which the effects of failures
or failure states can be eliminated. In case it is not possible to
exclude an unauthorised access to the industrial communication
system besides RAMS parameters it is necessary to watch security
attributes such as confidentiality, integrity and availability. 

In praxis we encounter most frequently the following require-
ments related with the modelling of safety properties of an indus-
trial communication system: 
� Improvement of safety properties of an existing product or devel-

opment of a new product, respectively.
It is necessary to modify the safety layer and some algorithms of
a communication protocol or to create a new protocol with the
aim to increase the strength of safety mechanisms; when solving
this type of tasks the Unified Modelling Language (UML) can
be successfully utilised;

� Demonstration of safety properties of a new product
It is necessary to demonstrate that the industrial communication
system has a sufficient resistibility to attacks against transmitted
messages by calculating the intensity of undetectable corruption
of a transmitted message based on theoretical considerations
(analysis of protocol safety properties, estimation of communi-
cation channel bit-error rate (BER), calculation of residual error
rate of used codes, estimation of transmission system hardware
failures intensity, …) and also the results of the communication
system testing in failure-free and failure operation; in this case
we can use suitable combinations of modelling methods (RBD
[4], FTA [5], FMEA [6], Markov model [7], Petri networks

[8], …) or software tools supporting these methods (e.g. BQR
reliability engineering [9], RELEX software [10], ITEM soft-
ware [11], Matlab – Communications Toolbox [12], OPNET
Modeler [13]).

3. Makov Model Creation

A simultaneous influence of several factors on the transmis-
sion system safety can be well described by Markov model. Figure
2 shows a block scheme of a redundant channel structure 1002 of
a safety-relevant Profibus DP transmission system extended by
a special ProfiSafe safety module [14]. A two channel structure is
composed of two transmission channels connected in parallel,
which perform the safety function of provisioning transmission
integrity and eliminating the EMI influence with the use of imple-
mented safety mechanisms in a form of safety code (SC) [15] and
transmission-code TC [15] independently in both channels. This
means that in case of a failure or system malfunction the hazardous
failure had to occur in both channels. 

The probability of undetected error pu with using a block linear
channel (n, k) code (transmission or safety code) can be approx-
imated by the relation

(1)

where the symbols represented:
n codeword length,
k information word length,
dmin minimal Hamming distance,
pb bir error rate of communication channel 
Note: we assume model of BSC (Binnary Symmetric Channel)

Let’s assume that any diagnostic testing can detect transmis-
sion errors only, not correct them. Furthermore, let’s suppose that
the individual transmission channels are of different hardware con-
struction and that the safety mechanisms and the transmission
mode have a cyclic character which is initialised by a master type
transmission device. 

Figure 3 represents a model of a two-channel redundant struc-
ture of a closed safety-relevant Profibus DP transmission system
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Fig. 1 A more complex look on industrial communication 
system safety

Fig. 2 Two-channel redundant structure of a safety-relevant
transmission fieldbus system
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at a two-point connection level which is realised using Markov
analysis. The meaning of individual states and transitions is char-
acterised in Table 1.

At the beginning the redundant industrial safety-relevant system
is in operating state in both transmission channels OK1 and OK2.
On the occurrence and detection of a transmission error the system
passes in both channels to the state of defined failure reaction,
a so-called Fail Safe state: FSK1 and FSK2 with the intensity λbd

and subsequently requests a repeated message sending, i.e. the
system returns to operating states OK1 a OK2 with intensity μ. In
case the transmission error remains undetected (Fail Unsafe state)
the system passes to FUK1 and FUK2 states with intensity λbn . If
the states FUK1 and FUK2 don’t occur at once, the discrepancy
between transmission channels is detected based on diagnostic
testing and the system switches again to operating states OK1 or
OK2 with diagnostic testing recovery intensity μn . In case that
both these states FUK1 and FUK2 occur at the same time the
system ends up in a hazardous state of undetected transmission
error.

4. Results

The safety analysis of the model depicted in Fig. 3 was realised
with the use of a transmission and safety code in form of cyclic
block CRC (Cyclic Redundancy Check) codes (specifically CRC-
16 and CRC-8) whereby the independence of generating polyno-
mials is emphasised. As the input parameters for calculation of
safety attributes: intensity of hazardous (critical) failures λkr [h�1],
mean time to failure MTTFkr [h] statistical values of BER [–] were
used, for the physical Profibus DP bus layer RS 485 (transmission
rate 9,6kbit/s) for which the probabilities of undetected hazardous
transmission code error in both channels pu_bk1 [–] and pu_bk2 [–]

were calculated according to relation (1). The calculation was pro-
viding that the generation frequency of safety-relevant messages
from source 1 and from source 2 is fbrs1 � fbrs2 � 18 000 mes-
sages/h. 

The resulting safety attributes values of a redundant two-channel
structure can be found in Table 2. The graphs of safety function
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Fig. 3 Markov diagram of a redundant two-channel 1oo2 structure of
a transmission structure

State State description

OK1
Transmission of uncorrupted messages between
devices. Channel 1 operational state.

OK2
Transmission of uncorrupted messages between
devices. Channel 2 operational state.

FSK1
Channel 1 safety decoder detected a corrupted
message. It is a safe failure state of transmission
channel 1.

FSK2
Channel 2 safety decoder detected a corrupted
message. It is a safe failure state of transmission
channel 2.

FUK1
Channel 1 safety decoder did not detect a corrupted
message. It is a hazardous failure state of transmission
channel 1.

FUK2
Channel 2 safety decoder did not detect a corrupted
message. It is a hazardous failure state of transmission
channel 2.

Transition Transition description

OK1→FSK1
The transition occurs in dependence on transmission
channel 1 message error, which is consequently
detected by channel 1 safety code.

OK1→FUK1
The transition occurs in dependence on transmission
channel 1 message error, which is not detected by
channel 1 safety code.

FSK1→OK1

The transition occurs in dependence on failure
handling mechanism and the repeated transition to
transmission channel 1 operational state. In most cases
on operator confirmation.

FUK1→OK1

The transition occurs in dependence on diagnostic
testing mechanism of both transmission channels and
the repeated transition to transmission channel 1 oper-
ational state. In most cases on operator confirmation.

OK2→FSK2
The transition occurs in dependence on transmission
channel 2 message error, which is consequently
detected by channel 2 safety code.

OK2→FUK2
The transition occurs in dependence on transmission
channel 2 message error, which is not detected by
channel 2 safety code.

FSK2→OK2

The transition occurs in dependence on failure
handling mechanism and the repeated transition to
transmission channel 2 operational state. In most cases
on operator confirmation.

FUK2→OK2

The transition occurs in dependence on diagnostic
testing mechanism of both transmission channels and
the repeated transition to transmission channel 2 oper-
ational state. In most cases on operator confirmation.

States and transitions for the diagram in Figure 3 Table 1
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S(t) which represents the time dependence of the system getting
into an undetected failure state while using a two-channel redun-
dant structure FUK1 and FUK2 are shown in Fig. 4. The results
were obtained using the SHARPE modelling tool [16]. 

The graphs in Fig. 4 represent results with the recommended
type of CRC code used in the ProfiSafe profile in both cases the
CRC-16 only with different generating polynomials.

The curve of function S(t) 2 and 3 is a result of CRC codes
combination, as stated in Table 2. From the results obtained it is
obvious that the scheme with 1OO2 redundant structure fulfils the
safety integrity level SIL3 requirements where the tolerated inten-
sity of hazardous failures per hour is within the limits from 10�8

to 10�7. 

5. Conclusions

Using the presented model it is also possible to realise a safety
analysis of a two-channel redundant structure at the level of a two-

point connection in case that both transmission channels use dif-
ferent transmission media or their transmission is ensured by dif-
ferent safety mechanisms.

The constructed model represents a suitable tool for quantita-
tive safety analysis of a safety-relevant Profibus DP-type transmission
system which has a wide application within the frame of safety-
critical processes control in industry. The described method is
suitable for modelling of safety properties of dynamic systems
where the occurrence of random failures (caused for example by
aging, physical corruption of the transmission system’s hardware
components and unintentional EMI failures) is expected. It is
created for the Profibus DP safety profile but with a change of
input parameters or after a minor modification of the individual
models it is also applicable for quantitative safety analyses of other
safety fieldbus systems.
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Input and output values for the diagram in Fig. 3 Table 2

Denotation

Simulation 1 Simulation 2 Simulation 3

9.6kbps, 
CRC 16, CRC 16

(O)

9.6kbps, 
CRC 16, CRC 8

(O)

9.6kbps, 
CRC 8, CRC 8

(O)

fbrs1 [h�1] 18000 18000 18000

fbrs2 [h�1] 18000 18000 18000

pned_bk1 [–] 1.52588.10�5 1.52588.10�5 0.00390625

pned_bk2 [–] 1.52588.10�5 0.00390625 0.00390625

pbrch1 [–] 0.00127919 0.00127919 0.00127919

pbrch2 [–] 0.00127919 0.00127919 0.00127919

λb [h�1] 1 1 1

λd [h�1] 1 1 1

MTTFkr [h] 2.34.109 9.17.106 3.59.104

λkr [h�1] 4.27691.10�10 1.09099.10�7 2.78311.10�5

Fig. 4 Graphs of S(t) safety function for Markov diagram in Fig. 3
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1. Introduction

The groundwater is a natural resource essential to the life and
the integrity of the ecosystems, representing more than 95% of the
Earth fresh water reservoirs that can be explored. Most of the agri-
cultural and industrial activities depend on groundwater, which is
also fundamental for the public supply, once more than a half of
the world population depend on this groundwater. In Europe, the
groundwater supplies approximately 65% of the water used for
human consumption [1].

Being a natural resource this water has had a decisive role in
the flourishing of civilizations and constitutes nowadays a privi-
leged source of most public and private supplies [2].

The quality of the groundwater is given by the dissolution of the
minerals present at the rocks that constitute the aquifers and the
percolation through them. Nevertheless, other factors may influ-
ence its quality, such as the composition of the recharge water, the
residence time, the interaction water-physical environment, the
climate and even the pollution caused by human activities.

In the whole world the aquifers are at risk of being contami-
nated because of the urbanization, the industrial development, the
agricultural activities and the mine extractive industries.

In Portugal, having already some knowledge in the hydrogeo-
logical area, it is possible to identify for some hydrogeological units
the existence of potential reservoirs that should be better acquainted

and evaluated, once, if they were well used, they could become
“emergency structures”, providing help in crisis situations. 

However, among all these needs what emerges as being par-
ticularly relevant is the supplying of water for human purposes,
which demands high quality standards, either in the water supply
or in the service provided to consumers. 

With this present study we intend to contribute to the hydro-
geological and hydrochemical knowledge of the northeast area of
Gardunha mountain (centre region of Portugal).

2. Study area

The Gardunha mountain is a structural unit perfectly individ-
ualized which belongs to the Iberian Massif, and it is limited for
several depressions in which stands out on the SE the highest area
of the hydrographic basin of the Riverside of Alpreade, where it is
located Castelo Novo (Fig. 1). This mountain is characterized phys-
ically as an area with a rugged landscape, it presents to the West
old formations composed by metamorphic shale and to the East
granitic igneous lands, culminating to the elevation 1227m. 

The captations in study are located all in hercynian granitic
orogeny of varied textures. Locally they form two different granitic
series, although, to the genetic-tectonic and chemical-mineralogi-
cal point of view they seem to make a junction in an only branch,
within the orographic hercynian: (1) granites with biotite-oligo-
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clase mega crystals; (2) post tectonic granites bounded in massifs,
usually biotitic and frequently with mega crystals. 

As for the constitution of mineralogical essentials they have
quartz, oligoclase, microcline, microcline-partite, albite-oligoclase
and biotite. As secondary elements there is muscovite, apatite,
zircon, turmaline, magnetite, ilmenite, pyrite, fluorite [3].

The granitic rocks and the surrounding grounds are affected by
tectonic hercynian and late-hercynian actions that lead to metamor-
phism, folding and fracture. The fracture is noticed by the presence
of fault lines widely spread all over the area, situated mainly NNE-
SSW and NE-SW, where sometimes one can find pegmatítics, aplite-
pegmatítics and hydrothermal veins of quartz [3].

The localization of the springs is conditioned by the presence
of permeable conducts, due not only to this tectonic fracture but
also because of the piezometric and topographical surface. Some
of these factors were reactivated in the Quaternary, occurring at
the same time the thermal springs with the presence of the active
faults [4].

From the climatic elements available to the characterization of
the area of study, was used the information related to the precipi-
tation registered in the weather centre of Castelo Novo 13M/03G
[5]. For the monthly rating of the hydrological balance, it was used
a methodology suggested by Thornthwaite and Mather [6] and
through the results one can notice the emergency of a dry period
and a damp period, being the first due to the hydraulic shortage, that
goes from June until September, having its peak in August, and the
second, the damp period, is due to the hydraulic superavit, that
goes from October until May, having the greatest amount of water
in January.

In terms of hydrogeological units, as a whole, it is accepted as
valid that it corresponds to a aquifer of the phreatic fissural type,

with hydraulic conductivity that varies between 0.008 and 2.38 m/d
and transmissivity values that vary between 0.28 e 54.8 m2/d.

The groundwater flow is not very deep, as proved especially
by the low mineralization of the water, considering that it is an
aquifer of common superficial water, containing mainly infiltration
waters and local flow, lasting for short periods of time.

The speed of the flow is generally high, given the type of per-
meability per fracture; the maintenance of the streams, even during
the dry period, is probably due to the capacity of regularization of
the alteration areas that covers some of the rechargeable areas.
During the dry periods above all the permeability, because of the
porosity of the alteration areas, plays a very important role, although
all the hydraulic action is conditioned by the flowing through the
fractures.

A hydrogeological conceptual model for this region is showed
in Fig. 2, showing that the infiltrated water tends to emerge in places
not very distant, nevertheless notice that part of the groundwater
flow can evolve to great depth along the large faults, recharging
deep aquifers. 

3. Analytical Methods

In order to study the groundwater quality, 50 groundwater
samples have been collected for analysis of major and trace ele-
ments. pH and electrical conductivity (μS/cm) were measured at the
sampling site by the use of a multi-parameter analyzer, SCHOTT
– PH/LH 12. The following methods were applied for chemical
analyses performed at the Laboratory of Analyses of the Techni-
cal Institute (Instituto Superior Técnico): molecular absorption
spectrometry for SiO2

2�; atomic absorption spectrometry for Pb,
Cu, Cr, Sr, Rb; ion chromatography for Cl�, HCO3

�, NO3
�,

SO4
2�, Ca2�, Mg�, K�, Na�.

Fig.1 Location map of the study. The green line delimited the study area.
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4. Results and discussion

Hydrochemistry
According to the analytical data (Table 1), in the groundwa-

ter investigated, the average pH is about 5.76 and the electrical
conductivity (EC) ranges from 20–30 μS/cm. The total dissolved
solids (TDS) vary from 24.2 to 41.3 mg/l, the average value being
of 31.6 mg/l, is fresh water based on Freeze and Cherry (1979)
classification.

The dominant ions in solution are HCO3
� and Na�, which

represent on average respectively 61 and 71% of the total content
of anions and cations.

The Cl� � SO4
2� � NO3

� anions are secondary in impor-
tance, representing on average 39% of all anions. Among the cations
Ca2� � K� � Mg2� are less abundant, they represent on average
29% of all the cations. The concentration of SiO2

2� varies between
9.5 and 18.4 mg/l. These contents of dissolved silica can be related
to the hydrolysis of the silicate minerals present in the igneous
rocks. This process could also contribute to the rise of the con-
tents of HCO3

� and alkali metals (Na� and K�) or alkali muddy
(Ca2� and Mg2�).

According to the physical-chemistry composition presented,
this groundwater is classified as bicarbonate-sodium type (Fig. 3),
hypo-saline with acid and silicate reaction.

Fig.2 Hydrogeological conceptual model in the studied area

Summary statistics of the geochemical analysis Table 1 

Water
quality
parame-

ters

Units Min. Max. Average Median

Guideline
value
WHO
(2004)

pH – 5.34 6.19 5.76 5.77 6.5–9.5

EC μS/cm 20 30 24.1 23 –

TDS mg/l 24.2 41.3 31.6 30.5 1200

SiO2
2� mg/l 9.5 18.4 13.9 13.5 –

Cl� mg/l 1.9 2.6 2.14 2.1 250

HCO3
� mg/l 4.2 11.8 7.24 7 –

SO4
2� mg/l 0.2 0.6 0.39 0.4 500

NO3
� mg/l 0.03 3.69 2.19 2.28 50

Na� mg/l 2.6 4.7 3.71 3.6 200

K� mg/l 0.29 0.51 0.39 0.41 –

Mg2� mg/l 0.14 0.65 0.3 0.27 0.4

Ca2� mg/l 0.51 1.44 0.81 0.75 –

Cr μg/l 0.09 0.5 0.2 0.2 5

Cu μg/l 0.2 2.2 0.48 0.27 200

Rb μg/l 1.4 2.4 1.83 1.85 –

Sr μg/l 2.4 4.85 3.16 3 –

Pb μg/l 0.01 0.3 0.08 0.06 1
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To evaluate whether or not these waters could be used for drink-
ing purposes, the chemical data was compared with the maximum
permissible concentrations indicated in the World Health Organi-
zation guidelines [7] and reported in Table 1. Nearly all the ana-
lyzed samples fall within the range of drinkable waters, with the
exception of a few whose Mg2� (maximum value 0.65 mg/l) con-
tents were high. This excess can probably be referred to natural
water–rock interaction processes.

From the interpretation of the chemical analyses made during
this study, it can be noticed a relative temporal stability of the
chemical characteristics of the different elements, thus allowing
to provide a hydrogeochemical characterization and the definition
of the base contents of these aquifers, any time of the year, without
any data loss. 

Multivariate analysis
One of the fundamental problems associated with any envi-

ronmental diagnosis, is linked to the great amount of data one has
to deal with. The large dimension of the tables, either because of the
number of samples or variables, makes impracticable any ‘manual’
research of relations, being necessary the asset to mathematical
techniques of data processing that can synthesize, with a minimum
of data loss, the most relevant information. Such techniques belong
to the family of the Factorial Methods of Data Analysis, where the
analysis in principal elements is included. 

The objective of the factorial analysis is to study the chemism
of the aquifer and explain the diversification of data through a small
number of factors [8]. The practical application of the methods of
factorial analysis to hydrogeochemical studies of aquifers has an
undeniable success [9, 10, 11, 12, 13].

In order to clarify the relations between the variables in the
samples of groundwater, it was characterized each pattern created

from the binomial samples versus variables (50 � 14, being 50 the
number of samples and 14 the number of variables).

The tables 2 and 3 present, respectively, the co-ordinates of the
variables in the factorial axes, the real value and the percentage of
the variance explained for each one of the factorial axes, resulting
of the Analysis in Principal Elements of the 50 samples of ground-
water.

In a first analysis one can notice that the first 4 factors explain
82.84% of the total variance. The application of this method also
allowed the reduction of the ‘dimensionality’ of the problem (14
original variables) only to 4 ‘potential’ variables.

In Fig. 4a) and 4b) is presented the projection of the different
variables in the first and second factorial plans defined, respectively,
by the factors 1 and 2 and by the factors 1 and 3. This visualiza-
tion of the projections of the variables in the plan allows distin-
guishing the closeness and conflicts existing within them. The first
factorial plan constituted by the factors 1 and 2 include 59.94% of
the information contained in the pattern of correlation.

Factor 1 explains 42,61% of the total variance and includes
the variables SiO2

2�, HCO3
�, Na�, Ca2�, Rb, Sr, Cl�, SO4

2� e
Mg2�.

The association (SiO2
2�, HCO3

�, Na�, Ca2�, Rb, Sr) is
tightly correlated with factor 1. This association characterizes the

Fig. 3 Piper trilinear diagram of water chemistry in Castelo Novo

Co-ordinates of the variables in the factorial axes Table 2

Variables Factor 1 Factor 2 Factor 3 Factor 4

SiO2
2� 0,90 �0.04 �0.11 �0.28

Cl� 0,55 0.47 �0.42 0.08

HCO3
� 0.93 �0.15 0.23 �0.12

SO4
2� �0.62 �0.01 �0.33 �0.05

NO3
� 0.04 0.30 �0.34 0.85

Na� 0.89 �0.01 �0.26 �0.13

K� 0.45 0.13 �0.73 �0.23

Mg2� 0.50 �0.15 0.79 0.16

Ca2� 0.92 �0.01 0.13 0.21

Cr 0.03 �0.77 �0.12 �0.21

Cu �0.02 �0.83 �0.27 0.31

Rb 0.87 �0.06 �0.25 �0.03

Sr 0.86 �0.06 0.20 0.34

Pb �0.04 �0.88 -0.24 0.17

Results of the Analysis in Principal Elements Table 3

Factor Value Equity Variance % Total variance %

1 5.97 42.61 42.61

2 2.43 17.33 59.94

3 1.96 14.00 73.94

4 1.25 8.90 82.84
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chemical composition of the water, whose origin may be found in
the geology of the region, namely in the interaction water/rock.
This association demonstrates the process of decomposition of
the rock. The silicate minerals present in the granite are the main
source of silica in the groundwater. The alteration of the granite
is the main source of the presence of the ion HCO3

�. The infil-
tration of the superficial waters containing CO2 attacks aggres-
sively the aluminum silicate minerals, such as the micas and the
feldspar present, releasing cations like the Ca2� e o Mg2� to the
water and creating clay minerals. The consequences of this unsuit-
able dissolution are verified in an increase of the pH and the con-
centration of HCO3

� in the groundwater [14]. The presence of
sodium and calcium is due to the inconsequent dissolution of the
plagioclases [15]. The ions Cl� e Mg2� present a moderate cor-
relation with factor 1 and the ion SO4

2� is correlated with the factor
1 of negative value, thus reflecting the hydrochemical classifica-
tion obtained by the Piper diagram. The factor 1 shows clearly the
interaction water/rock.

Factor 2 explains 17,33% of the total variance and includes
the variables Cr, Cu e Pb.

The association (Cr, Cu, Pb) is tightly correlated with the
factor 2. This factor may show the process of percolation of the
soil. The hard metals in the soil can be present in primary and sec-
ondary minerals, precipitate, absorbed, in the soil solution or in
microorganisms, plants and animals. 

Factor 3 explains 14,00% of the total variance and includes
the variables K� e Mg2�.

The factor 3 explains the ion K� in opposition to the ion
Mg2�. The presence of the K� can be due to the dissolution of the
muscovites and the orthoclase present in the granite. The enor-
mous resistance of the K� to the alteration and its solidification
in the clay minerals formed by the processes of alteration [16]
may explain this factor.

Factor 4 explains 8,90% of the total variance and includes the
variable NO3

�.
The ion NO3

� is tightly correlated with the factor 4. This
factor characterizes the pollutant component of the water.

5. Conclusion

About the water quality in the granitic massif of the Gardunha
mountain, namely in the area northeast area, it is important to
refer to the fact that, through the physical and chemical analyses
made in selected springs, at first sight very representative, all the
waters are of sodium-bicarbonate type, being waters of very low
mineralization, with TDS values equal or inferior to 42.3 mg/l. 

The lithological nature of the Gardunha mountain, in its granitic
sector, is a great supply of aluminum silicates with alkali and
alkali muddy cations that by hydrolysis allows the release of silica,
calcium, sodium and potassium. These are easily soluble in a mod-
erate acid environment, going to the surrounding water. From the
chemical attack to the minerals of the rocks result insoluble residua
formed by silica and by minerals from the clay group. 

The order of the abundance of the major cations and anions
is the following: Na� � Ca2� � K� >Mg2�, HCO3

� � Cl� � 
� SO4

2� � NO3
�.

The factorial analysis allowed studying the inter-correlation
between the analyzed variables and establishing its distribution
structure. 4 factors were obtained and they explain and identify the
origin of the presence of ions in the underground water. The factor
1 reflects the signature of the interaction water/rock. The factor 2
materializes the percolation process of the hard materials of the
soil. The factor 3 represents the dissolution process of the mus-
covites and the orthoclase present in the granite. The factor 4 has
a pollutant feature materialized by the ion NO3

�.
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1. Introduction

Intensive modernisation of railway tracks belonging to Trans-
European railways (TER) has been realized in Slovakia at present.
A technical level of these modernized tracks (in Slovakia they are
represented by corridors No. IV, V, VI and the North – South inter-
connection of the corridor IX with the total length of 1 033 km) has
to meet international requirements based on European Agreement
on Main International Railway Lines (AGC) and European Agree-
ment on Important International Combined Transport Lines and
Related Installations (AGTC). The modernisation of the railway
tracks improves their technical parameters, namely the adaptation
of the railway substructure to the axle force of 225 kN and the speed
of 60 km/h (with the outlook for 200 km/h). This increase of the
technical level of the railway substructure presents a considerable
problem because the tracks are in different technical conditions and
are built in various geological conditions of subgrade. The design
of a sleeper subgrade construction, i.e. its structure and dimensions
of layers as well as the determination of minimum values of chosen
physical and mechanical properties of the applied materials and
components has to be based on:
� results of an engineering geological (EG) exploration in those

places where the modernized track will not be built on the orig-
inal earth structure;

� evaluation of current technical conditions of the sleeper subgrade
in those places where the modernized track will remain on its
original earth structure;

� given technical requirements for the railway track construction,
particularly Z11 [1] a TNZ 73 6312 [2]. 

At present the main problem of a sleeper subgrade design is
an insufficient EG exploration. Its main disadvantage is its point-
by-point character (boreholes or field soundings realized on the

railway track axis in the distance of 100 – 250 m, sometimes more
than 250 m). This type of the EG exploration cannot reflect suf-
ficiently real conditions of the sleeper subgrade construction or
railway substructure bottom layer in both, longitudinal and trans-
versal directions. Project engineers are aware of this fact. Regarding
their responsibility for a design of a reliable railway substructure
construction and its bottom layer, they are often forced to design
a construction with a high degree of safety by which they eliminate
insufficient input data from the EG exploration. An example of
such an ineffective (unsubstantiated) use of building materials is
an extensive use of geosynthetics as can be seen in Tab. 1 which
presents consumption of geosynthetic products on modernized/
reconstructed track and station sections.

Some types of geosynthetic products still present unconven-
tional products in our conditions, particularly when they are com-
pared to the sleeper subgrade structure of track sections built in the
past (on some corridors often more than 100 years ago). In some
cases, insufficient experience with their application (not only in
the Slovak Republic) together with insufficient standard specifi-
cation documentation make it impossible to evaluate objectively
the necessity of their application. It is important to mention that
the modernized tracks given in Tab. 1 copy the original earth struc-
ture in ca 90 % of the track sections length. This original earth
structure and its bottom layer may have due to long-time operation
sufficiently reduced deformability which means that it is not nec-
essary to design a railway substructure with built-in geosynthetics. 

After identifying the above mentioned problems we will focus
on an alternative approach to a design of railway substructure
layers with the emphasis on elimination of non-objective and inef-
fective use of geosynthetics. One of possible steps towards more
efficient use of geosynthetics in the railway substructure is the use
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of named intelligent compaction technique. It enables us to localise
such critical places where the potential application of geosynthetics
may make a major contribution. At the same time the intelligent
compaction technique enables more effective building of materi-
als and components into the railway substructure and its bottom
layer (e.g. by increasing a synergetic effect between reinforcing
geosynthetics and aggregate) and thus it increases deformation
resistance and durability of the construction.

2. Intelligent Compaction Technique

Recompaction of railway substructure layers due to the oper-
ation of a track and bottom layer consolidation due to the increased
geostatic embankment loading are the main reasons of geometri-
cal position disintegration and track distortion. Compaction is the
easiest and most effective technology used for increasing mechan-
ical efficiency of railway substructure layers and its bottom layer
consisting of various types of soils. The results of quality com-
paction are such changes in a soil structure which reduce its set-
tlement to minimum even during long-time operation loading. To
reach these changes in the soil structure, it is necessary to apply
such force actions during the compaction process which will
exceed its shear strength threshold. This will change the soil struc-
ture, reduce space between soil particles, and reduce pore volume
(it will increase bulk density of soil). The equipment which is used
for compaction is represented mainly by flat-surfaced compaction
rollers, which can be divided according to the compaction method
into static, vibratory, oscillatory, and nutatory.

As for quality of cohesive and non-cohesive soil compaction,
flat-surfaced vibratory rollers were the most effective for a long
time. Compaction technique producers’ continual effort was to
make use of more progressive and sophisticated systems which
enabled high-quality and more effective (as for finances and tech-

nology) compaction of soil with various physical and mechanical
properties. The final result of compaction technique producers’
effort was the production of named “intelligent rollers” which
automate several controlling processes of compaction with the use
of mutually interconnected systems (Fig. 1).

The first required system component of intelligent compaction
technique is continual determination of the achieved quality of
a compacted bottom layer (construction layer) during compaction.
It is possible to quantify the compaction quality parameter by various
parameters of conventional diagnostic methods, e.g. D (compaction
degree determined by bulk density test), PS (standard Proctor
compaction test), Id (relative density index determined by bulk
density test), Mz (compaction degree determined by static plate
loading test), E0 (deformation module determined by static plate
loading test), Er (deformation module determined by dynamic plate
loading test), CBR (bearing capacity determined by California

R E V I E W

An overview of amount and approximate costs of geosynthetics used on chosen SR sections [3], [4] Table 1

1) the price includes a railway tunnel with the length of 1 740 m which represents over 30 % of given costs 
Note: The prices are quoted without VAT and the amounts are only approximate. The costs of geosynthetic products for one metre of a double-track
are in average ca 130 € without VAT.

Fig. 1 System of intelligent roller [5]
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bearing ratio test), etc. Determination of the compaction quality
parameter via compacting rollers is a more complex problem since
soils are defined as non-homogeneous materials with a consider-
able difference in their physical and mechanical properties. Soil
diagnostics has to be realized continually and, at the same time,
a really (conventional diagnostic methods are point in their char-
acter) during compacting process (the speed of compaction rollers
during compaction is approximately 2 – 6 km/h). Important com-
paction technique producers, for example, AMMANN, BOMAG,
CATERPILLAR, DYNAPAC, VOLVO, HAMM a SAKAI have a dif-
ferent approach to the determination of a bottom layer condition
during compaction. However, mutual correlation with the conven-
tional methods of compaction quality diagnostics has reached sat-
isfactory significance in all parametric studies (Tab. 2). 

The second required system of the intelligent compaction tech-
nique is monitoring and recording of a coordinate position of the
roller at a given construction. It means that after identifying the
quality parameter value of the bottom layer, the location of the
roller is recorded with a satellite GPS signal in real time. Then
these position coordinates are matched with the monitored para-
meter value of the bottom layer. Accuracy of location determina-
tion of the compaction roller is usually up to 0.10 m [5]. At the same
time the location system interconnects the geometrical design of
the construction as a vector 3D model with the controlling of con-

struction machines without necessity of demanding, expensive, and
detailed geodetic surveying of the construction. When using con-
struction machines with GPS (grader and compaction roller) it is
possible to save 20 – 50 % of costs needed for geodetic stake-out
of the construction. An example of a compaction map which is
a standard graphic output of intelligent rollers is given in Fig. 2.
Based on this map it is possible to localise vertical non-homo-
geneities of the bottom layer in the whole compacted plane. Then
compaction rollers are able to optimise parameters for the next
roller pass.

Another required system component of the intelligent com-
paction rollers is a computer in which the information about bottom

R E V I E W

An overview of compaction technique producers and parameters describing a compacted bottom layer condition Table 2

Fig. 2 An example of a compaction map [7]
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layer conditions and roller positions are continuously saved (a
compaction map). All gathered information is processed with the
installed software in order to optimise compaction parameters of
the roller. Optimisation of compaction parameters can be linear,
non-linear or dynamic (all details are given in [14]). It presents
identification of such values of variable compaction parameters
which provide the required definiteness of result values in the
process of the following compaction. 

Elimination of non-homogeneities works thanks to the third
required system component of the compaction technique which is
equipment for continuous transformation of compaction parame-
ters (most often it is the change of compaction frequency, amplitude
and centrifugal force). The result of the mutual interconnection of
system components is the fact that intelligent compaction rollers
regulate automatically variable vibration, oscillation, and nutation
parameters with the criterion of the minimum input energy for
achieving the maximum compaction effect with regard to previous
compaction effects (Fig. 3). After supplying energy necessary for
the compaction process, the bottom layer conditions are determined
again, and then, after evaluation of changes and new conditions,
we return to the beginning of the optimisation process again with
new input values. Simultaneously, it is necessary to monitor the
relation to the final state of compaction (required or limit) during

this process, while meeting the criterion of minimum compaction
energy. The result of compaction with intelligent rollers is an
achievement of a remarkably more homogeneous layer (which will
be reflected on its longer durability) while using minimum com-
paction energy.

3. The use of Intelligent Compaction Technique 
in Connection with Objective and Effective
Application of Geosynthetics

Long-term, costly, and technically problematic and unsuitable
certification process of geosynthetic products (it is necessary for
a producer or distributor of geosynthetics to obtain a licence issued
by Slovak Railways (SR) before its application into track construc-
tions of SR) causes that mainly geosynthetic materials with a wide
range of use and a large amount of consumption are applied in
Slovak Railways. These are according to Tab. 1 mostly geotextiles
(ca 55 %), geogrids (ca 40 %) a geocomposites (ca 5 %).

3.1 Objectivisation and effective application of geotextiles

Geotextiles are applied on SR tracks mainly in order to assure
separation (prevention of two granulometrically different layers from
interblending) and filtration (prevention of suffosion and colmatage
of particles between layers) of construction layers. As for filtration,
an impulse for geotextile application is not meeting a Terzághi’s
filtration criterion. Thus a project engineer has to be acquainted
with a grain size analysis (determined by a sieve test and density
analysis) when making a decision about the application of geot-
extile. This assumes the realization of the EG exploration in the
axis of the future track (in the case of modernisation it can be either
in the axis or out of the axis of the existing track), as well as deter-
mination of embankment material (it is necessary to choose appro-
priate borrow pits, gravel pits and stone pits) and subbase material
(subbase material has a defined required grading curve in TNZ 72

R E V I E W

Fig. 3 Optimisations of compaction parameters 
– controlled vibration

Fig. 4 An example of objectivisation of geosynthetics application during intelligent compaction [15]



108 � C O M M U N I C A T I O N S    3 A / 2 0 1 0

1514). The EG exploration provides material samples of the embank-
ment bottom layer (in the case of constructing a track on a new
earth structure) or the subgrade surface (in the case of track built
on the original earth structure) by a drilling ring with core drilling.
The problem of objective planning of geotextile application is input
data, particularly (a) an insufficient or incomplete EG exploration
of the railway substructure (samples taken in the distance of every
250 m or more are not representative, mainly in hard geotechnical
conditions), (b) assumptions connected with material basis for the
embankment (constructors may use a different embankment mate-
rial from the one presupposed in the project documentation), (c)
wide range of grading curve of aggregate for the subbase (the sup-
plier of aggregate can mix aggregate of various grading curves
within the given curve limits according to TNZ 72 1514). Evalua-
tion of criteria for the application of a particular geotextile type
directly during the realization of the construction, for example, via
a geotechnical consultant, could eliminate geotextile usage remark-
ably. It could also help to objectivise places where its application
is of real and fundamental importance. The intelligent compaction
rollers could localise (during the compaction process based on
a considerable decrease of the parameter monitoring compaction
quality (Fig. 4)) also those places which have not been presupposed
or found out on the level of the open embankment bottom layer or
subgrade surface during the EG exploration, e.g. hidden local beds
of plastic saturated fine-grained soils which have not been revealed
in the point EG exploration. The application of geotextile in places
with extremely low quality of the bottom layer determined during
compaction may lead to elimination of occurrence of increased
suffusion and colmatage and thus it can increase durability of the
construction as a whole. The construction durability increase may
also be influenced by controlled vibration which enables to regu-
late such parameters of “sensitive” compaction that will not mean
any risk of damage for the applied geotextiles (it is possible to carry
out a simple compaction test to determine these target/limit para-
meters of compaction). The intensive compaction can subsequently
be applied in its full range only in higher construction layers where
compaction cannot damage the applied geotextile.

3.2 Objectivisation and effective application 
of geogrids

Geogrids (biaxial and triaxial) are to have mainly a reinforcing
function in the railway substructure, its bottom layer or a track bed.
It means that they are to increase deformation resistance in those
places where it is not possible to achieve the required minimum
values only by compaction. When designing a construction with
a geogrid, in the project phase it is necessary to know coefficients
TBR (Traffic Benefit Ratio – a coefficient expressing the increase
of layer durability from the point of view of its reinforcement) or
BCR (Base Course reduction Ratio – a reduction coefficient of layer
thickness from the point of view of its reinforcement) which are
possible to reach for the given geogrid, aggregate, and place of appli-
cation under certain technological conditions [16], [17]. However,
determination of the TBR and BCR parameters would require an
extensive experimental measurement on model constructions with
dynamic loading (pulsator), or directly in-situ (requirements for

experimental measurements are not defined). This is one of the
reasons why it is not obligatory to define these parameters in SR
licences. The SR licences for a particular geogrid and given local
conditions specify a layer structure (in this case only a subbase
structure) with the guaranty of certain reachable equivalent defor-
mation module values from a static plate loading test (PLT) on the
surface of this construction. Reaching the required equivalent defor-
mation module values is according to an analysis realized in [16]
often wrongly attributed only to a reinforcing effect of the geogrid,
while an important reason of the deformation resistance increase
of a reinforced construction is also high-quality compaction of
construction layer material. The compaction quality (presented,
for example, by the compaction measure Mz from the PLT) should
be a decisive parameter for the evaluation of the construction
quality and its required values for a given reinforced construction
should be specified in SR licences [19]. 

The quality parameter of a compacted layer determined by
intelligent compaction rollers has, on the contrary to the parameters
from the PLT, better utterance value, particularly for these reasons:
� character of loading which converges better to the character of

real dynamic loading caused by running of a train set (the fre-
quency of compaction vibratory rollers is most often 25 – 45 Hz,
with the amplitude 0.4 do 2.0 mm during the compaction),

� amount of loading (the weight of a roller is usually 7.5 – 27 t
which means static linear loading 20 kN.m�1 – 80 kN.m�1), 

� area of loading (width of a roller drum is most often 1.60 –
2.20 m).

On the one hand, intelligent rollers for objective application
of geogrids enable us to localise efficiently places with a consid-
erable deformation resistance reduction where the application of
geogrid may have its justification and, on the other hand, they make
it possible to build in the geogrid more effectively (because of
reaching a better compaction). Here it is important to emphasize
that for the realization of more effective compaction and thus reach-
ing a higher deformation resistance, it is necessary for the aggre-
gate and applied geogrid to have suitable physical and mechanical
properties (geogrid should have mainly high complex rigidity and
gravel should have mainly high compression strength) and shape
characteristics (shapes of tensile components for geogrids and shape
index, roughness, and angularity for aggregate) and at the same
time the geogrid cannot be damaged during the compaction. This
condition, as well as the condition of the required toothing and
fixation of compacted material particles in geogrid apertures in order
to create a named interlock effect (details given in [16], [17], [18])
is best fulfilled by named continuous geogrids with crushed sharp-
edged aggregate of a suitable granulometric composition. These
geogrids are the most suitable and recommended for application
into reinforced layers. The area application of such a geogrid also
out of places with non-homogeneous bottom layer localised by intel-
ligent rollers (i.e. diagnostics procedure via the PLT) would theo-
retically mean a deformation resistance increase on the whole area
with the applied geogrid. In this case the elimination of non-homo-
geneity would not be achieved effectively, but (as a consequence of
various compaction processes) only in higher construction layers.
In the case of geogrid application it is necessary to take into con-
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sideration also the fact that potential reinforcing efficiency decreases
with the increasing depth of geogrid placement. This is the reason
why present worldwide research concentrates on application of
geogrid into higher construction layers, particularly between a sub-
grade surface and track bed. If good aggregate compaction is
reached, a static prestress value of geogrid δstat is higher. It means
that the geogrid transmits the loading more effectively and there
is no remarkable deformation of the geogrid (which further causes
a decline of the construction after the dynamic loading caused by
train traffic δdyn) as it is in the case of insufficient compaction (the
importance of aggregate compaction above geogrid is characterised
in Fig. 5). The minimum value of aggregate compaction which is
necessary to take into consideration for the effective application
of geogrid is on the level of 95 % of the maximum compaction.
Intelligent compaction rollers make it possible to reach this required
compaction value.

3.3 Objectivisation and effective application 
of anti-vibration plates

Anti-vibration, or under-ballast plates are used in the railway
substructure layers for reduction of mechanical vibration waves
emitted by traffic. These are emitted mainly in the case of a contact
of two rigid structural parts of the railway track (Fig. 6). The railway
track construction should be designed and built in order to have
a compressibility coefficient Cz reaching a certain minimum value

under the loading area of sleepers, and at the same time it should be
homogeneous. It is also possible to determine a compressibility
coefficient value Cz from deformation resistance requirements based
on the PLT (Eekv) for the bottom layer or for individual railway sub-
structure layers. In those places where the required compressibil-
ity coefficient value is exceeded, it is possible to use anti-vibration
plates with various parameters according to given requirements. The
main parameters determining elasticity characteristics of anti-vibra-
tion plates are static (equivalent of compressibility coefficient) and
dynamic area rigidity. When using anti-vibration plates, the intelli-
gent compaction technique may also have a remarkable contribution,
either in the accurate localisation of anti-vibration plate application
(Fig. 4) or when verifying the parameters of construction built in
this way.

4. Conclusions

Intelligent compaction technique represents a significant means
for reaching technically remarkably more effective railway track.
Except for a general contribution, intelligent compaction has also
other advantages for objective and effective application of geosyn-
thetics, particularly:
� accurate and reliable localisation of vertical non-homogeneities

of the bottom layer based on which it is possible to optimise
a type, characteristics and amount of the applied geosynthetics
(Fig. 3),

� “sensitive” compaction of aggregate above geotextile,
� high-quality compaction of aggregate above geogrid in order to

reach the required dynamic toothing and increase the efficiency
of geogrid,

� localisation of places with a high compressibility coefficient in
which it is possible to design anti-vibration plate with the required
parameters,

� direct verification of results of geogrid and anti-vibration plate
application, 

� economic impact caused by the application of a smaller amount
of geosynthetics,

� ecological consequences following from the application of
a smaller amount of geosynthetics, (geosynthetics is made from
petroleum products and imported from abroad via truck trans-
port, etc). 

In spite of many advantages which compaction rollers offer,
there have not been realized any studies that would monitor a cor-
relation relation between parameters of bottom layer quality defined
in ZSR Directive S4 [20] and parameters detected by compaction
rollers (Tab. 2). Thus the use of these parameters does not have
such importance in practice as it could have. This is the reason
why it is still necessary to verify the quality of a compacted struc-
ture during its construction only with conventional parameters from
the PLT in accordance with the ZSR Directive S4 [20]. Involving
intelligent rollers into complex problematics of a railway substruc-
ture and bottom layer design would make the construction design
more accurate during its own realization. This would save costs
considerably in the case of an insufficient or ineffective geotech-
nical exploration in pre-project preparation of the construction. It
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Fig. 5 An illustration of tension development 
in geogrid during loading

Fig. 6 An example of antivibration plates usage
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would also help to specify designers’ assumptions in a project phase
which would lead to a more effective design of the construction
based on real geotechnical conditions. From this point of view it
seems to be very suitable and useful to establish a status of a geo-
logical consultant who would be responsible for a design of the
railway substructure and bottom layer [21] during preparation,
designing and realization of the construction. At present a similar
status of a consultant is used effectively, for example, in connec-
tion with tunnel constructions.

Problematics described in this paper reveals many activities
which are necessary to perform in order to design and construct
an effective railway substructure and its bottom layer. Firstly, it is
verification of the correlation between bottom layer quality parame-
ters diagnosed by intelligent compaction rollers and conventional
diagnostic methods according to ZSR Directives. Based on these
correlations it would be possible to reduce the use of conventional
diagnostic methods whose main disadvantages are presented in
this paper. Objectivisation of geosynthetics application provided by
intelligent rollers thanks to continual and area diagnostics is also
very important. As for a reinforcing function of geogrids, intelligent
rollers enable us to verify their efficiency in various constructions
since the variability of measure and development of loading is almost
identical to a real traffic loading. After the correlation analysis it

is also possible to use intelligent rollers for an effective design of
anti-vibration plates, particularly when using a parameter of dynamic
area rigidity. Subsequently after the realization of a comparison
test, it will be necessary to update several normative documents in
order to prevent the use of intelligent compaction technique from
encountering legislation problems and in order to make a full use
of all technical possibilities they offer. Apart from this, it is desir-
able to re-evaluate the requirements for issuing SR licences for
geogrids in the way that values of static deformation modules from
the PLT would be completed with values of compaction quality
and the contribution from geogrid application in the railway track
construction layers would be specified by TBR or BCR coefficients
(it is possible to realize their quantification with intelligent rollers,
as well).
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1. Introduction

Predictive control is based on discrete or sampled models of
processes. The term “Model Predictive Control” denotes a class
of control methods having a set of common properties: a mathe-
matical model of the control system that is used for prediction of the
future controlled output, known future trajectory of the required
quantity, calculation of sequence of future control actions involving
minimization of a proper cost function (usually quadratic) together
with future trajectories of control increments and control deviation.
Only the first proposed control action is performed and the whole
minimization procedure is repeated in the next sampling period
again. Usability of predictive control algorithms is quite wide and
quality of control is usually higher than in the case of PID-con-
trollers. They are applicable to unstable, multidimensional processes
or processes with transport delay or nonlinear systems and com-
pensate effects of measurable and non-measurable failures [1]. The
air pressure system is also such a system since a proper algorithm
must be used to control the pressure in air pressure system. To
make a design of the predictive controller possible the existing air
pressure system must be identified first using methods for system
identification. 

2. Air pressure system 

The compressor is a small 12V powered device. A pneumatic
piston is added at the compressor, whereby the output parameter
(pressure) is changing. To decrease the air pressure continuously
could be possible using a special electronic operating valve. In our
system the electromagnetic valve works with discrete control (open/
close) to decrease the pressure in air pressure system. An air tank
increases the space for air in the pneumatic system.

The electronic part of the system is centralized in a box. This
box incorporates the pressure sensor, protection against excess of
pressure, manual switching, LED control and manometer. The
overall arrangement of components of the air pressure system is
shown in Fig. 1. 

The pneumatic piston can be used to cause a disturbing vari-
able. In the common operation the pneumatic piston is in the high
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Fig. 1 Air Pressure system
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position. First, we can only increase the pressure by pressing the
piston; next we can change the pressure inside the system of any
size as well. The manual valve (in the upper right corner in Fig 1.)
can be used only to decrease the pressure. The pressure inside the
system is the output value y(k). The current pressure in the system
is sensed by pressure sensor MPX4250AP. The control variables
affect the compressor and electromagnetic valve from I/O card
MF624 through DC converter.

2.1. Constraints

In many control applications the desired performance cannot
be expressed solely as a trajectory following problem. Many prac-
tical requirements are more naturally expressed as constraints on
process variables. There are three types of process constraints:
Manipulated Variable Constraints: these are hard limits on inputs
u(k) to take care of, for example, valve saturation constraints;
Manipulated Variable Rate Constraints: these are hard limits on
the size of the manipulated variable moves Δu(k) to directly influ-
ence the rate of change of the manipulated variables; Output Vari-
able Constraints: hard or soft limits on the outputs of the system
are imposed to, for example, avoid overshoots and undershoots
[7]. We use the Output constraints and Manipulated Variable
Constraints.

2.2. Model linearization

In some cases the non-linear model can be transformed to
linear one utilizing adequate transformation. For example: con-
sider a process described by the following state description:

x(t � 1) � f(x(t), u(t)), y(t) � g(x(t)) , (2-1)

The method consists of searching states and outputs of trans-
form functions, for example:

z(t � 1) � Az(t) � Bv(t), y(t) � Cz(t) , (2-2)

This method has two disadvantages: – Functions

z(t) � h(x(t) and u(t) � p(x(t), v(t) , (2-3)

can be created for few possibilities.

– Constraints, which are usually linear, are transformed to
non-linear.

Linearization is used in cases where the model can be linearized
by adequate transformation and constraints are considered to be
non-linear. Objective function is usually transformed to nonlinear,
because it was quadratic in u(t), but not always in v(t). When linear
constraints are approximated and objective function was left qua-
dratic the quadratic program for each sample point is the only
solution. Linear transform is the only option when both states and
input are not deviated from the operation mode. It means that

control actions must be closed into their linearized values to pre-
serve the stability. The system robustness can be sacrificed for
computational simplicity [2].

3. Creating the Model Predictive controller

The predictive controller was created in Simulink environment
in MATLAB. Models of the Air Pressure system and compressor
were obtained through identification of real equipment. The pre-
dictive controller uses the quadratic cost function [4]:

(3-1)

where ŷ(t � i|t) is the predicted output based on the present avail-
able information, w(t � i) is the sequence of reference trajectory
and Δu(t � i � 1) is the computed future actions. The parameter
N1 is the prediction horizon and Nu is the control horizon. The
coefficients δ(i) and λ(i) are sequences of weights that consider
the future behaviour (usually constant values or exponential se-
quences).

The prediction horizon was set to 100 and the control horizon
to 10. The constraints on manipulated variables were set accord-
ing to Fig. 2. The control interval was set to 0.3s. These parame-
ters were determined according to experimental tuning of the
controller in MATLAB environment. The Model Predictive con-
troller was compared with the PID controller. 

The control variables were shifted about 4.5V according to
Fig. 3.

The Fig. 3 shows a block diagram of the predictive closed-
loop controller.

,J N N

i u t i

i y t i t w t i

1

u

i

N

i N

N

1

1

2
2

2
u

1

m

d

D+ + -

= + - + +

=

-

t^ ^ _ ^

^ ^

h h i h

h h

8

7

B

A/

/

R E V I E W

Fig. 2 Sets of the constraints

Fig. 3 Shift of control variables



114 � C O M M U N I C A T I O N S    3 A / 2 0 1 0

3.1. Simulations in MATLAB environment

The presented simulation results are obtained for the required
value of pressure 2.2 kPa (blue/black line). The first graph in Fig.
5 shows the pressure inside the Air Pressure system (green/silver
values). In the second graph we can see the control values and the
last graph shows that the output valve was not switched on.

The second simulation results are obtained for the required
value of 2 kPa using the PID controller. The first graph in Fig. 6

shows the pressure inside the Air Pressure system. In the second
graph we can see the control values and the last graph shows that
the output valve was switched on to decrease air pressure in the
system. 

3.2. Stability and non-linear MPC

The efficient solution of the optimal control problem is impor-
tant for any application of non-linear MPC to real processes, but
stability of the closed loop is also of crucial importance. Even in
the case that the optimization algorithm finds a solution, this fact

R E V I E W
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Fig. 5 Simulation results for MPC controller
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does not guarantee closed-loop stability (even with perfect model
match). Several contributions have appeared in recent years, ana-
lyzing the regulator problem in a state space framework. The main
proposals are the following:
� Infinite horizon. This solution consists of an increase of control

and the Prediction horizon to infinity. 
� A final limitation. These solutions consist of the final horizon

and ensuring stability by adding a state terminal constraint of
the form:

x(k � P) � xs . (3-2)

� Dual control. This idea defines a region around the final state
inside which the system could be driven to the final state by
means of a linear state feedback controller. The constraint is:

x(t � P) � Ω . (3-3)

The Nonlinear MPC algorithm is used outside this area. The
control program switches to the previous calculated linear strat-
egy once the state exceeds Ω [1].

In our work we used the model linearization. Also, the guaran-
tee of system stability consists of increasing the prediction horizon
to a high value. 

4. Conclusion

The control quality of predictive controller excessively depends
on the tuned values of horizons, constraints and weight matrixes
as the practical realization showed. The experimental solutions
were presented. We made the comparison between PID and MPC
controllers. The controller with fixed structure has less accurate
result as the MPC controller. Presented MPC controller can be
used as a basis for controlling of various real systems.
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1. Introduction

A Centre of Excellence is a formalized and documented rela-
tionship between Education and Research, the educational insti-
tution and the third party. All parties involved in the Centre of
Excellence will bring to the partnership a special expertise of strate-
gic importance to transport. A Centre of Excellence can represent
either a physical place on the campus of an educational institution.
In our case the main topics are defined in the area of intelligent
transport systems (ITS) in road and urban transport. In the Centre
of Excellence students, transport providers, research workers and
scientists will be able to find a selection of ITS-solutions that ease
and facilitate our daily lives. Intelligent transportation system has
become essential instrument to increase safety and security on the
road network, streamline logistics and reduce environmental effects
caused by transport. For the educational institution it is very impor-
tant to create an excellent workplace for R&D systems and intelli-
gent transport services provided as basic infrastructure development
companies using technology knowledge.

2. The Centre of Excellence at the Department of Road
and Urban Transport

The strategic objective of the Centre of Excellence is in line
with the main objective of the call OPVaV-2008/2.1/01-SORO
“Operational Research and Development Program – Support net-
works of excellent research and development departments as pillars
of regional development and promotion of regional cooperation”.
With a focus on technology, industry, or community, the Centre
of Excellence will draw upon the expertise of the partners involved
to showcase groundbreaking activities and to promote transport

technologies. Intelligent transport is an interdisciplinary problem.
Creating the Centre of Excellence is intended to integrate research
and teaching staff. The aim is to promote research of high addi-
tional value. Some institutes carry out research with end users who
will ultimately benefit from its application. This is our interest as
well. It can result in the higher level of collaboration between uni-
versity researchers, graduate students, industry and public sector
institutions. 

Our research and development program and innovation will
help to: 
� Clarify innovation plans and medium-term challenges. 
� Assemble partners and resources to develop solutions. 
� Build collaborative R&D teams to develop technology. 
� Access early-stage commercialization support. 
� Engage students as future employees to build higher level orga-

nization.

The Centre can act as a bridge between transport research,
transport companies and regional transport boards to conduct
transport studies. It can develop a new model for commercializing
university research as well. Put simply, the Centre can help trans-
port companies, councils and their partners to deliver better ser-
vices by supporting them in their efforts to become more efficient,
innovative and engaged with citizens. We develop the team – part-
ners and resources – required to deliver innovative solutions. The
Centre is able to offer a wealth of expertise and experience.

The Centre offers: 
� Access to research capabilities including facilities, equipment,

personnel and experienced research teams. 
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� Creative students trained in leading-edge knowledge and tech-
nology areas. 

� Opportunities to participate in a broad range of research initia-
tives including consortia and collaborative projects. 

� Extensive intellectual property and project-management exper-
tise. 

3. Laboratory of Transport Service

The strategic objective of the project is to create an excellent
laboratory for intelligent transport services as a precondition for
infrastructure development companies using technology knowl-
edge.

Movement and its quality is one of the key elements for assess-
ing the standard of living. At the beginning of the 21st. century,
our society can not avoid the trends of development in informa-
tion society, which has a large impact on the transport process.
Almost each step of life of our citizens depends on the quality of
this service. 

It is now necessary to:
– improve road safety and protection of all its users, 
– avoid creating congestion,
– reduce the degradation of public transport 
– reduce the negative impact on the environment, 
– ensure that citizens of the Slovak Republic have access to safe

and affordable transport. 

The use of new technologies is an essential prerequisite for the
introduction of advanced applications to address current traffic
problems. Intelligent transport systems are sophisticated multimodal
tools that integrate advanced technologies and apply them in trans-
port in order to develop solutions to improve the quality of life for
all citizens of Slovakia. The applications help to improve living
conditions of the inhabitants, increase time and finance savings in
the economic activities of the company, and improve the envi-
ronment.

The main objectives of transport telematics are to offer to traffic
users intelligent services, which must be considered at several levels:
– Services to passengers and drivers (users) – information pre-

sented to drivers via information systems on motorways, infor-
mation sent to drivers to their cars (dynamic navigation), etc.

– Services for infrastructure administrators (administrators of trans-
port roads, administrators terminals) – management of trans-
port infrastructure maintenance, monitoring and management
of traffic safety in relation to the economics of traffic routes, etc.

– Services for transport operators (carriers) – selection of traffic
routes and most expedient routes, management of vehicle fleet
circulation, etc.

– Services for public administration – linking the systems of trans-
port telematics to information systems of public administration,
monitoring an assessment of passenger and freight transport,
solution of transport infrastructure finance, instruments for exe-
cution of transport policy of cities, regions, state.

– Services for security and rescue system – interconnection of the
systems of transport telematics with integrated rescue system
and security systems of the state, provision of better organization
of interventions in liquidation of failures, accidents, enhance-
ment of prevention from occurrence of incidents with ecological
consequences.

– Services for financial and control institutions – electronic iden-
tification of vehicles and freights, monitoring of and search for
stolen vehicles, electronic payments for provided ITS services.

A result of the conceptual interconnection of particular sub-
systems of transport telematics is the information superstructure
over transport, enabling to implement the same management tools
for this network sector, like it is today with the management of
manufacturing enterprises (monitoring of costs, establishment of
separate economic units etc.) 

Knowledge of economic processes related to transport will
enable execution of the state transport policy and offer a purpose-
ful investment strategy in this branch. This concept of transport
telematics can offer clear, controllable and transparent rules for
entry of private investors in transport infrastructure (including the
own funds of transport telematics).

The basic technologies of transport telematic systems include
the following fields, for example:
– Electronic payments – payment for ITS services, for use of

infrastructure, means of transport.
– Management of security and rescue measures – management of

rescue and security vehicles, monitoring of dangerous freights.
– Management of traffic processes – traffic planning, traffic man-

agement, management of transport infrastructure maintenance.
– Management of public passenger transport – integrated trans-

port systems, state administration.
– etc.

Research on intelligent infrastructure systems is linked very
closely; every part of it is interactive and conditional. To enable
the project to be realized, we need not just the sufficient scientific
and research capacities in human resources, but also the instru-
mentation appropriate to those of current global requirements for
research in abovementioned area.

Procured instrumentation will be used to monitor some of the
factors that will determine and affect the functioning of intelligent
infrastructure systems. By the implementation of this activity,
a department of research and development services will achieve
the construction place in the area of intelligent infrastructure. The
department receives additional opportunities for collaboration or
integration into the research grant programs.

4. Laboratory of Mass Passenger Transport Control

The current status of Mass Passenger Transport (MPT) and in
general Public Transport (PT) is characterized by decreasing level
of ridership. The MPT has to face problems with the moving of
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passengers to the individual car transport. A big challenge for MPT
consists in the process of implementation of new technologies
which can help in the field of operation, management and service.
Then the results can be applicable in order to improve the quality of
provided service, better operational and management control, etc.
The main advantage of the Laboratory of Mass Passenger Trans-
port Control consists in the development of technological environ-
ment that can substitute real conditions in order to test, implement
and develop various applications and methods for making the
service and operation of public transport easier and more qualita-
tive.

The goal is to equip the laboratory with modern technologies
allowing the development of rich and useful applications in the
field of public transport. At the present time the laboratory has
a technology which is focused on passenger and vehicle fare infor-
mation data and ticket processing.

Therefore, the laboratory will deal with the following research
topics:

Fleet management control
This research topic deals with the area of fleet management

control where various applications will be tested. This topic includes:
� Effective, consistent real time traffic management service deliv-

ery.
� Safe and secure public transport facilities.
� Timely and effective public transport vehicle operations conti-

nuity.
� Efficient centre management service delivery.
� Modelling the operation of vehicles.
� Vehicle tracking.
� Vehicle route optimization.
� Analyzing the impact of various traffic conditions, etc.

This topic has a big potential to be an interesting tools for
public transport operators. For example, the applications analyze
GPS data streams in real time to help fleet managers identify high
risk driving behaviour and lower fleet operating costs resulting from
excessive speeding. The applications can track and monitor the posi-
tion and operation of fleet vehicles, giving fleet managers unprece-
dented visibility into operations delivering cost-saving efficiencies
such as real-time GPS tracking of vehicles from the desktop, auto-
matic route optimization, and detailed reporting for advanced
decision support and efficient regulatory compliance.

With this application, the dispatchers and managers can view
real-time information and summary of data in centre displays to
support rapid, optimal decision making for most productive use of
vehicles and drivers. These dashboards can drill down and include
information customized to the needs of individual users.

Passenger’s information system
The information in public transport is an essential for passen-

ger. The common standard of static bus top information doesn’t
meet the requirements for actual and real time information in the
technological highly depended society. One goal of our laboratory
will be to test the new form of the information providing regard-

ing to the public transport service. Not only in direction from PT
operators to passengers, but also from passengers to operators.

Passenger service
This topic includes analyzing and testing various technologies

which are suitable for passenger processing as types of tickets,
types of passengers. The passengers use the modern technologies
that allow the information sharing about them and that is the reason
for implementing such technologies into the passenger service.

The laboratory will also serve as virtual PT operation centre
where following research topics will be included:
� Data processing.
� Passenger information systems in stops, vehicles.
� Booking systems for mass passenger transport, taxi.
� Passenger time schedule information PDZ, RDS-TMC.
� Solving static transport, parking.
� Providing information via internet, mobile phones and etc.
� Demand responsive service.
� New types of passenger processing.
� The results can be applied in ecological issues, sustainable mobil-

ity.
� Forecasting future travel demand.
� Tariff testing.
� Virtual public transport network.
� Applying geographic information systems.

5. Laboratory of Freight Transport

This laboratory will cover the three main areas of freight
transport:

Load securing 
This research activity will contribute to the transport safety

within load securing during the carriage. The aim is to provide load
securing instructions and certificates about safe load securing with
big influence on traffic safety within the national and European
level. Many manufacturers export their goods from Slovakia abroad.
There is no such a laboratory in Slovakia but there are manufac-
turers of load securing equipment both in Slovakia and in Zilina.
The testing of vehicle superstructures for load securing is also
missing and majority of superstructures produced in Slovakia does
not have any load security testing. 

Following research areas will be covered by these facilities: 
� testing of package stability for surface transport (road, rail, water)

– Fig.1,
� strength testing of lashing bands, straps, chains, steel ropes

(EN 12195-2, 3, 4) – Fig.2,
� static and dynamic load securing tests and identification of wrong

load securing (traffic safety),
� static and dynamic tests for friction coefficients in laboratory

conditions and in practice – Fig.3,
� monitoring of inertia forces inside cargo transport units (vehicle,

wagon, container) during real carriages,
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� analysis of load damages rising from insufficient packaging and
load securing.

Quality and safety of transport service
Measurements, monitoring and evaluation of basic transport

parameters during the carriage and storage in warehouses and

logistic centres is covered by these activities in accordance with
ATP agreement, laws and regulations and customer requirements.
Following equipment will perform these activities: 
� 3-axes acceleration sensor,
� 1-axis acceleration sensor,
� temperature sensor,
� pressure sensor,
� humidity sensor, 
� tilt and roll sensor,
� position sensor (GPS),
� remote on-line communication with monitoring device.

Testing of control recording equipment (tachographs) and infor-
mation technology in transport

The laboratory will test recording equipment and assess their
compliance with legislation. The laboratory will further evaluate
the possibility of using tachographs recorded data for management
and monitoring of road transport and improve safety and transport
services. In practice, we encounter the fact that not all possibilities
of digital tachographs are actually used for fleet management.
However, digital tachographs recorded in real time large amounts
of information [20].

The aim of the laboratory would also be evaluation of infor-
mation technology used in road transport. On the market there
are a number of information technology and software which do not
provide appropriate information for management of road transport.
The laboratory will process the requests for upgrading the analyzed
technology to the most streamline operation in transport services.

6. Conclusion

It must be appreciated that the EU Structural Funds will be
available for building excellent laboratories. The laboratories will
be very useful not only for research and development activities but
also for raising the level of knowledge and practice of students of
all university degrees in transport control and transport services.
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Fig. 1 Dynamic test of package stability

Fig. 2 Strength test of lashing bands

Fig. 4 Workplace for testing digital tachographs 
(example from DEKRA company)

Fig. 3 Test for friction coefficients in laboratory in Germany
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1. Introduction

Regional development is more dependent on and influenced
by articles and activities of managers in several regions for their
ability to learn and innovate in conditions of permanently realized
dynamical changes in regional macroenvironment and also in micro-
environment. With respect to these facts, greater resolution sets to
action and projects the character of future trend monitoring indi-
cators of development regional planning that will note the influence
of changed external environment, new globalization tendencies,
integration and increased pressure of competition. 

The aim of regional management to create operational condi-
tions and development of territorial independently operating system
– region, impacted and developed in competitive environment, advo-
cacy of development concepts, generation of new project ideas and
also contribution to creation of conditions for successful position
of responsible region.

Also passenger transport influences the positive development.
It contributes to accommodate the everyday requirements of cus-
tomers to transport and contributes to physical achievement of
basic transport objective: free movement of people.

2. Importance of regional management

Spatial distribution of the Slovak territory was changed suc-
cessively from time perspective, by management, level of under-
standing, tool facility and also by influence of changed external

conditions. Nowadays we can assess the trend of various parts of
territory in particular by dividing to regions ∼ Bratislava, West Slo-
vakia, Central Slovakia and East Slovakia, but every region has
reached different results with respect to particularities of several
regions.

Regional management can be defined as a regional planning
tool, global attitude to existing and new planned tasks, new phi-
losophy of planning, new conception of leadership and realization
of intentions.

Regional management is able to:
– mobilize internal and external potential,
– provide current information for regional development and focus

on trend to future, possibilities of new technologies and innov-
ative applications,

– use of applications of specific plans, provisions and projects by
professional project management,

– sales and coordination of available regional resources from per-
sonnel skills and organizational point of view.

Regional marketing presents the key aspect of specific tech-
niques and procedures allowing a management application in real
conditions of the region. Regional marketing also includes the
procedures oriented to creation, preservation or change of attitudes
or behaviour to the region. The regional marketing offers methods
and tools to ensure the development given by the region and acquire-
ment of its prosperity. It defines products and development per-
spectives and introduces the conformity of region supply together
with market requirements and evaluation and optimal using of its
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resources and complete potential. The regional marketing leads to
satisfaction of regional requirements together with public interests.

3. Mass Public Transport in Regions and Possibilities
of Prediction

Mass public passenger transport presents an important social
and economic component of environment in its impact. It has the
character of a population service focusing on tasks consisting of
accommodating its everyday requirements for transport (travel to
work, schools, offices, health centres, etc.). This task is – in condi-
tions of the SR – dominant in participation of passenger bus and
railway transport and has unforgettable (non-representational) posi-
tion in suburban and railway transport and urban passenger trans-
port within transport services of urban agglomerations and cities.
[6]

Mass public transport is an important functional component
of a town and region and we can divide it to [5]: 
a) mass public transport that ensures the transport serviceability

of a region:
� regular (periodic) bus transport :

� long-distance bus transport,
� suburban bus transport,

� railway public transport:
� realized on state-owned railways,
� realized on regional railways.

b) mass public transport that ensures transport serviceability of
a town:
� urban bus transport,
� trolley transport,
� tram transport,
� subway.

Transport requirements of population present a significant
factor of life style and the function of public transport is providing
such transport connection so that it arises the requirement to be
satisfied in the utmost degree. And at the same time the transporta-
tion should be carried out the most efficiently due to the nature of
the region. [3]

Quantification of customers’ requirements in transport process
can by transport indicators (number of passengers and transport
performance). The trend can be to define as progression of indi-
cators that are changed with respect to time function, dependence
on parameters and represents trend tendencies of movement.

The Slovak Republic can be divided to following regions:
= West Slovakia (Trnava, Trencin, Nitra districts),
= Central Slovakia (Banska Bystrica, Zilina districts),
= East Slovakia (Kosice, Presov districts),
= Bratislava district. 

Trend of number of passengers in several regions of the Slovak
Republic is a process for period 2001 – 2008, sees Table 1. From
long-term perspective trend in number of passengers we can observe
that in each region there is a decrease every year. The greatest
decrease of number of passengers was in Central Slovakia. There
was a decrease in number of passengers in one year from 193,117
million of passengers to 112,720 million of passengers, which rep-
resents substantial decrease by 41.6 % between years the 2001 and
2008. Conversely, the lowest decrease in the number of passengers
was in Bratislava region, concretely 25.5 % from 22,743 million of
passengers in the year 2001 to 16,934 million of passengers in
year 2008. The average decrease of number of passengers in all the
regions during the period 2001-2008 is by 35.5 %: from 566,445
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Number of Passengers in the Enterprises which are Specialized in Road Transport (thousands of passengers) Table 1

Source: The Statistical Office of the SR

Region
Number of passengers (thousands of passengers)

2001 2002 2003 2004 2005 2006 2007 2008

Bratislava district 22 743 22 549 20 220 19 014 18 229 17 658 17 094 16 934

West Slovakia 228 726 210 574 187 298 177 984 184 004 160 058 155 547 152 328

Central Slovakia 193 117 184 941 174 878 161 323 149 186 130 528 122 413 112 720

East Slovakia 121 859 118 549 111 310 103 451 98 037 95 026 89 583 83 537

Total 566 445 536 613 493 706 461 772 449 456 403 270 384 637 365 519

Fig. 1 Trend in Number of Passengers in Enterprises which are 
Specialized in Road Transport in Regions of Slovak Republic
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million of passengers in 2001 to 365,519 million of passengers in
2008 (Fig. 1).

To ensure the transport serviceability in regions, systems par-
ticipate with different capacity of the means of transport and with
different change of passengers. It is necessary to monitor also the
realized transport performance in millions of passengers per kilome-
tre except the number of passengers. There is a comparison of trans-
port performance and its trend during several years of monitoring
time in the table 2. The greatest decrease of transport performance
was in Central Slovakia. Decrease of transport performance per
year from 2 362 millions of passengerkilometres to 1 701 millions of
passengerkilometres presents substantial decrease by 28 % between
years the 2001 and 2008. The lowest decrease of transport per-
formance was in East Slovakia: only 16.2 %, from 2 288 million of
passengerkilometres to 1 917 million of passengerkilometres.

Figure 2 shows the processed trend of transport performance
in several regions of Slovak Republic in monitored time during
the years 2001 – 2008. While number of passenger in enterprises
specialized in road transport in several regions of Slovak republic
decreases, the transport performance in monitored time has also
moderately increasing tendency (for example years 2002, 2004,
2006). In 2008, the transport performance in several regions of
Slovak Republic was at a level of 78.1 % of transport performance
realized in 2001.

Succession of steps that allow determining the forecast of
transport indicators trend to future is represented at Fig. 3. Input
information for choosing the appropriate model of trend and pre-
diction introduces quantified customer requirements of transport
process (indicators of performances MPT) take into consideration
spatial distribution of Slovakian territory and time aspect (time
period: years 2001–2008). 

The corect identification of input information creates the basis
for modelling, which is a tool of systemic analysis of complicated
problem solving where it can include also the determination of
development of investigating indicators prediction. Model choice
is influenced by time series analysis of input information on basis
of decomposition. The main reason of decomposition is a revela-
tion of relations and trend tendencies; depurated from seasonality,
the forecast is better purposed. The main condition is to represent
every single value of time series that can be represented as a sum-
mation or product of its components by single models of time
variable. 

Application of selected methods represents a choice of appro-
priate trend function for given time series on the basis of realized
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Number of Transport Performance in the Enterprises Specialized in Road Transport (Millions of Passengerkilometres) Table 2

Source: The Statistical Office of SR

Region
Transport performance (millions of passengerkilometres)

2001 2002 2003 2004 2005 2006 2007 2008

Bratislava district 566 820 483 511 469 479 478 449

West Slovakia 3 037 3 101 2 888 2 938 2 886 3 009 3 076 2 379

Central Slovakia 2 362 2 125 2 178 2 022 2 065 2 050 2 145 1 701

East Slovakia 2 288 2 190 2 208 2 411 2 105 2 127 1 897 1 917

Total 8 253 8 236 7 757 7 882 7 525 7 665 7 596 6 446

Fig. 2 Trend of Transport Performance in Enterprise Specialized in
Road Transport in Regions of Slovak Republic

View of Selected Prognostic Methods Table 3 

Methods Form Characteristic

Exponential
smoothing
(Brown‘s
model)

Tt�k �A0t�A1t �k

= based on increase of observed
value towards initial situation (con-
dition), represents trend relation,
typical is increase growth rate of
models parameters,

Holt‘s
exponential
smoothing

Tt �A0t�A1t � t

= using exponential smoothing,
appropriate to application if time
series have evidently linear trend
and exponential smoothing takes
distorted value,

Quadratic
trends

Tt �A0 �A1 � t �
� A2 � t2

= not suitable method to application
of prognosis with remote time,
application in case if trend has
parabola shape.
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decomposition and estimated attributes of development with respect
to examined problems. From value time trend will be estimated
model parameters. In case that we initiate presumption parameters,
the complete condition of importance can be used to determina-
tion of forecast.

Verification of appropriateness of applied methods is realized
on basis of adjudication of selected criteria because of the reason
of measure precision; smoothing finding or average value residues
characteristics (variance of real trend value yt and smoothing ∼ esti-
mated trend value ŷt) introduces value RMSE. 

(1)

Consecutively after evaluation of reached results quantities,
value of future trend investigating indicators follows the period of
the year 2009.

RMSE
N

y y
1

t t
i

N

1

2= -
=

t_ i/
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Fig. 3 Succession of Steps for Determination of Trend Performance MPT 

Fig. 4 Succession of Steps for the Forecast of the Indicator Trend

Indicators of MPT of Bratislava Region at the Table 4
Period of Years 2001–2009

* Note. Prediction was evaluated from time series from years 2003 –
2008

Year

Value of MPT indicator Predictions of MPT indicator

Number of pas-
sengers 

(thousands of
passengers)

Transport per-
formance

(millions of
passengerkilo-

metres)

Number of 
passengers –
by methods
exponential
smoothing

Transport per-
formance – by
methods Holt‘s

exponential
smoothing

2001 22 743 566 22 571.1 –

2002 22 549 820 21 547.7 –

2003 20 220 483 20 570.6 508.87

2004 19 014 511 19 637.8 491.09

2005 18 229 469 18 747.4 494.41

2006 17 658 479 17 897.3 475.61

2007 17 094 478 17 085.8 468.11

2008 16 934 449 16 311.0 465.13

2009 – – 15 571.4 449.12
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In monitored period of time 2001–2008, there was by indica-
tor transport performance one extreme value by indicator of trans-
port performance (in 2002 there was an increase of 44.86 %, but
in next years this difference wasn’t repeated any more). This value
was a negatively influenced and misrepresented quantification of
followed indicators forecast of MPT – transport performance, with
respect to application smoothing method. So it was necessary to
regulate the following time series and time series were applied for
the forecast of years 2003–2008. To initiate the regulated time
period, the service methods were used on basis of graphic analy-
sis adjudication Holt‘s exponential smoothing and methods of linear
trend and methods exponential smoothing. After the application of
time series, the verification of appropriateness single methods by
selected criterions followed. As the most appropriate methods that
describe in the best way the trend of time series methods, Holt‘s e
exponential smoothing has been evaluated because by determined
criterions, it has reached the lowest value of RMSE (value was
22,8061) and all model parameters were important. Other applied
methods had no important model parameters and so can’t recom-
mend the application these methods (methods of linear trend and
exponential smoothing). Number of passengers by using method
exponential smoothing reached the best results and the forecast
values for the year 2009 were quantities of 15 571,4 thousand of
passengers.

Values of transport performance time series reached relatively
periodic trend in monitored period of years 2001–2008, the only
exception created the year 2008, when there was a rapid decrease
by 20,70 % to value 1 701 millions of passengerkilometres. For
this trend, selected methods were applied – methods of exponen-
tial smoothing, Holt‘s e exponential smoothing and Brown‘s linear
exponential smoothing. On the basis of criterion of the lowest value
acquirement, RMSE can be considered as the most appropriate in
the method of exponential smoothing (value RMSE is 250.83).
But it is necessary to point out that prediction value to year 2009
will also be influenced by the rapid change of value transport per-

formance which started the year before (in 2008) and its next trend.
The best way how the recommended application was considered
was by application recommended method. For the trend of indi-
cator number of passengers, the best method described was expo-
nential smoothing, Holt‘s e exponential smoothing, but the better
measure of smoothing precision (RMSE = 7 622.89) was reached
by application method exponential smoothing.

Trend of transport performance can describe in the best way by
methods of exponential smoothing and Holt‘s exponential smooth-
ing with respect to progress of time series of input information
from monitoring time. Considering the suitability model criterion
determined as the most appropriate methods Holt‘s exponential
smoothing and the followed indicator has decreased, value 99 175.7
thousand of passengers by RMSE � 3 829.37. On the basis of
initial adjudication of graphic representation of time series trend
of transport performance, these trend selected follow methods
were determined – exponential smoothing and Holt‘s exponential
smoothing. Both these methods can be applied with respect to
importance of model parameter, but by taking into consideration
of criterion RMSE. The best method is Holt‘s exponential smooth-
ing (RMSE has value 181.82 and method exponential smoothing
has reached the value RMSE � 189.31).

Parabolic trend of number of passengers had pointed out
appropriateness using of method quadratic trends but in following
period, there is a forecast of decrease of indicators to value 79 369.5
thousands of passengers. Time series of transport performance value
in monitored time was evaluated with respect to trends by methods
exponential smoothing, Holt‘s exponential smoothing and Brown‘s
linear exponential smoothing. Method of exponential smoothing after
application forecasted too high value of smoothing constant and
for that reason its application wasn’t good. Method Brown‘s linear
exponential smoothing has reached convenient results but RMSE
has higher value (162.61) in comparison with method Holt‘s expo-
nential smoothing that achieved value RMSE � 150.04 after appli-

Indicators of MPT of Central Slovakia Region at the Table 6 
Period of Years 2001–2009

Year

Value of MPT indicator Predictions of MPT indicator

Number of pas-
sengers 

(thousands of
passengers)

Transport per-
formance

(millions of
passengerkilo-

metres)

Number of pas-
sengers – by

methods Holt‘s
exponential
smoothing

Transport per-
formance – by
methods Holt‘s

exponential
smoothing

2001 193 117 2 362 194 569 2 366.55

2002 184 941 2 125 181 833 2 323.30

2003 174 878 2 178 170 893 2 164.41

2004 161 323 2 022 160 675 2 100.44

2005 149 186 2 065 149 465 1 983.98

2006 130 528 2 050 137 929 1 949.94

2007 122 413 2 145 123 305 1 939.78

2008 112 720 1 701 110 655 2 007.53

2009 – – 99 175.7 1 803.55
Indicators of MPT of West Slovakia Region at the Table 5 
Period of Years 2001–2009

Year

Value of MPT indicator Predictions of MPT indicator

Number of pas-
sengers 

(thousands of
passengers)

Transport per-
formance

(millions of
passengerkilo-

metres)

Number of 
passengers –
by methods
exponential
smoothing

Transport 
performance –

by methods
exponential
smoothing

2001 228 726 3 037 220 291 2 910.31

2002 210 574 3 101 208 061 2 940.86

2003 187 298 2 888 196 509 2 979.49

2004 177 984 2 938 185 599 2 957.42

2005 184 004 2 886 175 295 2 952.74

2006 160 058 3 009 165 563 2 936.64

2007 155 547 3 076 156 371 2 954.09

2008 152 328 2 379 147 689 2 983.50

2009 – – 139 489 2 837.69
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cation, with respect to these criterions of model appropriateness,
the use of mentioned method is recommended: Holt‘s exponential
smoothing.

4. Conclusion

Accomplishment of fundamental functions and operations of
populated regions and cities depends on mass passenger transport
that must ensure all necessary transport requirements. To forefront
extends distinctively strongly urgency of good coordination of all
operations in complete transport systems and in conditions of

increasing transport requirements and demands there is a need of
development of regions and cities. [4]

The self-contained participants are essential in the process coor-
dination (municipalities, cities, interest groups, natural person, juris-
tic person, etc.) and put the emphasis on creativity, communication
ability, ideas richness, engagement, effort to solve problems, flex-
ibility, persuasion and natural authority. [1]

In regional management it is necessary to create a modern
and elementary procedure and structure of managerial work. Just
implementation of appropriate prognostic methods and planning
models those allows to determine the planned value of supply and
demand by evaluation of time series trend introducing the possi-
ble solution to reach stable and long time results of region and
transport enterprise activities and also the application of intelli-
gent transport systems, integrating transport systems, safety and
quality of services.

Regional management of the area can allow to Slovak regions
and municipalities fast adaptation to conditions of EU market as
innovation and integrated management tools. Regional manage-
ment can help to break through and assume to market with com-
petitive supply gives to Slovaks new human and financial capital
and so ensures a long-term perspective and permanent sustainable
development. [1]
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Indicators of MPT of East Slovakia Region at the Table 7 
Period of Years 2001–2009

Year

Value of MPT indicator Predictions of MPT indicator

Number of pas-
sengers 

(thousands of
passengers)

Transport per-
formance

(millions of
passengerkilo-

metres)

Number of 
passengers –
by methods
exponential
smoothing

Transport per-
formance – by
methods Holt‘s

exponential
smoothing

2001 121 859 2 288 122 953 2 272.36

2002 118 549 2 190 116 694 2 227.03

2003 111 310 2 208 110 667 2 164.24

2004 103 451 2 411 104 872 2 127.14

2005 98 037 2 105 99 308,1 2 179.29

2006 95 026 2 127 93 976.0 2 127.61

2007 89 583 1 897 88 875,6 2 095.96

2008 83 537 1 917 84 006,8 1 993.55

2009 – – 79 369.5 1 918.08

"Podporujeme vyskumne aktivity na Slovensku/Projekt je spolufinancovany zo zdrojov EU."
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