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ABStRACt
The article outlines the video registration method as well as research based on obtained video footage of the 
characteristics of traffic flow. The method is flexible and makes it possible to research various traffic characteristics. 
The article presents the method’s assumptions and the manner in which traffic flow characteristics were measured. The 
method of registering traffic flow parameters on video was implemented in 2012 in selected sections of Katowice’s road 
network. An important feature is the possibility of traffic flow parameterization with the use of popular camcorders. 
The thus-obtained footage is processed using so-called open library vision graphics procedures in order to establish 
traffic flow characteristics in near real-time.

KEYWORDS: image processing, vision processing, road network, video registration, traffic detection

1. Introduction 
Traffic flow video registration along road networks has been 

successfully utilized for the past dozen or so years [1,2]. Research 
on determining traffic flow characteristics in real-time, however, 
has a much shorter history, mainly due to computer calculation 
requirements and capacity of storage devices required for this type 
of data processing [3]. The video registration technique suggested 
in the article allows users to parameterize traffic flow in a flexible 
manner. Unlike classic detection systems, this method makes it 
possible to determine a wide spectrum of traffic characteristics. 
Traffic flow video registration is currently the most flexible solution 
for control over various traffic characteristics. Significantly, it is also 
the least invasive as far as research impact on traffic flow parameters 
is concerned. 

The suggested method utilizes popular PAL standard video 
registration devices (camcorders) to measure the characteristics 
of traffic flow. Video registration device installation takes place 
along a cross-section of a road lane, at various heights over the 
lane, perpendicularly to the section being measured. Traffic flow is 

registered from a certain height, at an angle (see below). Collected 
footage is processed using standard open libraries for processing 
moving objects (open vision graphic libraries). The manner in 
which footage is processed has been described in section two 
(Traffic Flow Video Registration). Currently image processing 
takes place in a laboratory and not the road itself. Ultimately, the 
method will allow for the construction of an integrated circuit 
system (camera-FPGA module), and thus create universal traffic 
detectors generating advanced traffic characteristics in real time 
directly on roads (roadside).

2. Traffic flow video registration 
Traffic flow video registration should be carried out on 

characteristic (specified) road sections. In places: where queues 
form, conflicting traffic flows intersect, etc. For the needs of the 
method characteristic road sections were defined along Katowice’s 
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road network, i.e. so-called reference points (sections, ca. 50 
points). Next, video registration of images of actual traffic flow 
was conducted in these sections. In each network it is possible 
to identify reference sections which can potentially constitute its 
bottlenecks, queue etc. Infrastructure elements (its parameters) 
along the sections should make it possible to register traffic flow 
images (usually one or more streams), from a certain height 
(over the road). To do so it is possible to utilize: traffic signs on 
transmission towers, viaducts, bridges, pedestrian overpasses, trees 
etc. Reference sections should make it possible to record traffic 
flow using typical camcorders situated approx. 4.5-7 meters over 
the road (the typical range of heights of viaducts, overpasses and 
bridges). Footage can be recorded in PAL standard or higher like 
HD (PAL, codec H.264 was chosen for research purposes). 
The choice of higher recording standards makes it necessary to 
utilize computers with higher calculation capacity and devices 
with larger storage capacity during subsequent data processing. 
This is not always necessary for the purposes of basic traffic flow 
parameterization and in case of planned FPGA implementation 
with the use of the method it may even pose a problem. 

In the course of research carried out in the abovementioned 
manner, footage a few dozen seconds in length was taken in selected 
sections of the road network in Katowice (reference point). The 
research focused on measuring one parameter: disruptions in traffic 
flow. The uncharacteristic for flow detection processes parameter was 
chosen on purpose – to demonstrate the method’s universal potential. 
The identification of this parameter using current motion detectors 
is highly problematic. Moreover the definition  of disruption is also 
highly problematic and most discussed in literature [4]. This remarks 
applies to both road and rail.

Road sections with expected higher number of disruptions 
were selected for research purposes (based on preselecting data) [5]. 
A description of the characteristics of flow disruptions goes beyond 
the subject matter of this article [4]. In short, disruptions were 
defined as changes in speed (to a certain extent) accompanied by a 
series of other factors: lane changes, route changes, etc. Disruptions 
in traffic flow can be registered on intersections, service roads, etc. 
Fig.1 shows an example of a basic measurement station used to 
register traffic flow for parameterization. The presented station is 
location over the Central Highway in the Warsaw direction (Polish 
– Drogowa Trasa Średnicowa, DTŚ). This section experiences the 
most daily traffic on the national scale [5].

Fig.1. Measurement station (camcorder, camera tripod)

Fig.1 shows a measurement station capable of registering vehicle 
movement processes in actual flow conditions. Measurement 
station consists of a camcorder and tripod photographic and special 
batteries. Depending on the camcorder’s settings, it is possible to 
simultaneously register traffic stream parameters along road sections 
with up to 3 lanes. Thus obtained footage is then locally processed 
in Traffic Research laboratory (not in the measurement station 
itself) via a stationary analysis system with the help of image/
vision processing techniques [6]. The system analyzes video footage 
obtained on the real roads (in real world). Analysis of traffic flow 
is carried out “frame by frame”. Total 1800 frames are analyzed for 
every 60 seconds of footage. Advanced vision processing algorithms 
for moving objects are carried out based on the analysis of images 
on each frame and the differences between them [6]. Algorithms 
are to determine selected parameters of observed traffic flow. In the 
examples outlined in this article, the parameters are the number 
of disruptions in a chosen section of the Katowice road network. 
The method is also validated. To validate data, the number of 
disruptions obtained based on processed video footage of the road 
network is compared with an analogical value obtained on the same 
road section using a micro-simulation model (this model include 
400 000 OD flows) [7]. To do so, a micro-simulation model was 
created of the road network in Katowice. Model was built in the 
VISSIM program [8,13,14].

In order to determine the number of disrupted vehicles on 
registered video footage (in registered traffic flow conditions), 
the footage must be preprocessed [6]. First, the video images are 
cropped in order to pinpoint the virtual measurement section 
of strictly defined dimensions. The dimensions correspond with 
the width and length of the selected measurement section (from 
a certain camcorder perspective). During the filming process it 
is necessary to pay attention to the camera’s location in respect to 
the road being filmed. The author’s program crops every frame 
of registered footage to capture the predetermined measurement 
section (every frame in the same manner – the operation is carried 
out “on-the-fly”). Tests revealed that image processing libraries 
used by the method do not require video filtering with the use 
of popular filters (a lapse of a few milliseconds was registered). 
Often initial image filtering speeds up and simplifies processing. 
In the example outlined in the article, the color-image processing 
algorithms carried out on readily-available desktop computers 
(popular) and work very quickly (processing unit: Intel Celeron® 
G540, at speed 2.5 GHz, RAM: 4GB, Windows 32-bit OS).

If more than one traffic stream requires registration (a few lanes), 
the camera is positioned at -90 degrees, which later requires a +90 
degrees rotation during processing (also doing by “on the fly” operation 
but the length of section is decreased). Generally all initial processing 
operations on registered footage are carried out “on the fly” (in near-
real-time). Initial video image processing and later phases of the 
analysis carried out to determine flow parameters are shown on Fig. 2.

The effect of the abovementioned operations, presented on Fig. 
2, is a space-time graph. The graph depicts movement of registered 
vehicles along the measurement section throughout the observation 
period. Fig. 3 shows a path-time graph for one of the analyzed 
reference sections of Katowice’s road network (superposition as 
assembling n-th frames of footage). 
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Fig.2. Image analysis process

Fig.3. Time-space graph in cross-section of network

When analyzing the traffic flow image presented in the form of a 
graph on Fig. 3 it is possible to use a series of fixed values. We can see 
that the registered footage has identical image frame sizes. In reality 
(following processing) frame dimensions correspond in height and 
width with the measurement section (the perspective depends of 
the position of the camcorder). When processing video footage 
(with the use of image processing), every recognized moving object 
(within its scope) gets assigned on the camera’s focal plane to x and 
y coordinates (respectively height and width variables on frame). 
The time-space graph presented on Fig. 3 is not “typical” diagram. 
There is no closed-form time axis – the image is a superposition of 
the actual space-time graph (from n-th frames). Time on the graph 
is not shown as a constant variable but as a step variable (numbers 
on film frames, each frames as time increment). The image of the 
traffic flow on Fig. 3 is also distorted due to the value of the angle 
between the focal length of the video camera and the plane of vehicle 
movement. For the space-time graph to depict the image well, the 
camera would have to be situated at a substantial distance over the 
road axis being registered (which is often difficult to implement). 

The camera parameters can be set using the computer programs 
available on the market such as VideoCAD [15]. Programs of this type 
have the option to set the geometry of the camera. When entering data 
on the size of the CCD sensor (e.g. 1/3”), the camera focal length (2,9), 
minimum and maximum dimension of registration objects (0-3 m, 
traffic structure) you can specify an geometries camera. This allows you 
to accurately set camera tripod using a protractor (in degrees).

The graph shown on Fig. 3 is a type of “imprint” of the vehicles’ 
trajectory on the camera’s plane (CCD, CMOS converter). The space-
time graph, distorted in the manner described above (superposition 
with hidden dimension of time), is then mapped to obtain a typical 
SVT (space-time) graph. Mapping consists of decomposition of 
data from individual frames in a sequence in accordance with the 
flow of time on the video footage. A typical space-time graph of the 

analyzed road section is shown on Fig. 4. The area with the arrow on 
Fig. 3 corresponds with a current position of a vehicle on the video 
frame (in the measurement section). A series of thus-marked points 
creates the vehicle’s trajectory within the measurement section (a 
path-time graph for the vehicle as depicted on the frames). The time-
space graph also shows static visible on the footage (e.g. vibrations 
of the viaduct from which footage was taken, wind, air vibrations, 
fauna flying past, etc.). Further processing eliminates such noise, to 
a certain extent, via filtration.

Fig.4. Registered vehicle trajectory 

Fig. 4 shows a comparison of the space-time superposition 
with an image of actual traffic flow (for the needs of providing a 
comparison, a frame-by-frame analysis was carried out for a short 
period of time). The configuration of lines on Figure 4 depicts the 
trajectories of individual vehicles (each separately curve). The figure 
also shows frequent lane changes (often observed on this section of 
the road) and shorter distances between cars. Figures 5 to 11 show 
the interface of the author’s software, used to parameterize traffic 
flow on the road network.

Fig.5. Cropping program

The program shown in the Fig. 5 is designed to cut out of the 
frame depicting the measuring section (red rectangle). Each video 
frame is cut identically.
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Fig.6. Filtering program 

In filtering program (above) are embedded the most popular 
image filters (grayscale, Wiener, Gauss, Laplace’a, Roberta, Sobel 
etc.) found that match the data reduction.

Fig.7. Image superposition representation program 

Consecutive numbers of the fields mean: 1- original footage, 
2-space-time diagram, 3- footprint (superposition), 4-6 distortion 
removing procedure.

Fig.8. Noise and contour analysis program 

Fig.9. Moving object identification program

Fig. 4 shows a vision processing. In this program,moving objects 
are detected in the analyzed image (each single frame). These objects 
represent moving vehicles. Number of points on the vehicle depends 
on the settings examining procedures.

Fig.10. Program for the analysis of an image’s statistical parameters

Fig.11. Analysis program, other (flat space-time diagram) 

Figures 6-9 show (in the form of screenshots) the various 
programs used to parameterize registered traffic flow: a program for 
cropping the measurement section from the camera’s frame, image 
filtering, superposition of the image of traffic flow (transformation: 
image from camera SVT), detecting moving elements on the image. 
Figures 10 and 11 show a program used for the statistical analysis 
of the layout of the number of interferences in the measurement 
section. Apart from the final program, all shown programs are 
strictly linked with a field of computer graphics: moving image 
processing [6]. The process is carried out based on available standard 
open libraries (for example: Open Source Computer Vision Library 
and many others). The image processing libraries are used solely in 
order to construct a time-space graph, in accordance with observed 
physical parameters of registered traffic flow. Processing of traffic 
flow images is carried out in real-time.

The presented method of traffic flow video registration has strictly 
defined technical limitations. The precision of the measurement 
method mainly depends on the number of frames registered per 
second, video standard used by the camcorder and used codec. 
Precision also strictly corresponds with vehicles’ speed and camera’s 
location (foreshortening depends on the height of the camera’s 
location over the road). As an example, for a vehicle travelling 10 
km/h, it is possible to register changes in location with a precision 
of less than 0.1 meters (registration speed: 25 fps). At a speed 
approaching 110 km/h, precision of registering vehicle location 
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decreases, at the end of the measurement section, to approx. 1 meter. 
In addition, in conditions of higher movement intensity the 
method will require segmentation of video footage due to the size 
of data being processed (large files >100MB). Vehicle succession 
within the limits of 4÷5 sec. causes points to layer one on top of 
the other on the traffic superposition image (during the analysis 
period, t=1’). This makes it necessary to position the camera at the 
highest possible height over the measurement section (sometimes 
difficult to find the good location). In practice, placing the camera 
at a height of approx. 7 meters rendered it possible to register 
an approx. 100 meters-long section in the presented case (scale: 
1.7:10). The final phase of traffic footage processing is a statistical 
analysis of the path-time graph (see: Fig. 10 and 11). Initially, 
processing the path-time graph makes it possible to calculate 
vehicle succession times and distances between vehicles. The 
final product of these types of transformations and calculations is 
shown on Fig. 12.

Fig.12. Result of the decomposition of an SVT graph

Fig.12, on the SVT graph (on the left), also includes information 
concerning the location of vehicles on particular traffic lanes along the 
analyzed measurement section (small shifts in levels between points 
on the superposition of vehicle location). Parameters of succession 
time and gaps between vehicles observed on the road then undergo 
a statistical analysis using basic numerical database characteristics. 
The following values are established: minimum, maximum, standard 
deviation, etc. The program used for a statistical analysis of traffic 
images is shown on Fig. 10,11. The step of the calculations is to add the 
number of vehicles classified as disrupted (for each place identified as 
a disruption point). To do so it is necessary to determine the numeric 
values of characteristics of a database spread out spatially along and 
across the measurement section. This method is currently relatively 
slow and extends time required to process traffic characteristics (from 
the perspective of planned integration of camcorder with FPGA box). 
Characteristic locations of the spatial layout shown on Fig 10,11 
directly correspond with traffic disruptions used in micro-simulation 
programming for the analyzed road network [5]. This corresponds 
with comparing the layout of the number of disruptions along the 
measurement section (filmed) with the section of the network 
calculated by the micro-simulation model. Both sections (model and 
actual network) are then divided into parts in which the number of 
disruptions is calculated:

                                   (1)

where:
Δj 

– difference in the number of disruption, the j-th section of 
the measurement section, between the microsiulation model and 
the real world network,

LZM – number of vehicles disturbed at the j-th section of the 
test section in the micro-simulation network model,

LZV – number of vehicles disturbed at the j-th section of the 
real world measurement section (video registration process).

The difference in the number of disruptions between the micro-
simulation model and the real network, is then expressed as relative 
values by the following equation:

                     (2)

The indicator expressed by equation (2) takes one a value from 
the range of <0.1>; values close to 0 indicate a good correspondence 
of the results of the micro-simulation program with the traffic 
conditions along the actual road network within the given section; 
values greater than 0 indicate an error in the calculation of 
disruptions in the analyzed network, as indicated by the simulation 
program. It must be emphasized that this is solely an estimate of the 
number of disruptions – due to the complex nature of traffic [5,7,4].

3. Conclusion
The method suggested for determining traffic flow characteristics 

on road networks undoubtedly requires further research. The method 
makes it possible to parameterize traffic flow in near-real-time 
conditions; this is the method’s significant advantage. As part of further 
research, it would be possible to conduct calibrating measurements 
using a different motion detector as well as a camcorder [9]. This 
traffic research method additionally creates far greater-reaching 
implementations than simply classic, basic detection: detection of the 
presence of a vehicle or determining its speed. In the case of classic 
motion detection devices, the production technique and operating 
technology impose the manner in which measurements are made. In 
the case of the suggested method, the manner in which measurements 
are made is mainly the result of image processing logic (manner). It 
can be used, e.g., as a specialized system of modeling and controlling 
transportation flow [10]. This would require an integrated processing 
module and statistical analysis of traffic flow in FPGA integrated 
circuit. A diagram of such a system is presented on Fig. 13.

Fig.13. Diagram of special. CCTV/FPGA system
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This specialized system, in combination with the functionality 
of a camcorder, may serve as a universal traffic flow detector. It 
can be used to measure traffic characteristic, depending on the 
various statistical analysis algorithms implemented in FPGA to 
analyze registered traffic flow images. The possibility of measuring 
traffic characteristics would be limited solely by used processing 
procedures and image statistical analysis procedures. Functionally, 
such modules – for the needs of determining various traffic 
characteristics – can be implemented in the memory of the FPGA 
system. It would thus be possible to attempt to construct detectors 
for collecting data such as: license plate numbers, vehicle speed, but 
also to determine data not currently collected: number of passengers 
inside vehicles, use of traffic lanes, as well as numerous other data.

Shown in Fig. 13 box called analysis (set of methods) represents 
variant types of algorithms: statistical analysis (this article case), 
artificial neural networks, genetic algorithm etc. Finally output data 
are designed for modeling transportation networks [11][12].

Bibliography
 [1] MACCARLEY A.: City of Anaheim /Caltrans/ FHWA 

Advanced Traffic Control System Field Operational Test 
Evaluation: Task C Video Traffic Detection System, San Luis 
Obispo, CA, 1998 California Polytechnic State University

[2] GRENARD J., BULLOCK D., TARKO A.: Evaluation of 
Selected Video Detection Systems at Signalized Intersections. 
Publication Rep. FHWA/IN/JTRP-2001/22, West Lafayette, 
IN, 2001, Purdue University, 

[3] RHODES A., SMAGLIK E.J., BULLOCK D.: Vendor 
Comparison of Video Detection Systems. Publication Rep. 
FHWA/IN/JTRP-200 5/30, West Lafayette, 2006, Purdue 
University, 

[4] CELIŃSKI I., SIERPIŃSKI G.: Wybrane aspekty pomiaru 
zakłóceń ruchu pojazdów ze szczególnym uwzględnieniem 
przedmiotowej problematyki w sieci drogowej. Wrocław 2012, 
Przegląd Komunikacyjny 67 nr 12 [in Polish].

[5] CELIŃSKI I., KRAWIEC S., MACIOSZEK E., SIERPIŃSKI 
G: The analysis of travellers behaviour in the upper silesian 
conurbation. Warsaw 2012, Archives of Transport vol. 24 no. 4 

[6] PAVLIDIS T.: Algorithms for Graphics and Image Processing, 
Springer 2012

[7] CELIŃSKI I.: Zastosowanie wideorejestracji ruchu pojazdów 
do walidacji i kalibracji modeli sieci drogowej, Warszawa 2013 
z. 95, Prace Naukowe Politechniki Warszawskiej, Transport [in 
Polish]

[8] vision-traffic.ptvgroup.com (Date of acces: 2014-12-03)
[9] SUDA J., KŁOS A.: Badanie i ocena zintegrowanego detektora 

pojazdów, Logistyka Nr 1/2010 [in Polish].
[10] KAWALEC P.: Analiza i synteza specjalizowanych układów 

modelowania i sterowania ruchem w transporcie, No 68, seria: 
Transport, Warszawa 2009 Oficyna Wydawnicza Politechniki 
Warszawskiej [in Polish].

[11] JACYNA M.: Modelowanie i ocena systemów transportowych. 
Oficyna Wydawnicza Politechniki Warszawskiej (OWPW), 
Warszawa 2008, s.38. [in Polish].

[12] KAROŃ G., JANECKI R., SOBOTA A.: Program inwestycyjny 
rozwoju trakcji szynowej na lata 2008-2011. Analiza ruchu. 
Praca naukowo-badawcza NB-67/RT5/2009 [in Polish].

[13] VISSIM, User manual v.5.4, PTV 2010
[14] VISSIM, User Manual. v.5.2, PTV 2009
[15] http://www.cctvcad.com/VideoCAD_Starter.html
 (Date of acces: 2014-12-03)
 



A. FELLNER, R. FELLNER, H. JAFERNIK

9Volume 7 • Issue 1 • February 2014

TelematicsTelematics
Transport SystemTransport System

Archives of Volume 7 

Issue 1

February 2014

Validation of the EGNOS system in 
flight tests

A. FELLNERa, R. FELLNERa, H. JAFERNIKa

a SILESIAN UNIVERSITy OF TECHNOLOGy, FACULTy OF TRANSPORT, Krasińskiego 8, 40-019 Katowice, Poland
EMAIL: andrzej.fellner@polsl.pl

ABStRACt
Paper present results of the HEDGE project, which was conducted in 2010-2012 to verify EGNOS parameters 
during air operations in general aviation. Stakeholders participated in that project were: scientific research centers, 
government agencies, aircraft operator and local small airfield. Aircraft operator involved in a project performed 
the EGNOS system installation on the aircraft and on the airfield, using plan for technical solution developed in 
the second phase of the project, and as result of that in next phases of project performed test and certification 
flights. Additionally aircraft operator is allowed to train new and current pilots, which will fully realize plan for 
preparing all the pilots to be familiarized with EGNOS System, and if so, this system will be widely and commonly 
used in aviation/air force. All demonstration, testing and certification flights will be in participation of scientific 
research center and government agency, which will guarantee the test procedure correctness in accordance to 
flight safety regulations and rules for new equipment on board aircrafts.

KEYWORDS: NPA, GNSS, EGNOS

1. Introduction
Article presents example of experimental implementation the 

EGNOS (European Geostationary Navigation Overlay Service) system 
to APV-I (Approach Procedures with Vertical guidance) operations, 
which was conducted in Poland in framework of the HEDGE project 
and according to ICAO requirements in Annex 10. It is worth notice, 
than till 18 October 2013 in Europe 79 airports implemented EGNOS-
based procedures[1]. Aim of the project was to establish a certification 
process of EGNOS as SBAS (Satellite Based Augmentation System) 
in general aviation. It required analyses of accuracy, integrity, 
continuity and availability of SIS (Signal in Space) form European 
Satellite Services Provider (ESSP). However, besides reliance upon 
ESSP’s signals, EASA and EUROCONTROL recommended use a 
local monitoring stations, in order to check and compare quality of 
parameters from country area with relation to those from EGNOS. 
During HEDGE project, parameters were delivered by stations 
from three cities: Warszawa, Kraków and Rzeszów. Thus, project 
exploited the excellent accuracy performance of EGNOS to analyze 
the implementation of GLS (GNSS Landing System) approaches 

(Cat I - like approached using SBAS, with a decision height of 200 
ft). Location of the EGNOS monitoring station, located near Polish-
Ukrainian border, being also at the east border of planned EGNOS 
coverage for ECAC (European Civil Aviation Conference) states 
was very useful for SIS tests in this area.

2. Crucial signals and 
parameters

According to current EGNOS programme schedule, the project 
activities were carried out with EGNOS system v3, which is developed. 
Therefore, the project allowed demonstrate feasibility of the EGNOS 
certifiable version for civil applications. Planned demonstration and 
trials will be provided on 21 Polish airports chosen based on SIS 
analysis and EGNOS operational coverage in Poland. For creating and 
testing software and making other documentations a ESA standards 
like ECSS-E-40, ECSS-Q-80B were used.
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Receiver Septentrio, PEGASUS program and SPAN were 
essential elements. The PEGASUS (Prototype EGNOS and GBAS 
Analysis System Using SAPPHIRE) is a prototype which allows 
analysis of GNSS data collected from different SBAS and GBAS 
(Ground Based Augmentation System) systems and using only 
algorithms contained in the published standards. The tool has 
been developed in the frame of the GNSS-1 operational validation 
activity defined in the EUROCONTROL SBAS project and aims 
to be a first step forward the development of a standard processing 
and analysing tool to be used for the future EGNOS operational 
validation. PEGASUS was designed to facilitate the output data 
handling and interchange. The tool provides several functionalities 
such as computation of position and GNSS systems attributes like 
accuracy, reliability, and availability simulating MOPS-compliant 
receivers, computation of trajectory errors, prediction of accuracy 
and availability with the required integrity and simulation of GBAS 
Ground Station processing algorithms. Since June 2003 the GBAS 
Modular Analysis and Research System (MARS) is integrated in 
PEGASUS in order to support GBAS data processing needs and 
activities. The GBAS MARS allows to collect and evaluate relevant 
data and provide required results and is able to assist Air Traffic 
Service Providers to aid site approval and obtain operational 
approval of a GBAS installation for supporting CAT-I precision 
approach conditions at an airport from their respective safety 
regulation authorities.

Fig.1. Visualization of postprocesing data (RTK/INS) gathered during 
the fly over the Mielec airport and GPS/GPRS device for real 
time monitoring  as a second monitoring system on airplane 
Piper PA-34 Seneca II

The Synchronized Position Attitude Navigation (SPAN) system 
is NovAtel’s Global Navigation Satellite System - Inertial Navigation 
System (GNSS/INS) solution for applications requiring continuous 
position, velocity and attitude information (fig. 1). Using Inertial 
Measurement Unit (IMU) data in addition to GNSS, SPAN provides 
a high rate position, velocity and attitude solution which seamlessly 
bridges GNSS outages. The tight integration of the IMU to the 

receiver core improves GNSS performance by enabling faster signal 
reacquisition and quicker return to fixed integer status after a loss 
of GNSS signals. 

2. Main assumptions
The accomplishment of international programme required 

adopting the following assumptions:
•	Final Approach of GNSS landing  with “Overlines” method;
•	Accomplish of the RNAV (Random Navigation) GNSS 

Approach Procedures;
•	Certification of the GNSS receivers (on board);
•	Test flights - checking assumed solutions;
•	Operational of EGNOS System;
•	Test flights in frames of programs;
•	Collecting indispensable materials and drawing up documents, 

necessary to do the certification;
•	Certification of the GNSS approach in Poland

Project HEDGE is collaborative EU project, which aims  are:
•	develop the helicopter SOAP (SBAS Offshore Approach 

Procedure) procedure (and necessary avionics) and then 
to successfully demonstrate it to the user community;

•	develop helicopter PINS (Point in Space) procedures for 
mountain rescue and HEMS (Helicopter Emergency Medical 
Services), and to then successfully demonstrate them to the 
user community;

•	demonstrate EGNOS (European Geostationary Navigation 
Overlay Service) APV (approach with vertical guidance) 
approaches to general aviation in Spain, Poland; 

•	(OPTION) To complete EGNOS data gathering that shows 
the performance of EGNOS. 

The new GNS 430 W (already WAAS enabled) receiver in the 
Seneca airplane is applied during experiments, because:

•	already WAAS enabled;
•	then use an experimental data card from Garmin to enable 

EGNOS;
•	perform the necessary tests in the laboratory to validate that the 

receiver is able to work properly with the broadcasted EGNOS 
SIS at the time the demonstrations will be performed.

Fig.2. Example: RNAV GNSS for Katowice – Pyrzowice Airport
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3. Flight validation
The following guidelines were taken into consideration for 

conducting the flight validation activities:
•	The validation was carried out in daylight hours under VMC 

(Visual Meteorological Conditions) 
•	The Final Approach Segment has to be flown ½ scale down, 

at least once
•	All segments of the approach were flown at least once (segments 

common to the LNAV approaches were already flown during 
the LNAV validation flights)

•	The Missed Approach segment was flown
•	A test database containing the RNAV IFP was used
•	There was one pilot acting as FVP, and one observer assisting 

the FVP in the validation process observing the ‘out of 
cockpit’ environment

•	The aircraft used during the flight validation had the appropriate 
performance capabilities for which the IFP was designed.

•	The FV was conducted with a Piper Seneca II aircraft. The 
aircraft is equipped with the appropriate RNAV equipment 
for conducting LPV operations: a Garmin GNS 430W 
connected with other required avionics (antenna, CDI/VDI). 
The complete set allows flying during all phases of flight, from 
en-route to precision approach down to LPV minima.

The IFP to be validated, designed by Pildo and PANSA, was 
coded inside a test database produced by Jeppesen and Garmin. The 
pilots inserted the FV plan inside the FMS-like Garmin device and 
conducted the trials in the relevant navigation mode using the GPS/
SBAS guidance. Guidance during the entire flight, including aircraft 
positioning, was provided by the CDI/VDI fed by the GNS 430W. 

In order to record continuous data and monitor the EGNOS 
during the campaign, a flight data recording and monitoring system 
was installed on the aircraft. The system (standalone platform) 
included an U-blox Antaris 4 GPS/SBAS receiver.

The receiver was installed at Katowice airport. The main 
objective was to collect GPS L1/L2 and EGNOS data, for the later 
post-processing allowing evaluating the local performance of the 
system. The automatic reports regarding the performance of the 
signal are included in the Annex D. This information has been 
provided by PANSA.

Before the flight trials, the local APV-1 availability in the area 
was simulated using a predictive RAIM algorithm developed by 
Pildo Labs. The analysis was performed at the ARP, considering 
also the following conditions:

•	No digital terrain model was used to simulate the local conditions 
of the area (useful in some environments to take into account the 
masking caused by a mountainous environment);

•	The GPS almanac was downloaded from the U.S. Coast Guard 
Navigation Center website;

•	The simulation was carried out for a 12 hours dataset (from 
9:00h to 21:00h), with samples every 5 minutes.

The obtained result is of a 100% APV-1 availability at the threshold 
coordinates. The estimated horizontal and vertical errors were also 
estimated. These simulations ensured that the EGNOS would enable 
an APV-1 level of service at Katowice during the whole day.

The data analysis focuses on the data recorded during the flights. 
The next figures show the trajectories flown during the approaches. 
The approaches are drawn jointly with the tested paths (yellow 
lines). The following figures present the flight trajectories of the 
demonstrations together with the waypoints and runway threshold. It 
can be seen how the aircraft successfully accomplished the operations 
up to the OCA/H values, when either a missed approach or a landing 
was conducted. In the profile views, the next reference altitudes have 
been plotted:

•	5000 ft, which is the minimum altitude to fly the initial 
segments of both approaches;

•	1235 ft, which is the CAT A LPV minima (OCA) of the 
procedures; and

•	991 ft, which is the elevation of RWY 27 THR

Fig.3. Plan view of the flight demonstrations

4. Flight deviations
To have a clearer picture of the deviations presented to the 

pilot during approaches, horizontal and vertical deviations have 
been computed with respect to the desired flight path. The results 
are presented in the figures inside this section.

The distances in the vertical axis represent the horizontal or 
vertical Flight Technical Error (FTE) in meters. The FTE is provided 
as guidance information to the pilot during the flight, while the NSE 
and TSE can only be determined using truth reference after post-
processing the data. Figures located below show the deviations of 
the a/c during the intermediate and final approach segments, while 
the figures located in the right side offer a zoom of the deviations 
during the FAS.

Fig.4a. Horizontal deviations
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Fig.4b. Vertical deviations

The FSD (Full Scale Deflection) of the CDI/VDI is also plotted 
in the figures (cyan color) when contained in the figure limits, both 
in the horizontal and the vertical domain. These curves indicate 
the value of the deviations that the aircraft would have had with 
respect to the approach path if the CDI/VDI needles had been 
totally deflected. The curves have been calculated using in-house 
developed tools, in accordance to MOPS RTCA DO-229D. As 
can be seen, the FSDs are not constant, and they change between 
linear and angular along the approach, following the requirements 
laid down in the MOPS.

Fig.5. Horizontal accuracy at Warszawa station in January 2012

In order to obtain better performances, conducted analysis of 
availability, continuity, horizontal and vertical accuracy, as well 
as vertical and horizontal integrity was conducted on the data 
from the EGNOS Data Access Service/EGNOS Data Collection 
Network gathered in January-April 2012. Signals were provided by 
three satellites: PRN120, PRN124, PRN126. PRN126 and PRN124 
was several times temporary switched off. Signals were delivered 
to three stations in Poland: Kraków, Rzeszów, Warszawa.

During research station in Kraków was temporary switched off 
(April, March) because of some technical problems. Figures 5-8 
illustrated some of chosen performances. At all station horizontal 
and vertical integrity misleading information equals 0.

Fig.6. Horizontal accuracy at Kraków station in February 2012

Fig.7. AVP-I Availability at Rzeszów station in March 2012

Fig.8. Vertical accuracy at Warszawa station in April 2012

Analysis performances of EGNOS shown, that hhorizontal 
accuracy average reached 0,51-1,6 m, vertical 1-1,51 m. Availability 
did not reach value below 96%.

 5. Conclusion
The HEDGE project was being carried out in years 2010–2012, 

carrying air tests out and results which served for expressing 
conclusions were being collected.  

The LPV flight procedures for Katowice provide tangible 
operational benefits for the airport operators in case of ILS inactive. 
EGNOS system was capable providing excellent aircraft guidance, 
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appreciated by the pilots. Vertical and horizontal accuracy reached 
0,5-1,6 m, while availability was almost 100% .

The main outcomes of the validation of the new GNSS 
procedure are as follows:

•	The EGNOS availability performance APV-I was fully 
achieved during all the approaches;

•	The coding of the procedure for SBAS is satisfactory;
•	The horizontal and vertical sensibility of the CDI was 

successfully tested.
•	The procedure is safe from the obstacle clearance point 

of view (it has been flown ½ scale down the nominal glide 
path without identifying potential obstacles). No significant 
obstacles were found when overflying the surroundings of the 
airport either.

•	The flyability of the procedure was correct.
The ground and flight validation performed are successful. It 

is nevertheless highly recommended to perform a deep obstacle 
assessment before moving forward towards the publication of the 
procedure in the AIP.
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ABStRACt
The concept of target function for calculating optimal trajectories and results related to an upper airspace capacity 
from computer simulations are presented in this paper. The basic model of Free Route Airspace (FRA), role of 
conflict free and efficient flight route planning as a part of introduction working programme – Step 2, “Trajectory 
– based Operations” in Single European Sky ATM Research Programme are also presented. Free Route Airspace 
is defined as specific airspace within which users shall freely plan their routes between an entry point and an exit 
point without reference to the ATS route network. 
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1. Introduction
The existing Airspace Management and Navigation systems 

in Europe are unlikely to cope with capacity demand. Flights in 
Europe are operated on air routes or airways essentially anchored 
on ground based navigational aids structured in a fixed route 
network. This network is relatively inflexible geographically due 
to its very nature. Disadvantages of this are less than optimum use 
of the available capacity and not economical routes from carries 
point of view. There is, therefore, continued pressure to upgrade 
the capacity of the European Airspace and Navigation systems 
to permit more en-route and terminal airspace capacity and to 
facilitate the flexible use of airspace (civil-military integration). 
One of possible solution is creation more and more of a new air 
routes. However this activity can not solve the problem completely 
because lack of airspace need to create this routes. Better solution is 
flexible and optimal use of airspace without reference to fixed route 
structure but with reference to entry and exit points in airspace. 
That is why Free Route Airspace(FRA) concept have been created 
in Europe. The subjects of flexible use of  airspace, complexity and 
capacity have been published in the articles as  [4,5,6,7,15] and has 
been researched also by Malarski and Skorupski [10,11,12,13,14]. 
The main criteria  of airspace use assessment have been in those 
publication are : air traffic intensity, air traffic safety, air traffic 

controller workload and airspace capacity. Interesting algorithm  
of conflict free and optimization of route has been also presented 
by  Durand N. and  Alliot J.M. [1]. It was based on observation 
of ants colony behavior and choosing by them particular conflict 
free routes. 

2. Overview of Free Route 
Airspace Concept

The idea of Free Route Airspace was initially approved by eight 
European States – Belgium, Nederland, Luxemburg, Germany, 
Denmark, Norway, Sweden and Maastricht Upper Airspace in 1998. 
FRA is a concept in which the fixed route network is removed from 
part of the upper airspace of above European States. Free Routes 
Airspace (FRA) is defined as:

A specific airspace within which users shall freely plan their 
routes between an entry point and an exit point without reference 
to the ATS (Air Traffic Services) route network [2].

The main objectives of user prefer routes implementation are:
a. elimination of constrains come from the fixed route network 

structure;
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b. Increased airspace capacity;
c. Enhanced flexibility;
d. Financial and operational benefits to the airspace users;
e. Benefits as above with maintaining safety standards

One of assumption of FRA Concept is sharing the airspace 
between civil and military users. Using the latest information on 
airspace availability, supplemented by information on sector 
capacities, Aircraft Operators will have much more choice for 
optimum route selection and should benefit from the expected cost 
savings. Their route choice will be limited only by the need to avoid 
active segregated airspace (e.g TSA- Temporary Segregated Area, D 
- Danger Area, P - Prohibited Area or R - Restricted Area).

New FRA sector design will need to be more flexible as traffic 
demand varies and unrestrained by FIR/UIR or State boundaries. 
Basic Sector Design Criteria should at least take into account:

•	the principle traffic flows and orientation
•	minimising short transits through sectors
•	minimising sector and centre re-entry
•	positions of segregated airspace

FRA Management will differ from that of the Route Network, 
will no longer be given information on which routes are available, 
but will need to know which airspace is available. Within the FRA 
area there will be no limitations on the planning and using of 
direct (DCT) point to point routes.

With the absence of a fixed route network conflicts are likely 
to be more random in nature, different in characteristic and less 
predictable which could result in problems of detection for the Air 
Traffic Controller. The use of Conflict Detection and Resolution 
tools is expected to provide significant support to Controllers in 
the execution of these tasks. The efficiency of these tools, is highly 
dependent on the availability of an accurate system trajectory for 
a given flight.

Enhanced or new automatic flight planning systems permitting 
the computation of a free route may be necessary for airspace users 
to benefit from the increased flexibility provided by FRA. They 
should also be able to receive and process real time data concerning 
updates of airspace availability.

When FRA is implemented, limitations due to national borders 
will disappear from the perspective of an aircraft operator planning 
flights. With the elimination of the route network from the FRA, the 
associated crossing and congestion points will disappear. In their 
place will be a greater number of “random” crossing points associated 
with individual flight profiles rather than route alignment. That 
is why preliminary conflict free trajectory prediction is required 
before entrance to the airspace.

3. Flight planning area in SESAR 
Programme

SESAR (Single European Sky ATM Research) aims as technical 
pillar of the Single European Sky (SES) are eliminating the 
fragmented approach to European ATM, transform the ATM 
system, synchronise all stakeholders and combine resources. 
SESAR programme results will help airlines to run more reliable 

and punctual services, even in the face of rising demands on air 
transport capacity, helping their businesses to be sustainable long 
into the future. Improved air traffic management will lower the 
environmental impact and infrastructure costs, and will increase 
safety through better positioning and information sharing. Airspace 
users and their associations are particularly import and for the 
validation of SESAR technologies in an operational environment, 
making sure that the developed innovations fully meet the users’ 
expectations. Key to the SESAR concept is the ‘business/mission 
trajectory’ principle in which airspace users, air navigation 
service providers and airport operators define together, through a 
collaborative process, the optimal flight path from gate to gate. The 
3 SESAR Concept Steps are the phases through the target concept 
is realized. These Steps are capability-based and not fixed in time.

•	Step 1, “Time-based Operations” is the building block for the 
implementation of the SESAR Concept and is focused on flight 
efficiency, predictability and the environment. The goal is a 
synchronised European ATM system where partners are aware 
of the business and operational situations and collaborate to 
optimise the network.

•	Step 2, “Trajectory-based Operations” is focused on flight 
efficiency, predictability, environment and capacity, which 
becomes an important target. The goal is a trajectory-based 
ATM system where partners optimise “business and mission 
trajectories” through common 4D trajectory information 
and users define priorities in the network. “Trajectory based 
Operations” initiates among other thinks air/ground trajectory 
exchange to enable tactical planning and conflict free route 
segments. 

•	Step 3, “Performance-based Operations” will achieve the high 
performance required to satisfy the SESAR target concept. The 
goal is the implementation of a European high‑performance, 
integrated, network-centric, collaborative and seamless air/
ground ATM system. [3].

4. Flight planning algorithm 
concept

Optimal flight planning algorithm concept is presented in this 
chapter. Simulation model of FRA may be represented as cylinder 
with radius R and has been build for creating and than testing the 
algorithm. One of assumption is that traffic goes on quantumized 
levels of height Hi. So, all flight on those levels comply with vertical 
separation condition (1) automatically. 

                        (1)

where:
tkj – k moment of aircraft j position inside the airspace, 
tkj = tk–1j + Δt, k = 1, 2, …, n
OVjm  – vertical distance between aircraft j and aircraft m
SV – required vertical separation 
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Also horizontal separation condition (2) shall be fulfi l for all 
fl ights in the airspace. 

                       (2)

where:
tkj – k moment of aircraft  j position inside the airspace,
tkj = tk–1j + Δt, k = 1, 2, …, n
OHjm – horizontal distance between aircraft  j and aircraft  m
SH – required horizontal separation 

To calculating optimal trajectories for a given fl ight in simulating 
airspace the target function (3) has been proposed [8]:

 (3)

                 (4)

                       (5)
where:
i = 1, 2, …, N     N – aircraft  type index,
c1, c2, c3 – constant,

L – real distance, 
Le – entry and exit point direct distance ,
H – real altitude of aircraft ,
Hek  – economical altitude of aircraft ,
V – real speed of aircraft ,
Vek – economical speed of aircraft ,
a – distance weighting ratio,
b – altitude weighting ratio,
d – speed weighting ratio, 

In optimal case target function (3) is in the form of formula (6) 
as below:

                                       Qop. = c1 · c2 · c3 (6)

In case of potential confl ict detection before enter the airspace by 
given aircraft  there are 18 solutions applicable to avoid this confl ict. 
Th e solutions based on changes of main parameters of fl ight such as 
bearing, altitude and speed of aircraft  and all combinations of them. 
In the next step the confl ict free solution has been chosen from 
acceptable solutions for which the target function has minimal value. 
The schema of the algorithm is as below:
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The research has been carried out for different aspects:
•	value of separation,
•	airspace parameters and traffic distribution,
•	weighing ratio of: route length changes, altitude and speed of 

aircraft.
Collective results of the capacity and number of most numerous 

conflict resolution manoeuvres and simulations is presented in the 
table as below:
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Standard 
airspace 400 7 0,1 0,75 1,5 31 47 255

Free Route 
Airspace 400 7 0,1 0,75 1,5 53 63 423

Standard 
airspace 400 5 0,1 0,75 1,5 35 71 340

Free Route 
Airspace 400 5 0,1 0,75 1,5 75 69 525

Standard 
airspace 1000 7 0,1 0,75 1,5 54 76 594

Free Route 
Airspace 1000 7 0,1 0,75 1,5 93 63 890

Standard 
airspace 1000 5 0,1 0,75 1,5 76 100 707

Free Route 
Airspace 1000 5 0,1 0,75 1,5 97 88 1088

Free Route 
Airspace 400 7 0,75 0,75 1,5 66 65 432

Free Route 
Airspace 400 5 0,75 0,75 1,5 82 74 563

Free Route 
Airspace 400 7 0,1 0,75 2,25 72 65 436

Free Route 
Airspace 400 5 0,1 0,75 2,25 71 87 564

Free Route 
Airspace 400 7 0,1 0,75 1,5 60 54 429

Free Route 
Airspace 400 5 0,1 0,75 1,5 102 71 535

Second results of research is the information on most favorable 
maneuvers to avoid the conflict from the group of 18 solutions. 

5. Conclusion
Main benefit come from implementation of optimal solution 

it means conflict free and efficient trajectories  planning in Upper 
Airspace is increase of airspace capacity. Simulation results have 
confirmed that and in addition is was proved that the best effect 
of increase capacity is for a large area, what was in fact expected. 
Second obvious result was that capacity of airspace also increasing 
for a lower safety buffer around the aircraft e.g. 5NM instead of 
7NM. Third main result from simulations was determination of the 
most favourable solutions for conflict avoidance.  Based on output 
from the simulation the speed reduction of the given  aircraft and 
change of bearing with  speed reduction of aircraft in the same time 
have been the most numerous in the simulating samples. It was 
interesting taking into account that one of the faster and effective 
manoeuvre is change of the altitude level [9]. One of the safety 
argument to implement of Free Route Airspace is also reducing 
of potential conflicts in crossing and congestion points inside the 
airspace. Trajectories optimization from economical point of view 
means as shortest distance form entry to exit points and flight 
with economical speed on economical altitude for given type of 
aircraft. So, have also impact on decrease of air traffic delays and 
fuel consumption and at the end decrease aircraft operational costs. 

“Trajectory-based Operations” and the role of optimal 
planning in an upper airspace as for example Free Route Airspace 
are also the subject of research in frame of SESAR Programme 
- Step 2 of Single European Sky II initiative and in particular its 
technical components. 
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ABStRACt
Interoperability is one of crucial problems in transport systems and it is touching especially the systems, when their 
complexity is growing with application of information and communications techniques. Directive of 2010/40/
EU on frameworks of the implementation of intelligent transport systems in the area of the road transport and 
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1. Systems Interoperability vs 
Transport Systems - Where is 
Problem?

Interoperability problem appears everywhere when different 
systems or even only their fragments, treated as the certain integral 
units from functional, structural or implementation point of view are 
supposed to cooperate with each other. It is caused by the fact that as 
a rule these objects treat their environment and other systems as the 
outside world, with properties not entirely known and controlled.

Attempts to establish the cooperation of such items often create 
problems. It takes place particularly in all complex systems, including 
telecommunications and computers (generally information and 
communication technologies – ICT), in which interoperability 
assurance is a required condition.

In the context of European public service delivery, according 
to definition from the European Interoperability Framework, 
interoperability means “the ability of disparate and diverse organisations 
to interact towards mutually beneficial and agreed common goals, 
involving the sharing of information and knowledge between the 
organisations, through the business processes they support, by means 
of the exchange of data between their respective ICT systems” [3]. 

Most of transport systems provide or use general public services. 
Considering network and infrastructural character of transport 

systems and their significant reach, they should cooperate with other 
systems, as well as they often should be divided into cooperating 
parts. From these considerations, interoperability is one of crucial 
problems of transport systems, and it touches especially systems 
which complexity grows with information and communications 
technologies application.

These statements lead to conclusions that there is need to find, 
in the intelligent transport systems area, solutions removing barriers 
in the interoperability assurance and facilitating or sometimes even 
enforcing cooperation mechanisms.

Telecommunication branch has long experience and worked 
out methods of network systems creation and maintenance, where 
interoperability assurance is one of key problems [14]. These methods 
could be applied in ITS.

2. System intelligence - 
interoperability facilitation or 
not?

According to European Telecommunication Standard Institute 
(ETSI) presentation ACHIEVING INTEROPERABLE STANDARDS 
- THE ETSI APPROACH [6] “we live in an interconnected world 
and interoperability is key to drive it forward”. It is visible especially 
in the cases as:
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•	advanced ITC applications, for example: digital home, smart 
house, machine to machine communications (M2M), Internet 
of Things, intelligent transport systems etc.;

•	possible selection, by users, of growing offers of producers 
and suppliers with variety of products addressed to different 
client segments (business, public, private) and being response 
for different needs;

•	expectations of easy and not expensive deployment and 
operation by not experienced users;

•	the use of market mechanisms by producers, taking into 
account the economy scale and the fact the most of products 
have world range.

Many (if not the most) from above problems is connected with 
solutions in which the basic roles play ITC systems. Particularly 
these are systems introducing “an intelligence” to processes of the 
production, the distribution and the utilization. The basement of 
this intelligence is widely understand cooperation.

The systems or even their components bad cooperation or lack 
of it is usually expensive, because: 

•	levers the confidence to the producer technology or his brand 
(“they do not know how to resolve the problems”);

•	dissatisfies consumers, and by these causes changes of the 
products interest or makes difficult the deployment of new 
solutions (“it not useful or not mature for our application”);

•	obstructs or even makes impossible the realization of composite 
and complicated projects, integrating different products 
(physical ones, services, the information), integrating different 
technical and technological solutions, covering large areas or 
different organizations. 

Interoperability assurance demands certain costs, however 
usually interoperability is profitable and often this is obligatory. 
The intelligence of products often enlarges their complexity, but 
also enlarges the flexibility of their adaptation to conditions of their 
production and the use, and consequently also to the coexistence and 
the cooperation with other objects. Thus intelligence is a chance not 
only for new products but also for their interoperability. These general 
statements refer to ITS area as well.

3. Models of intelligent systems 
interoperability assurance

Sometimes it could be noticed the impression that the 
interoperability problem appeared not long ago. A fact is that it 
gained on the meaning in the relationship with the development 
of network applications in different spheres. It touches properly 
all: from mass market users of internet applications up to highly 
specialized centres workings on new technical solutions which 
have to work in networks. So there is problem: what should be 
made to assure interoperability and what really happens with 
it. Especially it refers to the systems with the complex network 
logic, like for instance intelligent transport systems. 

In this context European activities in favour of the interoperability 
and Polish national interoperability frameworks, which refer also to 
ITS problems, should be mentioned.

The European Interoperability Strategy - EIS and European 
Interoperability Framework - EIF [3] have to help the assurance of 
the seamless cooperation of public administrations both in each 
country and between countries of the European Union. 

The strategy (EIS) has a character of the political support 
declaration for interoperability which has to be transformed „into 
the pack of specific projects and results”.

Framework (EIF) is therefore “an agreed approach to 
interoperability for organisations that want to collaborate to 
provide joint delivery of public services” It specifies such common 
elements as “vocabulary, concepts, principles, policies, guidelines, 
recommendations, standards, specifications and practices”. On 
the base of EIT rules, 25 recommendations addressed to public 
administrations and public services managers were developed. The 
recommendations indicate specific activities recommended for 
services interoperability assurance on all levels – from political up 
to technical.

In Poland is in force Regulation of the Council of Ministers of 
12 April 2012 on National Interoperability Framework, minimum 
requirements for public registers and information exchange form, as well 
as minimum requirements for ICT systems [4]. It introduced National 
Interoperability Framework, in terms of „courses of action (...) in the 
range of the selection of resources, methods and standards used to 
the set-up, deployment, operation, monitoring, review, maintenance 
and improvement of the ICT systems” [4]. Purpose is the assurance of 
„semantic, organizational and technological interoperability with the 
assurance of the technological neutrality” [4]. These are very general 
descriptions which should be treated as general guidelines.

In the Regulation the most important is the expression of 
requirements for publishing in the Public Information Bulletin and 
in the interoperability repository information on interoperability, 
which has essential influence on the cooperation in the realization 
of public services.

Rules of interoperability achievement on the technology level 
were strongly expressed. It means obligation to apply of minimum 
requirements for ICT systems, defined in the Regulation [4].

4. Standardization role in 
interoperability assurance

Transport telematics standardisation is an activity oriented 
on ICT systems and devices, on processes inside and in their 
environment as well as on services provided by these systems to 
users. Essentially the standardization refers to functionalities of 
solutions and telematics applications, their usefulness in compliance 
with user’s needs and conformance with requirements, standards 
and recommendations. The standardisation in telematics has 
a relationship also with eliminating of the overflow functionality 
and the variety of solutions and applications. Services quality and 
safety required is also important factor should be considered in 
compliance with users needs and requirements.



B. cHOjNAcKI, M. KOWAleWSKI, A. pĘKAlSKI

21Volume 7 • Issue 1 • February 2014

The assurance of conformance of telematics solutions and 
applications has an immediate relationship with the assurance 
of their electromagnetic compatibility and interoperability in 
terms of electromagnetic waves usage as the physical medium. 
The electromagnetic compatibility consists of the assurance 
of functionalities of devices and telematic systems in collision 
free work in the specific environment, including infrastructure 
of the transportation. It is connected with not emission of 
harmful electromagnetic interferences in this environment and 
also with noise immunity.

Standardization is a tool for the realization of all these user 
needs and requirements. It makes possible the unification of the 
requirements and after that solutions and applications are unified. 
Then worked out models and examples are presented in the 
form of standards, recommendations and guidelines. Telematics 
compatibility and interoperability is one of the key purposes of 
these documents. 

Essentially standardization make possible the assurance of 
efficient, collision free cooperation, with improved and controlled 
quality and safety of transport systems, including ITS. Standardization 
has positive influence on best practices dissemination in systems 
and devices design. It restricts solutions variety, creation of many 
isolated islands and cost of production and operation. Basically 
standardization should be technology independent, however the 
borders between standards and technologies and their product 
recipes could be not sharp.

Standardization is one of activity domains of state agencies, 
groups of interested producers and independent international 
organizations. 

In the global scale the leading role in the standardization 
plays International Organization for Standardization (ISO). 
Another organizations supplement these activities. International 
Electrotechnical Commission – IEC) develops standards concerning 
electric, electronic and related domains, also telecommunication. 
In the telecommunication domain acts the specialized organization 
International Telecommunication Union (ITU) which develops 
and distribute its recommendations mostly in the area of 
telecommunication. All international standards are the base 
for regional and national standards, however some regional or 
national standards become global standards (like for instance 
Internet or GSM).

In Europe there are three regional standard organisations 
recognized by European Union: European Committee for 
Standardization (CEN), (European Committee for Electrotechnical 
Standardization (CENELEC), European Telecommunications 
Standards Institute (ETSI). Their mission is to prepare from 
scratch or admission of standards worked out by ISO, IEC and 
ITU and sometimes extension of the standards. In some cases 
these organisations carry ordered work on the base of European 
Commission mandate. One of the purposes of these organisations 
is development support of the harmonised European market. The 
market should be well ordered in the interoperability aspects. 

In Poland there is state founded Polish Committee for 
Standardization (Polski Komitet Normalizacji – PKN) which 
is a member or, in some cases, a founder of mentioned above 
international standard organizations. This committee is main 

national body aimed on creation of Polish set of standards. 
It transposes international standards without any changes in 
their contents. PKN can also create specific Polish standards. 
Application of all Polish standards (including harmonized EU 
standards) is not mandatory. PKN activity area covers all domains 
including transport, telematics and telecommunications from the 
service and technology views. 

It is recommended to view clause 4.3 and especially figure 
4 in ETSI EG 202 798 V1.1.1 (2011-01) ETSI Guide Intelligent 
Transport Systems (ITS); Testing; Framework for conformance and 
interoperability testing [8]. This is snap-shot of ITS base standards 
which may be used as a base for ITS interoperability assurance 
works.

5. ITS deployment according to 
2010/40/EU Directive

In the European Union dominates the conviction about the 
need of the existence of coordinated transportation covering 
all countries and all transport modes. This is regulated with 
Directives of Parliament and Council. The breakthrough meaning 
for ITS has the DIRECTIVE 2010/40/EU OF THE EUROPEAN 
PARLIAMENT AND OF THE COUNCIL of 7 July 2010 on the 
framework for the deployment of Intelligent Transport Systems in 
the field of road transport and for interfaces with other modes of 
transport [1] and connected with it COMMISSION DECISION 
of 15 February 2011 concerning the adoption of the Working 
Programme on the implementation of Directive 2010/40/EU [2]. 
From these documents emerged plans of the specifications and 
related standards elaboration for conformance, interoperability 
and continuity assurance of preferred activities.

These specifications are developed under the aegis of the 
European Commission and accepted as delegated acts in 
compliance with an article 290 of Treaty on the Functioning of the 
European Union.

It was planned the adoption of specifications for six preferred 
activities, namely:

•	EU-wide multimodal travel information services;
•	EU-wide real-time traffic information services;
•	definition of minimum requirements for road safety related 

universal traffic information;
•	harmonized provision for an interoperable EU-wide e Call;
•	ITS based information services for safe and secure parking 

places for trucks and commercial vehicles;
•	ITS based reservation services for safe and secure parking 

places for trucks and commercial vehicles.
The European Commission invited standard organizations: 

CEN/CENELEC and ETSI to the elaboration of the coherent 
set of standards, specifications and guides which have to help 
in implementation and deployment of co-operative intelligent 
transport systems in the European Union. For these reasons 
standardization mandate M/453 [11] was issued. It was assumed 
use of other projects results and the cooperation with other 
normalization bodies (see fig. 1).
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Fig. 1. Mandate M/453 cooperation context 

Results of works within the mandate M/453 framework can be 
reviewed on internet portals of CEN TC278 and ETSI. The state of 
the works is periodically, reported to the European Commission 
[12], [13].

6. Question of interoperability 
obligation and means for 
interoperability enforcement 

Existing European regulations and also national ones, in the 
ICT area, avoid the obligations of the usage of specific regulations. 
Liabilities are limited mainly to problems of the safety and the 
electromagnetic compatibility. Remaining norms, specifications, 
guides have a character of recommendations. It means de facto 
resignation from the implementation of all of these regulations 
which are not mandatory.

However if interoperability is desirable, this it is worth to 
start mechanisms promoting solutions and products which 
comply interoperability conditions and will cooperate with each 
other. For that is necessary to evaluate which solution or product 
is interoperable and which one do not comply interoperability 
requirements. 

Solutions and products complying specified conditions, 
it means that they are conformed with specific standards and 
specifications, but also in fact are able (confirmed with suitable 
test) to the cooperation in practical applications, should receive 
the interoperability certificate. Such certificate should show the 
normative and verified range of the solution, the product or the 
application use.

This is not the final method for elimination of solutions or 
products not having interoperability features at all, or having it 
out range of test. Nevertheless this is efficient method and could 
be practically applied. 

7. How to test the 
interoperability and how to 
use the test results?

Interoperability testing should be executed to prove practically 
that the threat exists due bad cooperation or to show that there 

is real lack of the cooperation. Interoperability test have to 
determine the places where problems with cooperation exist and 
it has an essential influence on results of the activity of systems. 
Elimination of the threat or the lack of local interoperability is not 
a guarantee of the existence of entire interoperability.

General rules of interoperability testing are specified in ETSI 
documents, developed by the Technical Committee (TC) Methods 
for Testing and Specification (MTS) [7] based on the ISO/IEC 9646 
standard [10] (see Fig. 2).

Fig. 2. Illustration of main concepts of interoperability testing (QE- 
Qualified Equipment, EUT - Equipment Under Test)

Interoperability testing is extension of conformance testing 
which determines how specific real implementation complains 
standards and specifications. It allows using already developed 
methods of conformance testing. Conformance testing and 
interoperability testing are practically complementary to each other. 

The long duration, the complexity and the cost of 
interoperability test could be limited by test formalization and 
automatisation [9]. The formalization essence is use the standard 
test processes and connected tools such as conformance and 
interoperability statement forms. TTCN (Testing and the Test 
Control Notation) language also could be applied. Test prepared 
in this way can be executed (at least partly) and documented 
automatically. 

Introduction to ITS conformance and interoperability testing 
is ETSI EG 202 798 V1.1.1 (2011-01) ETSI Guide Intelligent 
Transport Systems (ITS); Testing; Framework for conformance and 
interoperability testing [8]. The essence of this guide is: 

•	the	introduction	to	the	identification	of	tested	implementations	
(IUT  -  Implementation Under Test) in the case of conformance 
test	and	the	identification	of	tested	devices	(EUT	-	Equipment	
Under the Test) in the case of interoperability test, that is the 
indication „what has to be tested”;

•	the	 introduction	 to	 test	 procedures	 defining,	 that	 is	 to	
specification	„how	this	has	to	be	tested”;

•	the	indication	how	to	prepare	test	specifications	of	products,	
eg.: test purposes and structures of procedure sets (TSS&TP 
-	Test	Suite	Structure	&	Test	Purposes),	forms	of	the	specific	
implementation conformance statement (ICS - Implementation 
Conformance Statement) and/or the declaration of the function 
cooperation (IFS - Interoperable Functions Statement), 
descriptions of tests (TD - Test Description, recording of 
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abstract test methods (ATM - Abstract Test Method) and sets 
of test procedures (ATS - Abstract the Test Suite) in TTCN-3 
language.

Fig. 3 presents relationships among components of testing 
processes. Please note that the base for the testing is set of ITS 
standards, mentioned in clause 4.

Fig. 3. ITS testing framework interactions

Preparation of some specific ITS standard implementation 
testing is supported by technical specifications (mainly developed 
by ETSI) related to base standards. Proper figure in present 
structure of these documents and their relationships.

General approach to testing assumes that standard or 
specially prepared forms (proformas) exist and they are filled 
with information on implementation conformance (ICS) or 
function cooperation (IFS). The fulfilment of these documents is 
an obligation of the designer and/or the producer and/or supplier 
of tested applications based on specific standards. Sometimes 
execution of these obligation is not easy. There are explanations 
that is disclosure of the internal propriety.

Standards or technical specifications should be annexed with 
test purposes specification (what specific features are to be tested 
and what is expected test result) and the structure of the test cases 
(test procedures) set and procedures themselves. Test cases and 
their sets can be developed on the standard and specification base 
within the framework of test preparations. 

Interesting example of test events is ETSI initiative under 
the name of Plugtests™. ETSI organizes meetings witch a main 
objective is the possibility to test brought developed prototypes 
against standards and their cooperation with solutions of partners 
and competitors. This is also the opportunity to: 

•	standards and technical specifications improvement ,
•	acceleration of the standardization process,

•	reduction of the product time to market preparation ,
•	support of new technical solutions deployment.

Plugtests™ meetings are accessible not only for ETSI members. 
They are supported by European Union entities. Examples are 
meetings, interesting for ITS world, which took place in the year 
2013:

•	eCall Interoperability event: Essen, Germany, 9-13 September 
2013

•	ITS Cooperative Mobility Services Event: Essen, Germany, 
25-29 November 2013.

8. Proposal of ITS 
interoperability assurance 
plan for Poland

Remarks and statements formulated above lead to conclusions 
which can be treated as the outline of the plan of interoperability 
assurance of the ITS solutions and applications in Polish ITS 
environment.

1.  For the beginning it should be agreed, that the ITS interopera-
bility is a crucial factor and measures to assure it on all levels 
- from political through legal, organizational, semantic up to 
technical.

2.  It should be determined the desired and required scope inte-
roperability - what solutions and products in ITS systems and 
what ITS systems it will concern.

3.  Considering the scope interoperability it should be selected 
adequate means for its assurance and it should be determined 
conditions of their deployment by regulation, organizational 
and procedural solutions, as well as by application the norms, 
standards and technical specifications.

4.  The scheduled implementation of measures for interoperabi-
lity assurance could begin, including means for the examina-
tion, the evaluation and the certification of specific ITS market 
solutions and especially the public transport systems.

5.  Evaluation of interoperability, both functional and economic, 
should be one of routine activities and the conclusions should 
be treated as one of the causes for ITS solutions improvement.

6.  ITS solutions interoperability should be tested and monitored 
by country organization supported by independent entities, 
including scientific and research ones, having at their disposal 
the specialized forces and the test equipment. 
In the implementation process of the interoperability assurance 

minimal plan it is important to find the room for development and 
deployment of supporting tools valid for ITS. These tools should 
support interoperability implementation also by avoidance of island 
character of solutions and even greater systems. On the other side, 
these tools should facilitate producers, suppliers, operators and 
managers carrying up the interoperability assurance process. 

Applications, mentioned here, should contain data concerning 
requirements, norms and standards of ITS solutions, procedures of 
their implementation, tools for the ITS solutions design complying 
interoperability. Applications of this type should be made available 
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to everyone in the ITS interested parties, including state services, 
so that they stimulate best practices and promote better solutions. 

Authors of this paper think this a possible way of optimal 
taking care of ITS interoperability problems that exists in Poland.
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1. Introduction
The vision of cooperating transport systems and their services, 

supported by information and communication technology (ICT) 
systems, is composite. It results from traditional technical divisions 
(roads, railways, aviation and water transport). The transport is 
being carried out by organizations of the different legal status 
(public, local government, private, mixed), of the different territorial 
reach, frequently being natural or formally set up monopolies. 
Transport users expect the possibility of efficient and safe goods 
and persons transfer, having information allowing deciding, in the 
best forms, of transport means using. ICT solutions (named also as 
transport telematics) serve as a guidance enabling their action in the 
“intelligent” way.

It was recognized that isolated automation of individual 
transport solutions does not produce expected results, because of 
problems in cooperation. At present, intelligent transport systems 
(ITS) are supposed to cooperate with each other (C-ITS) what means 
that, speaking in other language, are supposed to be interoperable.

European Commission standardization mandate M/453 [10] states: 
„Co-operative systems are ITS systems based on vehicle-to-vehicle 
(V2V), vehicle-to-infrastructure (V2I, I2V) and infrastructure-to-
infrastructure (I2I) communications for the exchange of information. 

Co-operative systems have the potential to further increase the 
benefits of ITS services and applications”.

Using of computers, communication and ICT experience in 
systems creation, lead to the conclusion that without systematic, 
tidied up and complex approach to ITS systems it is hard to expect 
satisfactory effect, especially for users. 

World literature about ITS architectures and practical 
achievements are significant. In Poland the problem is still open. 
It didn’t reach the state of accepted documents for all ITS systems 
with character of standard on which implementations of transport 
systems could be based. Therefore it is worthwhile examining 
once more the subject, especially from the ITS realization and 
applications point of view. ITS could be treated also as part of the 
infrastructure. Conclusions could be a base for proposal of actions 
in the future.

2. What is ITS Architecture?
ITS architecture descriptions are different but matter is the same.
According to Directive 2010/40/EU [2]”‘architecture’ means 

the conceptual design that defines the structure, behaviour and 
integration of a given system in its surrounding context”.
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ITS architecture definitions according to FRAME

Informal Definition
An Intelligent Transport System (ITS) Architecture is a 

set of high level viewpoints that enable plans to be made for 
integrating ITS  applications and services.  It normally covers 
technical aspects, plus the related organisational, legal and 
business issues.

They help to ensure that the resulting ITS deployment:
•	can be planned in a logical manner;
•	integrates successfully with other systems;
•	meets the desired performance levels;
•	has the desired behaviour;
•	is easy to manage;
•	is easy to maintain;
•	is easy to extend;
•	satisfies the expectations of the users.

Formal Definition
An ITS  architecture is the conceptual design that defines 

the structure and/or behaviour of an integrated Intelligent 
Transport System (ITS). An architecture description is a formal 
description of a system, organized in a way that supports 
reasoning about the structural properties of the system. It 
defines the system components or building blocks and provides 
a plan from which products can be procured, 

Technical Definition
An ITS Architecture is:
•	a top-level framework;
•	a strategic non-deterministic plan for designs: 
•	it states “What is needed” and not “How it is to be 

implemented”; 
•	it is technology independent - the life-time of an 

ITS Architecture is normally longer than any particular 
technology; 

•	a  set of top-level assumptions - the minimum 
necessary not the maximum possible.

Broad approach to ITS architecture is presented in the book 
[7]. It results from, among others, that technical aspects of the 
ITS realization are a consequence of identified challenges in 
needs of users and administrators of the transport. This study is 
concentrated on the highest levels of ITS architecture covering 
fundamental functions and services of the transport, especially 
road transport. Nevertheless architectures of certain parts of 
the intelligent transport also are visible, like communication 
architecture ([13] and [14]), that is key ITS item, especially from 
interoperability point of view. 

3. Who Elaborates ITS 
Architecture and what for?

ITS architecture development requires broad view at problems 
of the contemporary transport and on the reality of practical the 
problems solving. On such demand European projects in ITS field, 
were carried on by scientific-industrial consortiums, especially:

•	KAREN (Keystone Architecture Required for European Networks) 
(1998-2000);

•	FRAME-NET (Framework Architecture Made For Europe – 
Network) oraz FRAME-S (Framework Architecture Made for 
Europe - Support) (2001 – 2004);

•	E-FRAME (Extend FRAMEwork architecture for cooperative 
systems) (2005-2011).

Common result of these project was ITS European Framework 
Architecture FRAME [4]. Nevertheless it is not formally empowered in 
European Union, as for example ITS architecture in USA, developed 
and supported by United States Department of Transportation [6].

According to the definition, ITS architecture should be used 
by all stakeholders, as the base for their own actions and for the 
mutual communication. It covers public administration, designers, 
manufacturers and suppliers as well as operations of transport 
services.

4. ITS Architecture Development, 
Presentation and Application 
Methods

4.1. International Standardization

The broad description of the state of the standardization contains 
a book [3]. The ITS standardization is run mainly by organizations 
mentioned hereinafter. 

ISO TC204 (Intelligent Transport Systems) [12] works in the 
scope of standardization of information systems, communications 
and guidance in municipal area and suburban surface transport, 
including aspects of the intermodality and multimodality, 
information for passengers, traffic management, public transport, 
emergency services in ITS. 

CEN TC278 (Intelligent transport systems) [11] acts in the 
development of the European standards and technical specifications 
in order to assure interoperability and harmonization of information 
systems for passengers on the traffic, routing and the navigation, 
the public transport, rescue vehicles and the electronic collection 
of payments.

Great role concerning the communication of cooperating 
systems, plays:

1. ETSI TC ITS developing standards, specifications and other 
products supporting the ITS services for vehicles, users, inter-
faces, multimodal transport, systems interoperability.

2. IEEE 802.11/p (WAVE) and IEEE 1609 - key players in the 
communication to short distances.
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It should be emphasized that key products of standard bodies 
are subject to public discussion and the voting. Also their neutrality 
is betting in view of specific available answers to the equipment and 
the software but also technology neutrality of their production.

In the standardization area the funamental part is assigned to 
the standardization of ITS services and their groups. Table 1 presents 
the structure of ITS application/services drawn up by the ISO 204 
technical committee on base of different domestic and international 
classifications. Such a division is the highest level of ITS architecture, 
but should be used pursuant to needs and technical and technological 
available opportunities.

Table 1. ITS Services domains and groups according to 
 ISO 14813-1:20071 with an attempt to Polish terminology

Service domain Service group

1. Traveller information 
(Informacja dla podróżnych)

1.1 Pre-trip information (Informacja 
przed podróżą)

1.2 On-trip information (Informacja 
w trakcie podróży)

1.3 Route guidance and navigation 
– Pre-trip (Prowadzenie na trasie 
i nawigacja przed podróżą)

1.4 Route guidance and navigation 
– On-trip (Prowadzenie na trasie 
i nawigacja w trakcie podróży) 

1.5 Trip planning support 
(Wspomaganie planowania 
podróży)

1.6 Travel services information 
(Informacja o usługach dla 
podróżnych)

2. Traffic management and 
operations (Zarządzanie 

ruchem i działania operacyjne)

2.1 Traffic management and control 
(Zarządzanie i sterowanie ruchem)

2.2 Transport related incident 
management (Zarządzanie 
incydentami związanymi z ruchem)

2.3 Demand management 
 (Zarządzanie popytem)
2.4 Transport infrastructure 

maintenance management 
(Zarządzanie utrzymaniem 
infrastruktury transportowej)

2.5 Policing/enforcing traffic regulations 
(Tworzenie/egzekwowanie regulacji 
ruchu)

3. Vehicle (Pojazd)

3.1 Transport related vision 
enhancement (Poprawa widoczności 
związanej z transportem)

3.2 Automated vehicle operation 
(Zautomatyzowane kierowanie 
pojazdem)

3.3 Collision avoidance (Zapobieganie 
kolizjom)

3.4 Safety readiness (Zapewnienie 
gotowości bezpieczeństwa)

3.5 Pre-crash restraint deployment 
(Wdrożenie ograniczeń przed 
wypadkiem)

 1 Description included in ETSI TR 102 762 v 1.1.1(2010-04) Human Factors 
(HF) (ITS) ICT in cars, Annex C is easier accessible than original ISO standard.

Service domain Service group

4. Freight transport (Transport 
ładunków)

4.1 Commercial vehicle pre-clearance 
(Wstępne przygotowanie pojazdu 
komercyjnego)

4.2 Commercial vehicle administrative 
processes (Administrowanie 
pojazdem komercyjnym)

4.3 Automated roadside safety 
inspection (Zautomatyzowana 
przydrożna kontrola 
bezpieczeństwa)

4.4 Commercial vehicle onboard 
safety monitoring (Pokładowe 
monitorowanie bezpieczeństwa 
pojazdu komercyjnego)

4.5 Freight transport fleet management 
(Zarządzanie flotą do transportu 
ładunków)

4.6 Intermodal information 
management (Zarządzanie 
informacją międzymodalną)

4.7 Management and control of 
intermodal centres (Zarządzanie 
i sterowanie centrami 
międzymodalnymi)

4.8 Management of dangerous 
freight (Zarządzanie ładunkami 
niebezpiecznymi)

5. Public transport 
(Transport publiczny)

5.1 Public transport management 
(Zarządzanie transportem 
publicznym)

5.2 Demand responsive and shared 
transport (Transport na zamówienie 
i zbiorowy)

6. Emergency 
(Ratownictwo)

6.1 Transport related emergency 
notification and personal security  
(Powiadamianie ratunkowe i 
bezpieczeństwo osobiste związane 
z transportem)

6.2 After-theft vehicle recovery 
(Odzyskiwanie ukradzionego 
pojazdu)

6.3 Emergency vehicle management 
(Zarządzanie ratunkowe pojazdem)

6.4 Hazardous materials and incident 
notification (Powiadamianie o 
incydentach z niebezpiecznymi 
materiałami)

7. Transport-related electronic 
payment (Elektroniczne 

płatności związane 
z transportem)

7.1 Transport related electronic 
financial transactions (Elektroniczne 
transakcje finansowe związane 
z transportem)

7.2 Integration of transport-related 
electronic payment services 
(Integracja usług płatniczych 
związanych z transportem)

8. Road transport 
related personal safety 

(Bezpieczeństwo osobiste 
związane z transportem 

drogowym)

8.1 Public travel security (Publiczne 
bezpieczeństwo podróży)

8.2 Safety enhancements for 
vulnerable road users (Zwiększanie 
bezpieczeństwa nieodpornych 
użytkowników dróg)

8.3 Safety enhancements for 
disabled road users (Zwiększanie 
bezpieczeństwa niepełnosprawnych 
użytkowników dróg)

8.4 Safety provisions for pedestrians 
using intelligent junctions and links 
(Środki bezpieczeństwa dla pieszych 
na inteligentnych skrzyżowaniach 
i przejściach)
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Service domain Service group

9. Weather and environmental 
conditions monitoring 

(Monitorowanie pogody 
i warunków środowiskowych)

9.1 Weather monitoring (Monitorowanie 
pogody)

9.2 Environmental conditions 
monitoring (Monitorowanie 
warunków środowiskowych)

10. Disaster response 
management and 

coordination (Zarządzanie 
i koordynacja reakcją na 

katastrofy)

10.1 Disaster data management 
(Zarządzanie danymi 
o katastrofach)

10.2 Disaster response management 
(Zarządzanie reakcjami na 
katastrofy)

10.3 Coordination with emergency 
agencies (Koordynacja służb 
ratunkowych)

11. National security 
(Bezpieczeństwo narodowe)

11.1 Monitoring and control of 
suspicious vehicles (Monitorowanie 
i sterowanie podejrzanymi 
pojazdami)

11.2 Utility or pipeline monitoring 
(Monitorowanie działania 
infrastruktury i rurociągów)

12. ITS Data Management 
(Zarządzanie danymi ITS)

12.1 Data registries (Rejestry danych)
12.2 Data dictionaries (Słowniki danych)
12.3 Emergency messages (Wiadomości 

ratunkowe)
12.4 Control centre data (Dane centrów 

sterowania)
12.5 Enforcement (Egzekwowanie 

prawa)
12.6 Traffic management data (Dane 

zarządzania ruchem)

4.2. National and Application Oriented 
Architecture Solutions

Nationwide or trade regulations, as a rule, are based on the state 
of the knowledge, the technologies, the leading experiences and 
the best practices in the world. Information about it is included in 
scientific studies, international standards, documentation of leading 
companies, administrative regulations of the most developed states 
and international organizations.

National solutions and/or specific applications require the 
adaptation of world achievements to local conditions. Adaptation 
should cover:

•	translated descriptions and the terminology established (see 
table above as an example);

•	verified the legal solutions (including standards) and adapted 
to local conditions;

•	recognized the political factors and development strategies;
•	considered actual and predicted state of the infrastructure, 

especially transport and ICT ones;
•	human resources needed for development designing, 

deployment and operation of the local systems;
•	established the hierarchy of objectives, including economic 

relations.
Solutions adapted to local conditions, concepts, standards or 

regulations become simpler in implementation and more efficient 
in achieving practical results.

The general concept of cooperating ITS systems, FRAME 
architecture and some international standards should be adapted 
to Polish conditions.

5. ITS Architecture Examples
Examples of ITS architecture which are applied in USA and in 

EU as well as the most of their characteristic features should be a 
base for development Polish domestic ITS architecture.

Essential elements, organization and functional relations of 
USA National ITS Architecture [6] presents fig. 1.

Fig. 1. Functions of USA National ITS Architecture 

Documentation of National ITS Architecture in the USA is 
available in Internet and it is a few thousand pages file. Support 
tools set for developers and ITS system integrators is part of the 
architecture.

European FRAME architecture (fig. 2) covers services and 
applications of cooperating systems. They are classified in nine 
functional areas of ITS architecture [4].

Fig. 2. Principal Functional Areas supported by the FRAME 
Architecture 
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FRAME architecture has also a practical dimension. Apart from 
descriptions of architecture structure, functionality and applications, 
there are two support tools facilitating its usage:

•	Browsing Tool – presenting the structure of elements in graphic 
form together with connected architecture descriptions[4];

•	Selection Tool – enabling practical usage of these fragments 
which meet specific user needs [4].

Fig. 3 presents the idea of practical usage of frame architecture. 
A tool for choosing frame architecture elements in accordance 
with needs of the specific user and specific functions facilitates to 
meet these needs.

Fig. 3. The process of ITS Architecture application

FRAME architecture as European solution could be 
implemented in EU countries. The state and solutions presented 
in it are ready to the adaptation and application in our country.

Trials of solving the current state, coming down to the 
comprehensive approach to ITS are noticed in Poland  . Also 
action is being taken in wide area ITS systems with consideration 
of the need of the coordination with other systems. An example of 
this is national main roads traffic management system  . 

Due to the fact that there are not finally solved the relevant 
problems, there is need for the further works, which will conduct to 
the development and implementation of national ITS architecture. 
It should be stated that the sequence of contributory publications 
is not an appropriate way to that problem solution. 

6. Conclusion
Actual state of construction and deployment of ITS solutions 

and applications shows that there is need of ITS architecture 
development and/or world standards adaptation, then deployment 
as well as its usage. Due to formal conditions and practice it should 
be architecture which fulfil national rules. 

World standardization with examples of practical solutions 
supports the ITS architecture deployment. It creates the convenient 
situation to skip initial stages of the creation of the conceptual and 
methodical bases of ITS architecture in Poland. It can be a useful 
start point also for adopting institutional arrangements, allowing 
for her effective applications. Additionally national architecture using 

results of European projects has a chance to become conformed 
automatically to architectures of other European countries.

Such statements are leading to the explicit conclusion that a 
need of development and deployment of national ITS architecture 
based on European solutions exists. Such a standpoint would 
consist of:

•	cognition and understanding the being of European frame ITS 
architecture and other projects associated with its application;

•	verification of the architecture scope and content from the 
Polish conditions point of view;

•	adaptation of architecture and its application tools to Polish 
conditions, including not only translating key term and 
descriptions but real locating them in the Polish technical 
vocabulary;

•	popularization of its contents and application methods in 
interested professional and business environment;

•	connection architecture with means (tools and applications) 
assuring the ITS cooperation (interoperability).

Authors think that the above position is trying to meet needs 
of potential users and other ITS stakeholders in Poland.
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ABStRACt
The research problem picked up in the article was deter-mined by assessing the reliability of highway toll collection 
system based on the analysis of its operation. The complexity and diversity of the factors limiting the processes 
operating in the transport process significantly hinders the use of a universal indicator reliability assessment 
manual toll collection systems. Therefore, the evaluation of the reliability of manual toll collection system must 
be carried out in a comprehensive manner by presenting all aspects of the process are important from the point 
of view of the highway and the user operates the system. The research method adopted evaluation manual toll 
system and its components using the characteristics of reliability in the form of operational, the average time 
between subsequent damage, mean time to repair. In addition to the assessment capabilities of the system adopted 
in the payment of the corresponding number of vehicles per unit of time and the corresponding levels on the 
maximum waiting times for service and the maximum length of the queue of vehicles in the system.

KEYWORDS: manual toll collection system, operational reliability modeling

1. Introduction 
Toll collection should be an uninterrupted process, assuring the 

highest possible continuity of transportation and adequate service 
level to a toll road user. Motorists consent to paying a toll under 
the condition they are guaranteed a comfortable journey. That 
includes being provided a good service and assurance of continuous 
transport services. Because the toll collection system is incoherent, it 
requires road management to use two manual toll collection systems 
alongside an electronic road toll system, increasing consequently 
operating costs and rendering impossible assuring a consistently 
good toll collection service for every type of vehicle [3], [4].

Hence the reliability of a toll collection system hinges on 
providing a continuous transportation service and revenues it 
generates [11]. For the toll collection system to be highly reliable 
is especially important in places where safe and fast transportation 
of people and goods is paramount. Downtimes of the toll 

collection system causes traffic congestion and break continuity of 
transportation services.

Toll collection systems operate under a wide range of conditions. 
Hence not only do they require their individual elements to be 
reliable, but also correct maintenance strategies to be in place in order 
for them to function properly [3], [4], [5]. Thus there is a need to 
analyse reliability and maintenance of manual toll collection systems. 
Following from that effective improvements need to be devised.

2. Reliability evaluation method 
for manual toll collection 
system

Centrepiece to reliability of transport telematic systems is their 
technical condition, availability, outlays incurred to provide services 
and profits they generated. The most important in case of manual 
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toll collection system is availability of that system i.e. its availability 
to provide all necessary functions (full operational ability) related 
to requirements concerning reliability and availability, road user 
service, throughput and continuity of transportation service as well 
as revenues generated by the aforementioned services.

In order to evaluate a manual toll collection system and its 
elements the following indicators were taken into account: system 
availability, mean time between failures, number of vehicles cleared 
per unit of time, maximum waiting times and maximum length of 
queue of vehicles pending passage [5], [10], [12].

The sheer complexity and diversity of factors impeding transport 
processes makes difficult using a single, universal evaluation indicator 
to determine reliability of manual toll collection systems [9]. Hence 
the reliability of manual toll collection system needs to be evaluated in 
a comprehensive manner in order to capture all aspects of processes 
important from both user’s perspective and the person operating 
the system, especially when it comes to availability for executing the 
aforementioned functions.

An all-around evaluation of manual toll collection system is 
possible by correctly designing the manual toll collection evaluation 
method based on inter-linked indicators. They facilitate setting out 
a maintenance strategy for analysed system which improves its 
operation and decreases operating costs [7], [8].

Table 1 shows projected reliability parameters produced through 
evaluating reliability of manual toll collection system presented in 
paper [2]. Reliability of a system is evaluated as a control measure. It 
is expected to show how reliability parameters satisfy requirements 
concerning reliability and availability provided in literature.

Table 1. Projected and required values of reliability parameters for 
manual toll collection system 

Projected values of reliability parameters

Description MTBF [h] A

Toll booth 3,93 • 103 99949120,
Manual toll collection using 

k-out-of-n reliability structure 3,07 • 103 99935080,

Manual toll collection using 
parallel reliability structure 8,975 • 103 99977720,

Required values of reliability parameters

Toll booth 4,38 • 103 99954360,

Manual toll collection system 8,760 • 104 99997720,

Reliability analysis of manual toll collection system proved that 
projected reliability parameters determining mean up time MTBF 
and availability A, both for toll booth and the entire system, fail 
to comply with standards and regulations concerning reliability 
and availability of a system. In order for the system to become 
consistent with those requirements, the maintenance process and 
system for the manual toll collection would need to change.

3. Rationalization of the manual 
toll collection system

Reliability analysis of the system proved it does not comply with 
requirements in terms of reliability and availability of the manual toll 
collection system. Hence the maintenance process of the manual toll 
collection system needs to be analysed since it determines all technical 
and organisational activities executed with relation to the system at 
every stage of its existence, from its creation to decommissioning. 
Technical activities are expected to assure the highest possible 
availability of the system through correctly carried out maintenance. 
Similarly, organisational activities help to maintain required system 
availability through adequate maintenance and providing necessary 
supplies. Only a correctly maintained system will keep its availability 
and reliability at a required level. The maintenance analysis presented 
hereunder facilitates setting out a maintenance strategy for the 
system by determining necessary organisational activities designed to 
maintain system’s required reliability and availability.

The following operational states were defined taking into account 
all possible functional states as well as serial reliability structure of toll 
booth comprising the manual toll collection system.

•	S1 - state of operation (up time),
•	S2 - state of pending repair (time between failures),
•	S3 - state of repair (repair).

States Si create a state space described by the S set:

                    S={S1, S2, S3} (1)

Figure 1 shows the maintenance process of toll booth including 
transition rate between operational states. Transitions between states 
are described by functions of process intensity rates λij. Duration 
times of the process within the state space S are exponentially 
distributed.

Two fundamental phases of toll booth maintenance were 
distinguished in terms of its operation. Namely the operation phase, 
under which the S1 state falls and the servicing phase containing S2 
and S3 states as illustrated in figure 1.

Fig. 1. Maintenance process of a toll booth
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The model presented above and description of the maintenance 
process for the manual toll collection system does not include 
demand for replacement elements necessary to assure required 
reliability of the toll booth. Therefore a Ψ factor was introduced, 
which defines linear relationship between toll booth’s availability 
rate and the number of replacement elements. It was assumed that 
values of the Ψ factor fall within closed interval Ψ ϵ <0,1>, where:

•	Ψ = 1 the number of replacement elements assuring required 
reliability of toll booth,

•	Ψ = 0 no replacement elements available.
Hence the shape of the graph in figure 2.

Fig. 2. The maintenance process of toll booth including transition 
rate between operational states and demand factor for 
replacement elements

The Chapman–Kolmogorov equations for the toll booth’s 
maintenance process depicted in figure 2 are as follows:

                (2)

One of the equations was substituted by normalisation condition:

                   (3)

Matrix notation of the equations is the following:

                 (4)

where:
A - matrix of factors,
P - column matrix (steady-state probabilities of the system),
B - row matrix of absolute terms.

The following formulae describe probabilities of manual toll 
collection system in boundary states given P = A-1 · B :

       (5)

Availability rate of toll booth described by operational states 
graph in fig. 2 equals the probability of toll booth in state of 
operation S1:

      (6)

The hereunder analysis was conducted to determine demand 
for toll booth replacement elements necessary to assure required toll 
booth reliability factoring in accumulative outlays incurred to operate 
the booth correctly and projected failure rates of individual elements.

Prices of individual elements and accumulative outlays spent 
on necessary replaceable elements were determined on the basis 
of reports concerning maintenance and expansion of toll plazas.

A toll booth is a system whose reliability structure is serial. It 
was assumed that probability of two elements of the same toll booth 
failing simultaneously is a near zero. When a toll booth element fails 
it is replaced by a new one. A toll booth consists of seven elements 
whose projected reliability parameters were presented in paper [2]. 
A general Chapman–Kolmogorov system of differential equations 
was used to describe a booth [1], [6]:

                   (7)

and:

               (8)

                    (9)

where:
( )tQi  - probability of toll booth failure due to failure of its i-th 

element, i=1,2,3...7,
( )tR  - probability of all booth elements in state of full ability,

 (t)i  - function of failure rate of i-th toll booth element.

In accordance with assumptions formulated in paper [2], durations 
of operational states are exponentially distributed random variables, 
thus:
                                           (10)

so for :
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                                                 (11)

Mean number of booth’s replacement elements per mean element 
price is given by:

                                            (12)

where:

im - number i-th type elements, i=1,2,3...7,

iC - price of one i-th type element, i=1,2,3...7,

iQ  - probability of toll booth failure due to failure of its i-th 
element, i=1,2,3...7. By simplifying m  we get:

                                                 (13)

thus:

                                                    (14)

hence

                                               (15)

                                         for i=1,2,3 (16)

where:
im  - number of i-th type replacement elements purchased at 

total outlays C in order to assure maximum reliability ( )tR , given 
iC  price of one i-th type replacement element. 

The required value of reliability of a single toll booth [2], 
assuming its serial reliability structure is ( ) 0,368tR = . For 
instance, in paper [2], the number of i-th type elements (induction 
loop) purchased at total outlays C to assure required reliability of 
toll booth was:

           (17)

where:
•	price of induction loop element C1 = 100 000 PLN ,
•	accumulative outlays necessary for maintenance of toll booth 

C = 500 000 PLN.

Table 2 collates toll booth replacement elements necessary to 
assure required toll booth reliability ( ) 0,368tR =  given accumulative 
outlays incurred to operate the booth correctly and projected failure 
rates of individual elements presented in paper [2].

Table 2. Number of replacement elements for MSP toll booth 
necessary to assure required reliability

Element description Quantity 
[items] Price [PLN]

Induction loop 0 100 000

Traffic gate 6 10 000

Traffic lights 11 5 000

Information display 1 3 000

Cash register 6 1 000

Power supply 1 100 000

Traffic lane monitoring 1 100 000

Maintenance strategy maximising the availability rate factoring 
in demand for replacement elements and actual financial outlays 
incurred for maintenance was developed thanks to presented herein 
rationalisation of manual toll collection system maintenance process 
based on example of a toll booth.

4. Conclusion
Issues related to chosen operational states of analysed manual 

toll collection system were presented through rationalisation of a 
maintenance process. Demand for toll booth replacement parts 
was analysed and a factor taking into account financial outlays 
incurred was introduced. Maintenance strategy maximising the 
availability rate factoring in demand for replacement elements and 
actual financial outlays incurred by maintenance was developed. 
Thanks to that strategy decision makers (toll road management) 
responsible for toll collection plazas may rationalise their 
maintenance spending and optimise availability rates depending 
on budget for replacement parts.
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ABStRACt
This paper gives an overview on some chosen aspects of monitoring signal in case of system performing abilities. 
Nowadays, in civil aviation, there is a focus mainly on satellite systems which are often called the future of 
navigation. Global Navigation Satellite System (GNSS) is not able to operationally work without any support 
system. One of them is EGNOS (European Geostationary Navigation Overlay Service).
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1. Introduction 
Maintenance of a positioning or navigational system consists of 

many tasks. One of them may be monitoring of signal. Nowadays, 
in civil aviation, there is a focus mainly on satellite systems which 
are often called the future of navigation. Global Navigation Satellite 
System (GNSS) is not able to operationally work without any 
support system. One of them is EGNOS (European Geostationary 
Navigation Overlay Service). Known as a satellite-based augmentation 
system (SBAS), EGNOS provides both correction and integrity 
information about the GPS system, delivering opportunities for 
Europeans to use the more accurate positioning data for improving 
existing services or developing a wide range of new services [3]. 
EGNOS also provides verification of the system’s integrity, which 
relates to the trust that can be placed in the correctness of the 
location information supplied by the navigation system. In addition, 
it provides timely warnings when the system or its data should 
not be used for navigation. Integrity is a feature which meets the 
demands of safety-critical applications in sectors such as aviation 
and maritime, where lives might be endangered if the location 
signals are incorrect [4].

2. Architecture of EGNOS
The European Geostationary Navigation Overlay Service 

(EGNOS) was developed by the European Space Agency, the 
European Commission and EUROCONTROL. In the structure 
of satellite system, EGNOS may be find as follows [4]:

Fig.1. Satellite systems segments

The EGNOS system consists of three geostationary satellites and 
a network of ground stations. The system started its initial operations 
in July 2005, with accuracy better than two metres and availability 
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above 99%; it was certified for use in safety of life applications in 
March 2011 [1]. According to specifications, horizontal position 
accuracy given by EGNOS should be better than seven metres. In 
practice, the horizontal position accuracy is at around metre level. 
An EGNOS Data Access Service became available in July 2012. 
Similar service is provided in North America by the Wide Area 
Augmentation System (WAAS), and in Asia, notably Japan, by the 
Multi-functional Satellite Augmentation System (MSAS). EGNOS 
is very similar to WAAS and fully interoperable with WAAS i.e. 
aircraft equipped with a WAAS-enabled receiver are able to use 
EGNOS. EGNOS is also interoperable with the Japanese MSAS. 
The table below shows EGNOS satellite segment structure.

Table 1. EGNOS satellite segment structure

Fig.2. EGNOS cover area

More than 40 ground stations are linked together to create 
EGNOS network which consists:

•	39 RIMS (Ranging and Integrity Monitoring Stations): 
receiving signals from US GPS satellites,

•	4 MCC (Mission Control Centers): data processing and 
differential corrections counting,

•	6 NLES (Navigation Land Earth Stations): accuracy and 
reliability data sending to three geostationary satellite 
transponders to allow end-user devices to receive them.

The services currently being provided by EGNOS are: 
•	 EGNOS Safety of Life Service (SoL) This service is intended for 

applications where human life could be in danger if the positioning 
system does not meet integrity requirements,

•	 EGNOS Open Service (OS). Applications that have not the 
safety requirements met by the EGNOS SoL service, are 
considered to be Open Service applications [5],

•	 EGNOS Data Access Service (EDAS): this is the provision 
of EGNOS data through the internet. It is important to point 
out that the service provided by EGNOS is dependent on the 
receiver at the user side [5].

Fig.3. EGNOS ground stations

3. EGNOS performances
EGNOS performances are measured in terms of four parameters: 

accuracy, integrity, continuity and availability. ICAO documents 
give specific definitions of these parameters: 

•	 Accuracy: GNSS position error is the difference between the 
estimated position and the actual position. For an estimated 
position at a specific location, the probability should be at 
least 95 per cent that the position error is within the accuracy 
requirement.

•	 Integrity: is a measure of the trust which can be placed in the 
correctness of the information supplied by the total system. 
Integrity includes the ability of a system to provide timely and 
valid warnings to the user (alerts) when the system must not 
be used for the intended operation (or phase of flight). 

•	 Continuity: is the capability of the system to perform its 
function without unscheduled interruptions during the 
intended operation. It relates to the capability of the navigation 
system to provide a navigation output with the specified 
accuracy and integrity during the approach, assuming that it 
was available at the start of the operation. 

•	 Availability: is characterised by the portion of time the system 
is to be used for navigation during which reliable navigation 
information is presented to the crew, autopilot, or other 
system managing the flight of the aircraft [1].

When referring to EGNOS performances, it is usual to consider 
those attainable by an error free receiver using all the GPS satellites 
in view at location and with no multipath effects. This is necessary 
to provide a valid reference as the actual performances will depend 
in any case of the type of receiver, number of satellites used (usually 
less than all in view at location) and the local multipath effects [2].

The EGNOS Signal in Space is being broadcast from two 
satellites for redundancy purposes only. This redundancy ensures 
that although during the normal operation of the system a low 
number of discontinuity events can be expected, the simultaneous 
outage of both satellites is extremely remote. This redundancy 
mitigates as well the masking effects of one of the GEOS by obstacles 
or other sources [2].
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Nominal performances: Vertical accuracy is improved from 15 
meters to 4 meters. Horizontal accuracy is improved from 10 meters 
to 3 meters. Observed performances: Vertical accuracy is improved 
from 4-5 meters to around 2 meters. Horizontal accuracy is improved 
from 2-3 meters to around 1 meter. On top, EGNOS includes an 
integrity function i.e. a warning in case of an issue with the system, 
emitted within 6 seconds of the malfunction and repeated.

EGNOS qualifies as a navigation service under the Single 
European Sky (SES) Regulations. As a consequence, the provision 
of the service by the EGNOS Service Provider (ESSP) is subject 
to certification and the system subject to an EU Declaration of 
Verification. This supervision was performed by the French national 
supervisory authority (DSAC). The European Aviation Safety Agency 
(EASA) will take over the continued compliance monitoring of 
EGNOS. 

EGNOS is a key technical enabler to the SESAR operational 
concept. EGNOS will contribute to the achievement of the objectives 
of the Single European Sky policy. In particular, it will contribute 
to de-fragment the provision of navigation services thanks to 
its pan-European nature and will facilitate enhanced navigation 
performances, in line with the SES ATM Master Plan.

4. Monitoring EGNOS signal
Thanks to EGNOS User Support from European Space Agency 

we can observe signal in space status and other service performances 
which show us how EGNOS works [7,8]. Actually, EGNOS has 
two working geostationary satellites and one which is being tested. 
These are:

•	PRN 120, NAME AOR-E, POSITION 15.5°W, OPERATOR 
Inmarsat,

•	PRN 124 (TEST), NAME ARTEMIS, POSITION 21.5°E, 
OPERATOR ESA,

•	PRN 126, NAME IND-W, POSITION 25.0°E, OPERATOR 
Inmarsat.

Website allows to see monitoring status from satellites, as shown 
below (PRN 120).

Fig.4. Ionospheric monitoring status from PRN 120

For needs of this article – two RIMS stations were taken to 
compare performance of EGNOS in its working area.

Fig.5. RIMS station chosen for the article

At first, we took Warsaw, Poland (WRS) during 26.12.2013. 
It is possible to observe parameters such as: 

•	 HPL – horizontal protection level,
•	 HPE – horizontal position error,
•	 VPL – vertical protection level,
•	 VPE – vertical position error.

Fig.6. HPE/HPL parameters observed in WRS station during 
26.12.2013

Worth noticing is that error statistics are around 1 – 2 meters. 
The biggest deviations were noticed at the points of 360,2 and 
360,5 day of year.

Fig.7. VPE/VPL parameters observed in WRS station during 
26.12.2013
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Error for vertical parameter is usually less then 1 meter. Below 
there are also horizontal (HNE) and vertical (VNE) accuracy of 
measured position which can be seen from both satellites. Here only 
PRN 120 will be shown, time chosen is 26.11.2013 – 26.12.2013, 
also WRS station. Fortunately, HNE is around 1 m and VNE, no 
more than 2 m.

Fig.8. Horizontal (HNE) and vertical (VNE) accuracy of measured position

Second RIMS station is Tromsoe (TRO) in Norway. Parameters 
HPL, VPL, HPE and VPE will be shown for 31.10.2013.

Fig.9. HPE/HPL parameters observed in TRO station during 
31.10.2013

Worth noticing is that error statistics are once between 5-10 
meters. There are big deviations noticed all the time. It is important 
that the TRO station is at the edge area of EGNOS performance. Even 
bigger deviations are for vertical parameters. Error gets to 25 m.

Fig.10. VPE/VPL parameters observed in TRO station during 
31.10.2013

Horizontal (HNE) and vertical (VNE) accuracy of measured 
position which can be seen from both satellites, here again only 
PRN 120 will be shown, time chosen is 26.11.2013 – 26.12.2013 
for TRO station.

Fig.11. Horizontal (HNE) and vertical (VNE) accuracy of measured 
position

5. Conclusion
The EGNOS system is such a developed solution that does not 

require additional infrastructure at the airport where the approach 
procedure will be performed with its use [9]. Element that may 
limit ability to use the system may be the failure of fulfillment of 
one of the four criteria that are placed in front of satellite systems, 
however, if full coverage of the airport area is provided, the system 
gives a continuous and reliable signal – the system can be with 
no major financial outlays installed and can assist landing without 
additional configuration.

To check the signal quality of the system it is worth to install 
a device that will monitor its operation at the airport [6]. The 
EGNOS system compared to other currently used is resistant to 
weather conditions, it can be also used to operate flights even in 
zero visibility. It should also be noted that the approach using 
EGNOS are ecological and economical [10].
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ABStRACt
Transport telematics systems work in different exploitation conditions. As the elements  responsible for the safety of 
the transport process they should maintain their suitability. So far it has been analyzed their reliability, however, it is 
also important to provide the power analysis taking into account the relations in the system. It is especially important 
to consider the financial investments for the maintenance of the state of the system suitability and effectiveness of 
the use of these funds. The paper presents an analysis of the transport telematics system power supply with special 
consideration of related financial outlays earmarked for repair and the effectiveness of their use.
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1. Introduction
Transport telematic systems operate under various conditions 

[4,9,13]. Because they are responsible for safety of transport 
processes they should remain in full ability [1,3,6]. One of key issues 
is assuring uninterrupted power supply for transport telematic 
systems. To date, reliability analysis of their structure was carried 
out by the author [11,14,15,16]. It is of paramount important for the 
reliability analysis to factor in relationships between elements of the 
system, especially power supply related. It is particularly important 
to recognise, secure and efficiently use financing required to 
maintain the system in the state of full ability. That approach was 
presented under subsequent items in this paper.

The reliability theory in respect of general considerations has 
had sound footing for many years [5,8]. For references on operating 
principle of power supplies see the following publications [2,10,12]. 
Issues related to reliability of power supply were addressed in papers 
[2,12,20]. Optimization problems were described in paper [17]. 
Redundant sources of power were elaborated on in publications [7].

2. Analysis of Power Supply 
Maintenance in Transport 
Telematics System

In order for transport telematics systems to function properly, 
they require that each device constituting the system is powered 
correctly. Power cutoff leads to full or partial system failure. Hence, 
usually two power supplies are used. First one is the main supply. 
If it fails, the redundant power supply starts running to keep the 
device powered up. It was illustrated in fig. 1.

Fig.1. Main and redundant power supply
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Based on analysis of transport telematics system, it may be 
concluded that relationships within that system - from reliability 
and maintenance point of view - are as per illustration in fig. 2.

In the state of full ability SPZ both power sources are fully 
operational (both the main and redundant power supply). The 
state of partial operational capability QNZ is a state where only the 
main power supply is operational. The state of reached operational 
capability QN is a state where both power sources are not operational.

The relationship for determining probability of the system 
staying in the state of full operational capability RO, partial capability 
QNZ and reached capability QN is obtained from mathematical 
analysis (Chapman–Kolmogorov equation).

Fig.2. Relationships in the system (where: RO(t) – the function of probability 
of system in state of full operational capability, QNZ(t) – the function of 
probability of system in state of partial operational capability, QNZ(t) – the 
function of probability of system in state of reached operational capability, 
lNZ – transition rate from the state of full operational capability into the 
state of partial operational capability, mPZ – transition rate from the state 
of partial operational capability into the state of full operational capability, 
lN – transition rate from the state of partial operational capability into the 
state of reached operational capability)

The system illustrated in fig. 2 may be described by the 
following Chapman–Kolmogorov equations:

            (1)

Given the initial conditions:

   (2)

Laplace transform yields the following system of linear equations:

          (3)

Through inverse transformation we get:

 (4)

	 (5)

 (6)

3. Maintenance analysis of 
devices powering transport 
telematic systems including 
financing and its use

Nowadays, managing transport telematic systems focuses above 
all on economic side (i.e. financing required to sustain the state of 
full ability). Only then feasible, sound maintenance decisions may 
be reached. The funding provided by the users for maintaining 
transport telematic systems is limited, hence the necessary financial 
prudence. Therefore the C coefficient was introduced, which 
determined available financial resources allocated for repair. Therefore 
the relationship (4) becomes (7).

 (7)

In order to determine how efficiently budget for repairs was 
used, derivative of (7) needs to be derived for financial outlays 

coefficient C: . The following relationship was obtained (8):
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The relationship (8) allows determining the value of financial 
outlays coefficient efficiency (FOE) as a function of financial 
outlays coefficient C.

Question: how does financial outlays efficiency (FOE) change 
relative to the financial outlays coefficient C. 

Example
The following quantities were defined for the system:
•	research period - 1 year: t=8760 [h]
•	reliability of main power supply: RNZ(t)=0,9
•	reliability of reserve power supply: RN(t)=0,999
•	transition rate from the state of partial operational capability 

into the state of full ability,

Respective calculations produced results presented in table 1 
and in fig. 3.

Table 1. Value of the function ( )CfENF =
C ( )CfENF =

0.5 -27,561805•10-6

1 -27,560894•10-6

2 -27,559073•10-6

3 -27,557252•10-6

4 -27,555431•10-6

5 -27,553611•10-6

C ( )CfENF =

6 -27,551791•10-6

7 -27,54997•10-6

8 -27,54815•10-6

9 -27,546331•10-6

10 -27,544511•10-6

20 -27,526321•10-6

30 -27,506301•10-6

40 -27,460034•10-6

50 -27,319487•10-6

Fig.3. The relationship for financial outlays efficiency (FOE) as a 
function of financial outlays coefficient C

(8)



MAINteNANce ANAlYSIS OF DeVIceS pOWeRINg tRANSpORt teleMAtIc 
SYSteMS INcluDINg FINANcIAl OutlAYS eFFIcIeNcY

© copyright by pStt, All rights reserved. 201444

Chart in fig. 3 shows that as financial outlays coefficient C 
increases the financial outlays efficiency FOE decreases in non-
linear fashion.

4. Conclusion
Devices powering transport telematic systems were analysed in 

this paper. It focused on reliability and maintenance aspects with 
relation to financial outlays required for repairs and efficiency of 
deploying that finance. Assuming three states (state of full ability 
R0, state of partial operational capability QNZ and state of reached 
operational capability QN) and transitions as per fig. 2, the relationship 
for determining financial outlays efficiency was derived.  Further 
research envisages computer simulation and developing an 
application, whereby optimal values for defined initial conditions 
would be determined.
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ABStRACt
This paper presents selected aspects that affect information security in the GSM-R digital mobile phone network. 
With respect to telecommunications safety, selected methods and mechanisms have been analysed that make it 
possible to ensure the required level of radio coverage, reliability, availability and continuity of services in the GSM-R 
network. The paper also discusses selected modules for EC procedures for assessment and verification used in the 
technical specifications for interoperability.
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1. Introduction
Digital GSM-R networks are already being used by many railway 

administrations both in and outside Europe. Now the process of 
constructing the GSM-R network is starting in Poland. Analogue 
radio communications using the 150 MHz band, used by Polish 
railways up to the present time, have become technically and morally 
obsolete and thus neither meet modern technical requirements, 
norms and standards nor offer the required functionality [13].

The primary intention of the International Union of Railways 
(UIC – Union Internationale des Chemins de fer) is to unify 
European railway communication systems through the introduction 
of the EIRENE (European Integrated Railway Radio Enhanced 
Network) project [5], [6]. The implementation of the GSM-R 
standard brings tangible financial benefits for the rail segment. It 
considerably improves the capacity of railway lines and minimises 
the time required to cross state borders, thus improving the quality 
of services provided (e.g. by introducing shipment tracking). 
GSM-R is a digital mobile phone system used for rail transport 
purposes. It offers the extensive functionality of a GSM system and 
its infrastructure is located exclusively in the vicinity of railway lines. 
GSM-R is designed to support the rail traffic management system 

being implemented in Europe, i.e. the ERTMS (European Rail 
Traffic Management System), which in fact includes two systems:

•	ETCS (European Train Control System), which is designed 
to continuously collect and transmit data on railway vehicles 
such as their speed or geographical location;

•	GSM-R, which serves as a transmission system for ETCS and 
performs an intermediary role in the transfer of information 
to the driver and to other rail services [1].

The implementation of the aforementioned systems significantly 
improves rail traffic safety, enables real-time vehicle diagnostics and 
makes it possible to implement the tracking of shipments and wagons. 
Moreover, the precise determination of distances between trains may 
considerably increase the capacity of individual lines [9], [10].

GSM-R enables digital voice communication and digital data 
transmission. The pattern of base transceiver station location in 
GSM-R systems may vary depending on the required safety level 
of the telecommunications services provided (voice and data 
transmission). The locations selected for base transceiver stations 
and the connections between them should be dictated by the class 
and purpose of the railway line, its capacity and the required safety 
level. Cell size and shape can be varied by adjusting the power 
level and by using omnidirectional, wide-angle or linear antennas. 
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The GSM-R system will be used for rail network management 
purposes, so only railway infrastructure will be covered by the 
network [11], [15].

The GSM-R system has been constructed on the basis of the 
public GSM system, which ensures its continuous development 
with respect to technical solutions that result from the 
technological advances implemented in public GSM networks. At 
the same time, it should be noted that the GSM-R system serves as 
a tool for more efficient rail traffic management, command, control 
and signalling, and thus has much greater “responsibility” than 
public GSM systems. Therefore this system requires additional 
solutions to increase its safety. Hence, the important issues of 
ensuring continuous system operation, proper coverage of railway 
infrastructure and information security should be discussed.

2. Information transmission 
security in the GSM-R network

Key issues that affect system security include the security of 
the RF interface and that of the elements directly related to it (e.g. 
transceivers).

All information transmitted by radio is susceptible to 
eavesdropping and interception. Therefore connections should be 
encrypted so that their contents are not open and cannot be read by 
unauthorised parties. Encryption does not apply to RECs (Railway 
Emergency Calls) owing to the required rapid call setup time. 
Encryption requires the use of an appropriate digital cryptographic 
algorithm both on the network and on the mobile station side. 
Before information is encrypted, however, the network needs to 
identify the user by performing the authorisation (authentication) 
procedure. This is based on the electronic signature concept. 
Authentication involves the use of the AuC (Authentication Centre) 
register and the SIM (Subscriber Identity Module) card, which store 
the Ki authentication key [14].

Terminal verification is an important factor contributing to 
security. All wireless terminals on the network should be monitored 
for the legality of their use, and their IMEI (International Mobile 
Equipment Identity) numbers should be included on one of three 
lists – white, grey or black. All the aforementioned mechanisms, 
i.e. authentication, encryption, protection against the use of 
unauthorised terminals and access to SIM contents, contribute to 
security and are standard mechanisms implemented in all GSM 
networks. The security of information transmitted in the GSM-R 
system is also ensured by the use of a frequency band different 
than that used by the GSM system. The GSM-R system operates in 
the 876–880 MHz band (uplink – data sent to the network) and in 
the 921–925 MHz band (downlink – data sent to terminals); these 
bands are effectively separated from the public band.

Information transmission reliability in the GSM-R system is 
enhanced by ensuring appropriate network coverage along the 
railway line, which is dependent on train speed; for train speeds 
lower than 220 km/h, the coverage level should not be less than 
-95 dBm and for speeds greater than 280 km/h, the coverage level 
should not be less than -92 dBm. The probability of these coverage 
levels being achieved should not be lower than 95% for every 100 

metres of the railway line, and handover between two cells along 
the railway line should have a success rate of at least 99.5% under 
normal conditions. Calls with the highest priority (alarm calls) 
should be set up in less than 2 seconds (for 95% of calls).

3. GSM-R network 
telecommunications safety

The purpose of any telecommunications network is to transmit 
information within a specified time and with the specified error 
rate. The GSM-R network is a telecommunications system that 
must exhibit high reliability and ensure a high level of security 
for the data transmitted in the railway environment. Reliable 
access to telecommunications services is very important for rail 
infrastructure managers, since it has a direct impact on the safety 
and flow of railway traffic.

Interoperability with ETCS Level 2 within the framework of the 
ERTMS imposes certain availability requirements on the GSM-R 
system; the maximum allowable system downtime is:

•	for ETCS Level 2 and Level 3 – 4 hours per 10 years (i.e. an 
availability of 99.995%);

•	for other voice and data services – 8 hours per year (i.e. an 
availability of 99.91%).

Telecommunications safety is understood as a set of methods 
and mechanisms, the use of which ensures the required network 
coverage level, service availability and continuity through the 
selection of an appropriate system structure and network topology. 
Owing to the purpose of the GSM-R system and its impact on rail 
traffic safety, designers must make the system resistant to damage 
and disruptions.

Those components whose failure may affect proper system 
operation to the greatest extent should be duplicated. These 
include individual cards and telecommunications links. In 
practice, it is recommended that all fixed telecommunications 
links, TRXs (transceivers) at BTSs (Base Transceiver Stations) as 
well as BSC (Base Station Controller) and TRAU (Transcoder and 
Rate Adaptation Unit) cards be redundant. The activation (and 
reconfiguration where required) of redundant equipment should 
be possible during system operation; where possible, activation 
procedures should also be initiated remotely from the OMC 
(Operation and Maintenance Centre).

During the network design process, certain scenarios are 
assumed where individual system components fail or are destroyed, 
e.g. as a result of a fire or natural disaster. Predicting such events 
makes it possible to determine the elements that are critical for 
the operation of the entire system and to select the appropriate 
method for protecting them. A natural method that increases 
network reliability, safety and availability is redundancy. It refers 
both to the information stored in the registers and hardware 
components of the network. The following may be redundant:

•	the entire system;
•	individual subsystems such as the BSS (Base Station Subsystem), 

NSS (Network and Switching Subsystem) or OMC (Operation 
and Maintenance Centre);
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•	individual system components such as the MSC (Mobile 
Switching Centre) or HLR (Home Location Register);

•	individual parts included in system components such as MSC 
smart cards and interfaces.

Depending on network configuration and complexity, it is 
possible to restore full network functionality within four hours. 
It should also be remembered that in the absence of a redundant 
NSS (no “disaster recovery” application), the replacement of 
a damaged NSS can take several months.

Some functionalities of key importance for efficient traffic 
control require certain elements (e.g. IN – Intelligent Network 
– nodes) to be operational, and should be available even in the 
case of major failures. The duplication of NSS elements should be 
considered, taking key services and functionalities into account. In 
order to ensure the performance of functions such as LDA (Location 
Dependent Addressing) or REC (Railway Emergency Call), which 
are obligatory from the point of view of interoperability of European 
railways, the elements responsible for these functions should be 
duplicated [7]. Critical GSM-R system devices can be identified and 
their redundancy can be ensured on the basis of priority service 
levels that must be maintained following their restoration.

These include individual cards and telecommunications links. 
In practice, it is recommended that all fixed telecommunications 
links, TRXs at BTSs as well as BSC and TRAU cards be redundant. 
The use of two MSCs and a single BSC is not a solution 
recommended for railway communication because:

•	in the event of MSC failure restoring network functionality 
requires the controller to be switched manually to the backup 
centre;

•	in the event of BSC failure, the entire GSM-R system fails.
In the case of a GSM-R system, BSS redundancy should involve 

the provision of double coverage by BTSs (either collocated or 
staggered) along railway lines that are ETCS equipped and multiple 
BSCs should be connected to either one or the other MSC. The 
number of BSCs included in the design should be such that each 
railway line equipped with ETCS is connected to at least two BSCs 
that are in turn connected to two different MSCs. On railway lines 
without ETCS, single radio coverage is acceptable and BTSs may 
be alternately connected to two different BSCs, which should be, 
where possible, connected to two different MSCs [16], [18].

4. GSM-R system availability
The analysis of reliability models for technical systems 

demonstrates that for the GSM-R system, two ways of enhancing 
availability can be suggested:

•	by increasing the reliability of each individual subsystem 
(device);

•	by reducing the mean time to repair (MTTR), which can be 
difficult, especially when devices in geographically distant 
locations have to be maintained.

It is obvious that the higher the redundancy, the more reliable 
the system, which means reducing system downtime per year. 
However, as redundancy increases, so do system maintenance 
costs; moreover, the impact of delays resulting from BSC and MSC 
switching has to be taken into account.

In theoretical calculations, assuming the quoted reliability of 
individual GSM-R subsystems (NSS, BSS, transmission systems – fibre 
optic links plus SDH equipment), the following downtime numbers 
were obtained for different GSM-R hardware configurations:

•	single devices (NSS, BSS): reliability – 99.962386%; system 
downtime – 198 min/year;

•	duplicated devices (NSS, BSS): reliability – 99.999945%; 
system downtime – 0.29 min/year.

As it has already been mentioned, for the purposes of ETCS 
Level 2 and Level 3, GSM-R system reliability should not be less 
than 99,995%. This condition is met for redundant NSS and BSS 
equipment. Single GSM-R equipment items should only be used 
for voice services and other data services that are not related to 
rail traffic command, control and signalling; in this case, reliability 
amounts to 99.91%.

It is recommended that reliability mechanisms be deployed where 
the GSM-R system is to interoperate with ETCS Level 2 or 3. GSM-R 
system architecture as well as SDH transmission systems allow 
designers to adjust the solutions employed to ETCS requirements.

5. Certification
The primary basis for carrying out the certification process is 

Directive of the European Parliament and of the Council 2008/57/
EC of 17 June 2008 on the interoperability of the rail system 
within the Community as amended. The Directive was adopted 
to “establish the conditions to be met to achieve interoperability 
within the Community rail system in a manner compatible with 
the provisions of Directive 2004/49/EC. These conditions concern 
the design, construction, placing in service, upgrading, renewal, 
operation and maintenance of the parts of this system as well as 
the professional qualifications and health and safety conditions of 
the staff who contribute to its operation and maintenance” [4].

The Directive defines the term “interoperability”, which “means the 
ability of a rail system to allow the safe and uninterrupted movement 
of trains which accomplish the required levels of performance for 
these lines. This ability depends on all the regulatory, technical and 
operational conditions which must be met in order to satisfy the 
essential requirements”. “Technical specification for interoperability” 
(TSI) has also been defined; this means “a specification adopted in 
accordance with this Directive by which each subsystem or part 
subsystem is covered in order to meet the essential requirements and 
ensure the interoperability of the rail system”.

For the purposes of the Directive, the rail system has been 
broken down into the following subsystems:

1. 1. structural, i.e. infrastructure; energy; control-command 
and signalling; rolling stock;

2. 2. functional, i.e. traffic operation and management; main-
tenance; telematics applications for passenger and freight servi-
ces.
The control-command and signalling subsystem includes all 

equipment necessary to ensure safety and to control rail traffic on 
the network, including the GSM-R system, which is an ERTMS 
component.
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“Notified bodies” are the bodies which are responsible for 
assessing the conformity or suitability for use of the interoperability 
constituents or for appraising the EC procedure for verification of 
the subsystems;

The task of the notified body responsible for the EC verification 
of a subsystem begins at the design stage and covers the entire 
manufacturing period through to the acceptance stage before 
the subsystem is placed in service. It also covers verification of 
the interfaces of the subsystem in question with the system into 
which it is incorporated, based on the information available in the 
relevant TSI.

TSIs set all the conditions with which interoperability 
constituents and subsystems must conform, and the procedures 
to be followed in assessing conformity and suitability for use of 
interoperability constituents and EC verification of subsystems [4].

The modules to be used for conformity assessment of 
interoperability constituents and EC verification of subsystems 
based on the technical specification for interoperability (TSI) have 
been established and included in a single legal act, i.e. Commission 
Decision of 9 November 2010 on modules for the procedures for 
assessment of conformity, suitability for use and EC verification to 
be used in the technical specifications for interoperability adopted 
under Directive 2008/57/EC of the European Parliament and of 
the Council.

In Annex I of this decision, all Modules for the EC procedures 
for assessment of conformity, suitability for use and verification 
to be used in the technical specifications for interoperability are 
described, i.e.

•	Module CA. Internal production control
•	Module CA1. Internal production control plus product 

verification by individual examination
•	Module CA2. Internal production control plus product 

verification at random intervals
•	Module CB. EC-type examination
•	Module CC. Conformity to type based on internal production 

control
•	Module CD. Conformity to type based on quality management 

system of the production process
•	Module CF. Conformity to type based on product verification
•	Module CH. Conformity based on full quality management 

system
•	Module CH1. Conformity based on full quality management 

system plus design examination
•	Modules for Suitability for use of interoperability constituents
•	Module CV. Type validation by in-service experience 

(suitability for use)
•	Modules for EC verification of subsystems
•	Module SB. EC-type examination
•	Module SD. EC verification based on quality management 

system of the production process
•	Module SF. EC verification based on product verification
•	Module SG. EC verification based on unit verification
•	Module SH1. EC verification based on full quality 

management system plus design examination

Pursuant to the Decision, EC verification procedures for the 
subsystems covered by the TSIs are chosen among the modules in 
accordance with the following criteria:

3. a. suitability of the module concerned to the type of subsys-
tem;

4. b. the nature of the risks entailed by the subsystem and the 
extent to which EC verification corresponds to the type and de-
gree of risk;

5. c. the need for the manufacturer to have a choice between 
quality management system and product certification modules;

6. d. the need to avoid imposing modules which would be too 
burdensome in relation to the risks [3].
The first railway line in Poland fitted with fixed GSM-R 

equipment is the Legnica–Bielawa Dolna section (ca. 84 km in 
length) of the E30 line. Within the framework of this project, two 
GSM-R subsystems within the command-control and signalling 
subsystem have been deployed:

•	BSS – including 25 BTSs (base transceiver stations) deployed 
in 16 locations along the Legnica–Bielawa Dolna section of 
the E30 line and a single BSC installed in Wrocław;

•	NSS – primary location in Warsaw, backup location in 
Poznań.

The certification of the entire infrastructure that was installed 
and commissioned was carried out in accordance with module 
SH1 – EC verification based on full quality management system 
plus design examination. Three certificates were issued:

•	Quality Management System Recognition for the Kapsch 
CarrierCom AG company

•	EC Design Examination Certificate for the GSM-R System, 
NSS20 and BSS18 version in the Legnica–Węgliniec–Bielawa 
Dolna section of the E30 rail line

•	EC Verification Certificate for the GSM-R System, NSS20 
and BSS18 version in the Legnica–Węgliniec–Bielawa Dolna 
section of the E30 rail line

5. Conclusion
The GSM-R system is a component of the ERTMS, which allows 

safe rail traffic control. Therefore the GSM-R system must exhibit 
reliability with respect to the transmission of information (voice and 
data), which should be higher than in the case of the public GSM 
system. This reliability is ensured by additional measures (equipment 
redundancy, adequate electromagnetic coverage). Moreover, the 
GSM-R system should prevent unauthorised access and ensure the 
confidentiality of transmitted information. The system should set up 
and switch calls and transmit data in accordance with the assumed 
time regime. In order for these requirements to be met, not only 
the wireless component of the GSM-R system is significant; also 
important is the fixed communication component, without which 
neither the entire GSM -R system nor the ERTMS could operate 
properly. Therefore self-repairing transmission systems must be 
used and backup transmission routes, synchronisation, integrated 
management system and access control, etc. must be ensured. 
Only comprehensive measures can ensure the safety of the GSM-R 
system and thus also the safety of the ERTMS.
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Since each upgraded railway line (section) requires individual 
design, the line in question must have a separate EC verification 
certificate issued by a certification body (notified body – NoBo).
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1. Introduction
During lifetime of an ICT system, it is often ambiguous 

whether that system is in need of repair.  Especially when it comes 
to ICT systems feeding live image [5]. Increasingly efficient error 
correction techniques are to be blamed [3]. 

Method for identifying operational state of an ICT system 
which could serve purpose in managing that system or simulating 
its maintenance process was presented in this paper. This technique 
is based on and uses rough sets [1,2]. 

2. Object and model description
In many cases, analytical description of operational states of 

an object or system as well as their models is very complicated, 
often bordering on infeasible. This is frequently the case for ICT 
systems, when whilst in operation, there is no way of identifying 
the state of reached operational capability [4]. Especially so, when 
the efficiency of correction technique remains unknown and 
said efficiency might depend on type of data transferred. Using 
rough sets enables developing that analytical description. The 
method described herein, offers decision support for identifying 
operational state a system is in, supports object management and 
simulating that management process. 

Fig 1 shows a simplified operational state model. Nodes Z1, Z2 
and Z3 represent states of: operation, pending repair and repair 
respectively. Transition rate was indeterminate since a real life 

example was considered. Nevertheless, transition between state 
of operation and state of pending repair was considered given 
deliberations herein concern it. 

Fig. 1. State diagram of repairable model. Own development on the 
basis of [6,7]

A decision table was designed for a simple, tri-state operational 
model where only transition from state of full ability to state of 
pending repair (fig. 1) is ambiguous.

Table 1. Decision table for transition into state of pending repair 
(failure)

Datagram Correct Retransmission Correction Failure
1 yES NO NO NO
2 NO yES NO NO
3 NO yES yES NO
4 NO NO yES NO
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5 NO yES NO yES
6 NO yES yES yES
7 NO NO yES yES
8 NO NO NO yES

Based on table 1 the following conclusions were drawn:
•	Datagram 1 (dg1) indicates a fully operational ICT system.
•	Datagram 8 (dg1) indicates a non-operational ICT system.
•	Remaining datagrams are contradictory (incoherent 

information). 
It was a preliminary decision based on eliminating same processes 

producing different sets of results i.e. on deductive inference. Another 
factor which impacts efficiency is also evident, however, it remains 
unrecognised. For complete and correct deduction, the impact of said 
unknown factor on analysed ICT system would need to be determined. 
Using inductive reasoning, however, it might not be the case. 

3. Basic definitions 
By using rough sets [1,4] 1 lower approximations (1) and upper 

approximations (2) were determined for datagrams. 
                      { }XxBUxXB ⊆∈= )(:)(*

 (1)

                    { }0)(:)(* ≠∩∈= XxBUxXB  (2)

where:
U	 –	universe	(non-empty	set	of	finite	objects,	set	of	

datagrams	from	analysed	example),
X – set, non-empty subset of the universe,
x	 –	object	of	the	set	X,
B(x)	 –	abstract	class	containing	object	x	from	full	relation	

(B-elementary set), 
B*(X)	 –	upper	approximation	of	set	X,
B*(X)	 –	lower	approximation	of	set	X.

The following formula describes the difference between upper 
and lower approximation (3).
                           (3)

 only when upper and lower approximations are 
equal.  Then the set is classified as a crisp set. Otherwise, alike to 
case discussed herein, the set is classified as a rough set or more 
precisely a B-rough set.  

Quantitative measurement of approximation was determined 
using formula (4). 

                                         (4)

where:
)(XBα - accuracy of approximation,
)(* XB - number of lower approximation elements,
)(* XB - number of upper approximation elements.

When  the accuracy of approximation becomes 
1. The mentioned above, we then get a crisp set That factor, 

 1 Given multiplicity of rough set definitions, the author was drawing on publi-
cations by prof. Zdzislaw Pawlak [1,2]. 

in analysed case, will offer decision support with regards to 
operational state of a ICT system. 

4. Calculations and results
Based on definitions from previous chapter and description in 

chapter 2, two inference paths are possible, both of which ultimately 
enable computing accuracy of approximation for fully operational 
and non-operational ICT system. It was assumed that the sum of 
those factors does not need to total 1. 

The universe U was assumed a set containing datagrams 1 to 
8. Subsets of that universe Xs and Xn represent subsets for fully 
operational and non-operational ICT system respectively. Abstract 
class B(x) was defined using relationships from decision table shown 
in table 1. Because it describes the universe it is applicable both to 
fully operational and non-operational ICT system, described by 
subsets Xs and Xn of that universe U. 

The following rough sets were determined for the state of no 
failures:

Lower approximation of the state of no failures is a set of 
datagrams, consisting of datagram 1 i.e. B*(Xs)={ dg1}. 

Upper approximation of the state of no failures is a set of datagrams, 
consisting of datagram 1, 2, 3 and 4 i.e. B*(Xs)={dg1,dg2,dg3,dg4}. 

The following rough sets were determined for failure:
Lower approximation of failure is a set of datagrams, consisting 

of datagram 8 i.e. B*(Xn)={ dg8}.
Upper approximation of the state of no failures is a set of datagrams, 

consisting of datagram 5, 6, 7 and 8 i.e. B*(Xn)={dg5,dg6,dg7,dg8}.
The accuracy of approximation was then determined using the 

above and formula (4) for both analysed instances: αB(Xs)=0,25 
and αB(Xs)=0,25 . That value may serve as an indicator of decision 
correctness. 

In order to obtain a complete picture, decision tables was altered 
with relation to states of datagrams. Only the most interesting cases 
were considered. 

Table  2. Decision table of transition to state of pending repair for 
some datagrams from table 1   

Datagram Correct Retransmission Correction Failure
1 yES NO NO NO
2 NO yES NO NO
3 NO yES yES NO
4 NO NO yES NO
5 NO yES NO yES
6 NO yES yES yES
7 NO NO yES yES

The following results were obtained for abstract class described 
by table 2 when dg8 indicative of system failure was removed: 

Fully operational system:
B*(Xs)={dg1}; B*(Xs)={dg1,dg2,dg3,dg4}; 

                                     	 (5)
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Non-operational system:
B*(Xn)={ }; B*(Xn)={dg5,dg6,dg7}; 

                                      (6)

Table  3. Decision table of transition to state of pending repair for 
some datagrams from table 1   

Datagram Correct Retransmission Correction Failure
1 yES NO NO NO
2 NO yES NO NO
3 NO yES yES NO
4 NO NO yES NO
5 NO yES NO yES
6 NO yES yES yES
8 NO NO NO yES

The following results were obtained for abstract class described 
by table 3 (dg7 was removed): 

Fully operational system:
B*(Xs)={ dg1}; B*(Xs)={dg1,dg2,dg3,dg4}; 

                                       (7)

Non-operational system:
B*(Xn)={dg8 }; B*(Xn)={dg5,dg6,dg8};

                                     (8)

Table  4. Decision table of transition to state of pending repair for 
some datagrams from table 1   

Datagram Correct Retransmission Correction Failure
1 yES NO NO NO
2 NO yES NO NO
5 NO yES NO yES
6 NO yES yES yES
8 NO NO NO yES

The following results were obtained for abstract class described 
by table 4 (dg3, dg4 and dg7 were removed): 

Fully operational system:
B*(Xs)={ dg1}; B*(Xs)={dg1,dg2}; 

                                           (9)

Non-operational system:
B*(Xn)={dg8 }; B*(Xn)={dg5,dg6,dg8}; 

                                           (10)

Table. 5. Decision table of transition to state of pending repair for 
some datagrams from table 1.   

Datagram Correct Retransmission Correction Failure
1 yES NO NO NO
5 NO yES NO yES
6 NO yES yES yES
8 NO NO NO yES

The following results were obtained for abstract class described 
by table 5 (dg2, dg3, dg4 and dg7 were removed): 

Fully operational system:
B*(Xs)={ dg1}; B*(Xs)={dg1};

                                       (11)

Non-operational system:
B*(Xn)={dg8 }; B*(Xn)={dg5,dg6,dg8}; 

                                        (12)

By eliminating extreme cases where a decision is reached without 
additional computations, a chart showing quotients , 
which may serve as a factor determining decision correctness I shown 
below (fig. 2). 

Fig. 2. Factors of decision correctness

Interpretation of results depends predominantly on threshold 
of decision correctness. Given the example system analysed herein, 
values above 1 may be considered as indicating correct decision and 
below 1 as indicating an incorrect one.

5. Conclusion
The results obtained prove decision support for managing 

and simulating management of ICT systems is feasible even when 
information about the state the system is in is incomplete. A full analysis 
of a simple decision making issue was presented. Through analysis a 
factor was obtained, which indicates correctness of decisions.  
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