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Abstract

Nowadays, in urbanized areas one of the most important matters is to determine a priori the time of driving from one
zone of the city to another at various times of the day. The problem of travel time prediction is crucial in Intelligent
Transportation Systems. The solution to this problem is a foundation of any route guidance system that will redirect
drivers to their target destination via routes that have a lighter traffic load and thus higher travel velocity.
In this paper is present a concept of a statistical methodology, developed by the ArsNumerica Group, that enables a
quantity audit a travel time prediction algorithm. The methodology assumes that we are given database records of
vehicles recognized by their unique identifier as well as duration times for which the messages with the predicted
travel time are displayed VMS. the second aspect of ITS auditing considered in this paper is a placement of video
cameras to measure vehicle stream velocity. Inappropriate camera location results in the fact that the stream velocity
measured by them has a low usefulness for travel time prediction.
Keywords: intelligent transportation system auditing, travel time prediction algorithms auditing,
fundamental diagram

1. Introduction
In this paper we present two aspects of a detailed assessment of
an intelligent transportation system. A review of the aspects that are
assessed in the context of intelligent transportation systems, may be
found e.g. in [7] and [3]. The travel time predicting algorithms are
used for recommending systems that inform drivers of predicted
travel times on particular routes to be chosen. While deploying an
intelligent transportation system there arises a problem of checking
whether such a recommending system works. fine or not, i.e.
whether it predicts travel times that correspond to the actual times
in the real world.
Of course, to provide a procedure that allows that, one has to
have access to two types of data and be able to confront them. The
first type of data are just predicted times, the second type is historical
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data containing real times. Real times are usually aggregated times
collected via intelligent transportation system cameras that are
able to uniquely identify a vehicle, by recognizing its license plates
numbers or other systems that can uniquely recognize signatures of
vehicles on particular routes. i.e. via bluetooth.
As may be found in [4] for providing fairly accurate travel time
prediction it is sufficient that in the population of all vehicles in
the city only 2-3% provide their position. It means that quite a
small number of measurements is sufficient to provide an accurate
travel time estimation. Based on this fact we consider a method
to estimate the average velocity of the traffic stream on separate
sections of routes. We use for this purpose a mean estimator and a
robust estimator of the average i.e. a median estimator. For both of
the above estimators confidence intervals may be calculated even
for a small sample size.
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The second aspect of the auditing of an intelligent transportation
system is checking usefulness of vehicle stream velocity measurements
with an intelligent transportation system cameras. The procedure
relied on plotting flow-velocity fundamental diagram for three
diﬀerent locations.
This paper is organized as the following: in section 2. a concept
of methodology to assess a quality of a travel time prediction
algorithm is presented. The application of the incarnation of this
concept is shown on the example of the travel time prediction
algorithm implemented in the intelligent transportation system in
the city of Wrocław. The examples are worked out for data from May
2014 and March 2015. It is known that this algorithm was changed
to be improved in the period between May 2014 and March 2015 by
the producer (in this case TRAX [11]) and it is seen in the results of
the procedure. In the third section we present the location of three
types of cameras in the intelligent transportation system in the
city of Wrocław. The considerable diﬀerence of the corresponding
fundamental diagrams of a type flow vs velocity is shown.

2. Assessing a time prediction
algorithm
2.1. Assumptions on input data
In the concept of the methodology that we present in the
following section an assumption is made that one has, on the one
hand, the data from the database that contains real travel times.
The real travel times are measured by an intelligent transportation
system using license plate recognition technology at the beginning,
middle, and end points on prescribed routes in the city (see Fig.
1). This means that vehicles are recognized in control points on
specified routes using their unique identifier. Please note that the
bluetooth technology may be used to identify uniquely moving
vehicles, however in such cases independent infrastructure public
transport MACs (e.g. trams) have to be filtered out from the
measurements, as it would introduce an unwanted bias to travel
times. Let us called this dataset a repository table. On the other
hand, one has data from a recommender system in the form of
records containing a start displaying timestamp and a duration of
the displayed predicted times (see Fig. 2).
The data within the latter data set are filtered to concern only
an analyzed route (see an example 3) whereas the first data set
should be filtered to concern only road sections of the route that
is analyzed.
On these road sections detection cameras are located. Let us
call this dataset a VMS table.

2.2. The concept of an auditing methodology
The concept of an audit methodology relies on off-line
confronting data containing real travel times and travel times
predicted by the travel time prediction algorithm working with the
intelligent transportation system in question. Our methodology
may be sketched as Procedure 1.

4

Fig. 1. An example of a possible structure of the database table
containing records of real travel times between any two
neighboring points on prescribed routes in a city. In a
presented concept of the auditing procedure we call this
dataset a repository table [own study]

1. Scan the VMS table (Fig. 2) to establish a starting time
point and a time window.
(a) Take as a starting time point a timestamp t0 from the
first column.
(b) Take as a duration of the window a time d0 that is
a diﬀerence between t0 and the timestamp in the first
column in the successive record in the VMS table.
2. Launch select to the repository table (Fig. 1) for a starting
control point (column 2) and a middle control point
(column 3) on the route to calculate a mean travel time d1
when a trip starts within the current time window.
3. Launch select to the repository table (Fig. 1) for a middle
control point (column 2) and an ending control point
(column 3) on the routes to calculate a mean travel time
when a trip starts between
and
.
4. A real mean travel time is
. Compare with the
predicted travel time from the second column of the VMS table.
5. Go to 1 stepping to the next record in a VMS table.
Procedure 1. An auditing procedure for a route with one middle
control point

The above procedure may be easily generalized to work for
routes with more than one middle control point (see Fig. 3). The
generalization should:
1. exchange step 3. with an iteration with a variable i that loops
over successive N middle points on exchange step 3. with an
iteration with a variable i that loops over successive N middle
points on the considered route. In the i-th iteration we calculate a mean time di+1 of travel times of trips starting from
to
.
2. in step 4. calculate
and then compare with the
predicted travel time from the second column of the VMS
table

© Copyright by PSTT , All rights reserved. 2015
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An additional filter in the above procedure should be added
that would enable the omission of trips lasting longer than some
prescribed period. Such trips are suspected to have intermediate
stops and should not be used to estimate actual travel time.

In the expressions for L and U z0.025 is the z-value corresponding
to the 2.5-th percentile of the normal distribution with a mean 0
and standard deviation equals to 1 which approximately equals
1.96. For a small number of observations in the analyzed intervals
of course one should instead of the normal distribution the
t-Student distribution should be used. Confidence intervals using
t-Student distribution were used in the calculations presented in
the next paragraph.

Fig. 2. A log of the predicted travel times displayed at a single VMS
table. In a presented concept of the auditing procedure we
call this dataset a VMS table [own study]

2.3. Confidence intervals
In the above concept a mean estimator is used to estimate real
travel time on a prescribed route in a prescribed time window. In
the examples in the next section also the robust estimator of the
travel time, namely a median travel time, is used. Both of these
estimators are used when the number of samples in the window is
greater than 10. It means that it is sensible to calculate confidence
intervals for the localization of the specified estimator of the travel
time. This is due to the fact that
• the mean sampling distribution in the limit approaches to the
normal distribution with the mean µ equals the mean travel
time and the real standard deviation divided by a number of
samples regardless of its distribution (c.f. [2]),
• the median position is approximated by the binomial
distribution with parameter p = 0.5, and if p·N > 5 it can be
approximated again by the normal distribution the mean µ
equals and the standard deviation equals
where N is
a number of samples (c.f. [8]).
Therefore a 95% a conﬁdence interval [L,U] is given

where
• for the mean µ there is

,

and

Fig. 3. One of the routes analayzed by our procedure in the
intelligent transportation system in the city of Wrocław
(Poland). A map obtained from Google Maps [own study]

2.4. Examples of representative routes in
Wrocław
In Fig. 3 we show the route from the ITS in the city of Wrocław
with four subsections that was analyzed using the above procedure.
In Fig. 4 the results of the application of the procedure described
in subsection 2.2 for the route shown in Fig. 3 for data from May
2014, are shown. In Fig. 5 the results of the application of the same
procedure for data from March 2015, are shown. As one can see
the trend of the real velocities is recovered very well by the travel
time predictor implemented by the system in data from March
2015. The small shift is caused by the lack of data on one of the
sections in the time window. Our auditing procedure then takes
a nominal travel time i.e. travel time achieved with a maximum
allowed speed. In data from May 2014 the prediction is much
worse since the trend is not just shifted in real time, but crosses
many times the real time what may be seen comparing upper plots
on figures 5 and 4. On these plots there are also shown confidence
intervals below the blue line – corresponding to measured times
of trips.

• for the position of median in the sorted sequence of travel
times in a speciﬁed window there is
Volume 8 • Issue 3 • September 2015
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Fig. 4. Results of the analysis for data from May 2014 for the route 3.
The upper plot is a mean travel time plot. The middle plot is
median travel time plot. The lower plot is an estimation error
plot [own study]

3. Velocities
The problem of measuring velocity in various locations along
a road link between signalized intersections is described in [13],
while good sources for fundamental diagrams are [14] or [12].
Location of video cameras to measure vehicles’ stream velocity
is one of the crucial aspects of an intelligent transportation system.
Intelligent Transportation System in Wroclaw uses three
diﬀerent types of cameras to measure vehicles’ stream velocity:
ARTR cameras, velocity cameras of type 1 and velocity cameras
of type 2. We will shortly describe the way they work, show their
locations and present fundamental diagrams – flow rate vs velocity
([12]), based on measurements from these three types of cameras.
Two estimators of velocity are used on diagrams: mean value and
median value. We will show that the fundamental diagrams diverge
a lot for these three locations and camera types. The data used to
generate these plots were collected during 2 weeks of May 2014.

6

Fig. 5. Results of the analysis for data from March 2015 for route 3.
The upper plot is a mean travel time plot. The middle plot is
median travel time plot. The lower plot is an estimation error
plot. As one can see the trend of real velocities is recovered
very well by the predictor. The small shift is caused by the
lack of data on one of the sections in the time window. Our
auditing procedure then takes a nominal travel time i.e. travel
time achieved with a maximum allowed speed [own study]

3.1. ARTR cameras - location 1
38 ARTR units are used in the city of Wroclaw to measure 62
road sections covering 45 routes. The cameras recognize license
plate numbers and record them along with time in database, so
that the system is able to compute travel times between two points
for individual vehicles. The location of ARTR cameras is shown
in Fig. 6, while the fundamental diagrams: Mean Velocity vs Flow
and Median Velocity vs Flow are presented in Fig. 7. Travel times
were used to calculate mean speed for individual vehicles, and
then aggregated for the periods of 60 minutes, along with the
traffic flow rate.
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Fig. 6. Location of the rst group (ARTR cameras) of cameras at
Legnicka and Lotnicza street in Wrocław. A map obtained
from Google Maps [own study]

Fig. 7. Fundamental Diagrams for the first cameras location
aggregated over 60 minutes. a) Fundamental diagram Mean
Velocity vs Flow rate. b) Fundamental diagram Median
Velocity vs Flow rate aggregated [own study]

3.2. Velocity cameras type 1 - location 2
Intelligent Transportation System in Wroclaw uses 355 cameras
to measure individual vehicles’ velocities and lengths. They also
recognize 7 types of vehicles: passenger cars, buses, vans, (motor)
cycles etc. Each camera observes one to five lanes and records
data for individual vehicles in the database. We aggregated these
measurements for periods of 15 and 60 minutes. The locations of
velocity cameras of type 1 are shown in Fig. 8, while Fig. 9 presents
fundamental diagrams of Mean and Median Velocity vs Flow rate,
respectively.

Volume 8 • Issue 3 • September 2015

Fig. 8. Location of the second group of cameras. A map obtained
from Google Maps [own study]

Fig. 9. Fundamental Diagrams for the second cameras location
aggregated over 60 minutes. a) Fundamental diagram Mean
Velocity vs Flow rate. b) Fundamental diagram Median
Velocity vs Flow rate aggregated [own study]

3.3. Velocity cameras type 2 - location 3
The intelligent transportation system in Wroclaw uses 13 flow
rate measurement points. Their cameras are pointed in diﬀerent
directions (usually opposite, e.g. south-north) and cover 1 or 2
lanes, what results in the total number of 22 measurement locations.
These cameras record the number of vehicles and their mean speed
in 10-minute intervals. Other accompanying information is also
recorded, insignificant in our calculations. We aggregated the number
of vehicles and mean speeds to 60-minute periods. The locations
of flow rate measurement points is shown in Fig. 10, while Fig. 11
presents the fundamental diagram of Mean Velocity vs Flow rate for
this type of cameras.
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4. Establishing a proper
distribution of measurement
points
An algorithm for estimation of an optimal location of the
sensors for the task of travel time estimation on the highway was
described in detail in [5]. Is it still an open problem for urban areas.
The approach to solve this problem currently being developed by
the ArsNumerica Group is based on an origin destination matrix
calculation implementation presented in [10].

5. Conclusion
In this paper we presented the concept of the methodology
to assess travel time prediction algorithms in an intelligent
transportation system. The methodology was applied to audit
the travel time prediction algorithm used in the intelligent
transportation system deployed in the city of Wrocław (Poland). It
was used to verify that the corrections to the travel time prediction
algorithm applied at the end of 2014 were successful, i.e. changes to
the algorithm improved the quality of the prediction. The second
aspect of the assessment of intelligent transportation systems
analyzed in this paper was the location of the cameras measuring
velocity and the flow rate.
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Abstract

axiing belongs to airport operations, which are characterized by a large number of aviation safety events, including
even accidents. Currently telematic solutions are introduced, which are intended to assist in coordination of the
taxiing, such as A-SMGCS system. One of the advanced features of this system is the automatic selection of the
taxi route. The paper presents the concept of intelligent taxi route choice system that could be implemented on the
fourth level of A-SMGCS system at the airport. The module for identification of conflict points, which is the main
subject of this study, is a very important part of the taxi route choice system. A mathematical model and a computer
tool CP-DET that can detect conflict points in the structure of taxiways are presented in the paper. These points
change dynamically, along with changes in the structure of airport traffic. Identification of conflict points allows the
intelligent management of the taxiing process, for example, by selecting an alternative taxi route.
Keywords: air traffic, airport surface management system, Petri nets, traffic safety, intelligent taxi
route choice system, conflict points identification

1. Introduction
Airport ground traffic is characterised by high intensity and
high complexity, especially in large European hub airports. At
the same time incidents, serious incidents or even accidents with
losses in equipment or even casualties occur in this traffic. This
is due to the complex structure of taxiways and small distances
between taxiing aircraft (Geng et al. 2012).
Taxiing usually takes place at pre-defined routes. This is not
a good solution because it does not take into account the current
traffic situation, weather conditions, and the current state of airport
infrastructure. In this paper, we propose to create automated intelligent
system which is based on the analysis of the above factors and on
simulation of further development of the traffic situation. This system
will suggest an alternative taxi route, also to the aircraft which have
already started a taxi procedure. The main factor that suggests that
the route should be changed is the existence of conflict points, which
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means points that cannot be passed without having to wait and giving
way to another aircraft. These points may be changing dynamically
depending on the operating conditions and environmental factors.
In this paper we present the concept of the mathematical model
and computer tool CP-DET (Conflict Point DETection) to determine
the points of conflict. This solution indicates these points, but also
shows the level of interference that they introduce. It is represented by
the average delay time at a given point.

2. The aircraft taxiing process
Taxiing is an operation in which the aircraft moves on the
airport manoeuvring area, using its own engines. Taxiing process
is organized and controlled by a specialized airport tower (TWR)
control service, in particular by a Ground Controller (GND) (ICAO
2007a). Taxi clearance should include appropriate instructions
to the aircraft crew that help them to find the right taxiway, to
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avoid collisions with other aircraft or obstacles and to minimize
the potential unintended aircraft incursion on the runway in use
(Schönefeld & Möller 2012).
The process of taxiing for the take-off begins when the pilot
obtains a taxi clearance (ICAO 2007a). Then the GND controller
specifies which taxiways should be used to reach the target runway.
Other supporting information may also be transmitted to the
taxiing aircraft, for example which aircraft to follow or to give a way.
Taxiing after landing process is similar.
Standard taxiways at the airport are identified by the corresponding
signs on the ground and should be published in the Aeronautical
Information by the appropriate aviation authority.

2.1. The problem of taxiing aircraft safety
As statistics show, in the taxiing process numerous air occurrences
take place (EUROCONTROL 2012, Federal Aviation Administration
2009). These are usually incidents or serious incidents, but sometimes
also accidents occur. Common issues include: collisions with other
aircraft, collisions with fixed elements of airport equipment, collisions
with other motor vehicles, such as baggage trolleys, snow removal
equipment, etc. The most serious incidents take place when it comes
to accidental take-off from a taxiway or unauthorized runway crossing
(Runway Incursion), or even taxiing on the runway. In these cases an
accident with a large number of fatalities may even occur.
Safety problems of taxiing aircraft may have several reasons.
A large number of aircraft on the airport manoeuvring area is one
of the most important. Another problem is the large area of the
airport and its complex structure. Yet another important safety
factor is the weather conditions. Equally important are: errors in
the labelling, errors in the controller-pilot communication, lack of
knowledge of the airport topography, etc.
All these factors cause that we are looking for alternative systems
of organisation and support of taxiing aircraft control systems. They
have the nature of intelligent telematic systems. On the one hand,
they automatically acquire information about the current aircraft
positions and transmit it to the Air Traffic Control (ATC) position
where it can be displayed on the special imaging devices. On the
other hand, they transmit information and traffic clearances from
the controller to the aircraft crew. The third very important aspect
of such systems is to assist the controller in choosing the taxi route
for each aircraft. This is particularly important in the case of large
airports, with a dense taxiways network. Taxiing aircraft routing
is a dynamic problem, since the decision depends not only on the
aircraft route start and end points, but also on the current traffic on
the airport manoeuvring area. And that is changing over time.
Many evaluation criteria of solutions in the taxi route selection
process can be defined (Kondroška & Stankunas 2012). In this
paper we propose the use of the safety criterion which is expressed
by the use of strategy to avoid potentially conflicting points. The
identification of such points is still a problem. The model and the
CP-DET software tool presented in the following sections allow one
to dynamically assess the traffic situation and to find those points.
This could be the basis for the selection of an alternative taxi route.
Details of the use of such tools in A-SMGCS systems are described
in section 3.1.
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2.2. Support systems for taxiing process
control
In the broadest sense Surface Movement Guidance and Control
(SMGC) system consist in organizing and control of the traffic of all
aircraft, service vehicles and personnel in the airport area (ICAO
2007b, Pestana et al. 2011). To allow the safe operation of the airport
in difficult weather conditions is the main reason why SMGC
system is introduced.
SMGC system should implement several groups of requirements:
1. The requirements of a general nature: providing a communication between the air traffic control services and the aircraft
and ground handling vehicles, a small workload when using
the system, the use of navigational aids and procedures specified in ICAO regulatory documents, compatibility between
the different elements of the system supporting and directing
traffic, providing information about the current and forecasted
weather conditions.
2. Pilots requirements: assisting from landing to taking a parking place, and also from the release of the parking place to
obtaining the takeoff clearance, providing information about
the taxi route, providing information about the location at the
airport during taxiing, assisting with parking, warning of the
need to change the direction, to stop, to limit the speed, identification of areas to be avoided, providing information about
the movement of other aircraft or ground handling vehicles.
3. ATC services requirements: identification of aircraft and ground
handling vehicles, providing information about their positions
and movements, identification of the occurrence of temporary
obstacles, providing information on the operational status of
system components, enabling training and exercises.
4. Another requirement for all systems or applications used in
air traffic management is mandatory certification and testing.

3. Automatic taxi route selection
in A-SMGCS
Advanced Surface Movement Guidance and Control System
(A-SMGCS) is an example of a commercial system for the airport
surface movement management support (ICAO 2004). It uses
multiple sources of information about the location of objects
(Siergiejczyk & Krzykowska 2013). Thanks to this, A-SMGCS can
effectively perform a surveillance function. It involves identification
(assigning labels) of objects on the airport manoeuvring area and
also the update of information on all their movements. Finally, the
A-SMGCS systems have to meet three further levels of functions:
• the allocation of routes; consisting in determining the routes
for all vehicles, along with the ability to change them if
necessary,
• directing; manifested by providing the guidance for the next
manoeuvre, along with automatic adjustment for the change
in the assigned route,
• control; consisting in traffic supervision taking into account
taxiways throughput, detecting and resolving potential conflicts,
detecting over-concentrated areas, together with changing the
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assigned route to avoid these areas, ensuring the separation
between aircraft, alerting about runway incursions.
While the supervision and allocation of routes functions are
widely implemented in commercial solutions, the higher functional
levels are still the subject of research and development (Borkowić
et al. 2006, Zhu et al. 2012, Zhu & Lu 2014). In this paper we deal
with the problem of dynamic detection of places with conflict risk
and significant due to the high traffic density. This is a part of the
fourth, the highest functional level of A-SMGCS systems.

3.1. The concept of intelligent taxi route
choice system
In this paper, we present the model and software tool CPDET that allow for the dynamic identification of conflict points
in the structure of the taxiways network. These solutions represent
a stage in the ongoing work towards the development of an
intelligent system for supporting the air traffic controller and the
aircraft crew in choosing the best taxi route. The idea is to analyze
the current and planned traffic, to determine the conflict points
by means of simulation and finally to identify alternative routes in
case of a high probability of encountering such a point of conflict.
A very important element of this concept is the correct location
of the conflict points. Under this term we mean points at which it is
not possible to continue the movement, and it is necessary to wait
and give way to the aircraft moving on other taxiways. Such an
analysis can be carried out for the static case with other methods.
However, we are talking about the air traffic, which is dynamic
and randomly changing. In addition, the planning horizon is
very short - no more than a few minutes. In such a situation, it is
necessary to use simulation methods in which taxiing aircraft will
have a planned route, but its execution time will be random. The
result of the simulation can be a decision to change the taxi route
so as to avoid the current conflict points.

3.2. The model of the process of identifying
conflict points
For the purpose of this study the model of the aircraft taxi
process was developed in the form of coloured, hierarchical Petri
net. It is a recognized tool for the analysis of such issues (Davidrajuh
& Lin 2011, Skorupski 2013c). In this section the concept and the
basic elements of the model, which reflects an aircraft taxiing for
the take-off from RWY 29 runway at Frederic Chopin Airport in
Warsaw will be presented briefly. And parts of its implementation
with the use of the CPN Tools 4.0 package will be discussed in
Section 3.3.
Part of the airport along with marked RWY 29 runway and
taxiways A, D, E, F, U and Z analyzed in this study are shown in
Figure 1.
The analysis of taxiways structure allows one to present them
schematically in the form of a graph. For the analyzed part of the
airport this scheme is shown in Figure 2. The edges represent
taxiways sections, and the nodes are the points of taxiways crossings.
They are also the potential conflict points sought in this study.
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Fig. 1. Taxiways at the Warsaw Frederic Chopin Airport (excerpt)
[own study]

Fig. 2. Model of taxiways leading to RWY 29 runway at Warsaw
Frederic Chopin Airport [own study]

Hierarchical, coloured, timed Petri net was used for mapping the
dynamic taxiing processes occurring in the analyzed area. Processes
were modelled in accordance with the actual rules applicable in air
traffic. The Petri net was constructed using the general principles
defined in (Skorupski 2011, 2013a, b). The following structure of the
Petri net was adopted
STX={P,T,A,M0,τ,X,Γ,C,G,E,R,r0,B}
(1)
where:
P – set of places,
T – set of transitions T ∩ P= Ø,
A (TxP) (PxT)– set of arcs,
M0: P→Z+ x R – marking which deﬁnes the initial state of the
system that is being modeled,
τ: TxP→R+ – function determining the static delay that is
connected with carrying out activity (event) t,
X: TxP→R+ – random time of carrying out an activity (event) t,
Γ – ﬁnite set of colors which correspond to the possible
properties of tokens,
C – function determining what kinds of tokens can be stored
in a given place: C: P→ Γ,
G – so-called “guard” function which determines the
conditions that must be fulﬁlled for a given event to occur,
E – function describing so-called weights of arcs, i.e. the
properties of tokens that are processed,
R – set of timestamps (also called time points) R R,
r0 – initial time, r0 R.
B: T→R+ – function determining the priority of a given event,
i.e. controlling the net’s dynamics when there are several events
that can occur simultaneously.
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3.3. Software tool CP-DET for determining
taxiing conflict points
Calculation module CP-DET for determining the conflict
points was built based on the developed mathematical model. It was
implemented with the use of CPN Tools 4.0 package (Westergaard
& Kristensen 2009). This software has been increasingly recognized
among researchers working on the modelling of dynamic processes
in recent years. This is due to the possibility of using extensive
graphic editor to create a model in the form of coloured Petri net,
and also its simulation and analysis in the state space. It is also
possible to implement the hierarchical Petri nets and to divide the
model by using the so-called page mechanism.
The main page of the model (Main) is shown in Figure 3. It
implements the general structure of the model together with the
dynamics of the aircraft movement on individual taxiway sections in
accordance with the rules adopted by airport traffic management. On
this page there are two substitution transitions (marked as rectangles
with double frame): Permissions to use TWY and Permission to begin.
They model operations carried out by GND air traffic controller
which is responsible for ensuring the safe taxi operation.

The planned taxi route is defined by a series of taxiway sections
and is generated as a result of execution of the route() function by
the Loading transition. The output of this function is one of the
predefined routes used at the Warsaw Chopin Airport.
The moment when an aircraft performs the off-block procedure
is the first important moment in which a potential collision with
other moving aircraft may happen. Aircraft parking stands are
arranged close to each other, and often there is a situation where a
number of aircraft at the same time try to join the stream of already
taxiing aircraft. Permission to begin taxiing page (Figure 4) shows a
model of that decision-making situation. In the proposed module
of intelligent system for supporting taxiing in A-SMGCS, the
permission to begin taxiing procedure is based on the occupancy of
the appropriate section represented by the TWY free place. Tokens
that are present in this place determine the number of free places
in each section. For example, in the situation shown in Figure 3,
three aircraft more may taxi in section A3 and two aircraft more
in section E3.

Fig. 4. Page Permission to begin taxiing [own study]

Fig. 3. Main page of the model (Main) [own study]

The set consists of two colours in this model: Tokens belonging
to the colour represent taxiing aircraft and have the following
structure
tx = 1`(fl, p, d, i, zn, sk, f, kor, opkor)@timestamp
(2)
where:
fl – aircraft’s number in the system,
p – planned taxi route (sequence of taxiway sections),
d – actual (realised) taxi route (sequence of taxiway sections),
i– moments in time when taxiing through individual taxiway
sections finished,
zn – taxiway section currently occupied by the aircraft,
sk – taxiways crossing currently occupied by the aircraft,
f – total aircraft’s delay [s],
kor – set of taxiway sections where the aircraft had to wait before
entering,
opkor – times of waiting before entering the sections from the set,
timestamp – represents the moment in time when the token
becomes active.
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Another important place endangered by a collision is a taxiway
intersection. Analysis of the situation and working out a decision
allowing the aircraft to go through the intersection are included in
the model on Permissions during taxiing page (Figure 5). Due to
its size, only a small portion of this page is presented in Figure 5. It
shows the analysis of only one taxiway section (A3).
The model assumes that only intersections endangered by a
collision are sought, while during taxiing on a single taxiway section
collisions do not occur. In the following stages of the research
the possibility of a collision on the individual section will also be
taken into account. This will result in proposing alternative routes
bypassing not only collision points, but also more busy sections.

Fig. 5. Part of the page Permissions during taxiing [own study]

The decision allowing an aircraft to occupy the intersection is
taken based on information in tokens stored in a place Crossing free.
These tokens represent free intersections. Lack of token means that
the intersection is currently occupied by an aircraft. The intersections
numbering is consistent with Figure 2. The existence of free space
on another part of the planned taxi route which permits an aircraft
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to easily leave the intersection is an additional condition required to
occupy the intersection. Checking if this condition is met is based
on the tokens contained in the TWY free place.
The CP-DET calculation module contains additional pages
Delay in taxi begin and Delay during taxiing, which allow one
to record conflict situations and traffic delays occurring in these
cases. This allows one to precisely identify the points that generate
the most of such adverse situations. The results presented in the
following sections were obtained with the use of the recording
function of these pages. However, due to the paper size limitation
these pages will not be further discussed.

taxi route should use taxiway M, bypassing both the conflict point
7 and the section E1.

3.4. Simulation experiments

Experiment 2

In order to demonstrate applicability of this model and CP-DET
computer tool in A-SMGCS systems, three simulation experiments
were conducted. They led to determination of the conflict points
together with an analysis of the degree of traffic disturbance
introduced by these conflict situations.
These experiments were carried out for the process of aircraft
taxiing for the takeoff on RWY 29 runway at Warsaw Frederic Chopin
Airport. In the experiments, data on actual traffic were used; in
particular aircraft taxi times on different sections. They were collected
during the measurements in 2013. Taxi times mentioned above are
random. The corresponding random variables characteristics were
identified and used in the simulations. Table 1 presents calculated
mean values and standard deviations of recorded data.

Fig. 6. The number of conflict situations (Experiment 1) [own study]

Experiment 1 (for actual conditions) will be treated as a
reference. In the second experiment we examined how the number
and distribution of conflict points changes for the same part of the
taxiways network but for the increased traffic. For this purpose
the generator increased the intensity of aircraft ready for taxiing
appearance. It is assumed that the aircraft appears exactly every 40
seconds. All other settings remain unchanged.
For such settings a simulation was performed resulting in 250
aircraft that completed taxiing and reached the RWY 29 runway
threshold. As many as 117 of them have encountered a conflict
situation. The average delay resulting from the need to wait at
conflict points was 19.5 seconds. Distribution of conflict points is
shown in Figure 7a.

taxiway
section

a3

a4

M1

M2

o2

e1

e2

e3

D1

U2

Z1

Z2

Mean
taxiing time
[s]

62

57

55

80

26

22

101

40

66

136

30

30

standard
deviation [s]

Table 1. Times of taxiing for takeoﬀ on RWY 29 runway [own study]

19

Fig. 7. The number of conflict situations: a) Experiment 2, b)
Experiment 3 [own study]
18

17

31

7

7

18

10

16

28

7

9

Experiment 1

The simulation experiment was performed for the data presented
in Table 1. The process of taxiing to the RWY 29 runway was modelled.
As a result, 439 aircraft completed the taxiing and reached the runway
threshold. In 26 cases the conflict situation occurred and there
was a need to wait for the opportunity to go through the taxiways
intersection. This means that nearly 6% of the aircraft encountered a
conflict situation. However, the delays were small. They ranged from a
few to about twenty seconds. Figure 6 shows the taxiway sections where
collision situations occurred, along with the number of these events.
As one can see, the conflict situations occurred mostly before
entering the section E1 so the actual collision point was the point
number 7 (Figure 2). This is mainly due to the fact that the section
E1 capacity is limited as it is a very short section. In the case that
the presented model was used to support routing in intelligent
systems like an A-SMGCS it is easy to suggest that an alternative
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Experiment 3

In the experiment 3 the study for the increased time of going
through the runways intersection was conducted. These times were
increased for all crossings. This test reflects the situation when the
response time of a taxiing aircraft crew is greater than the nominal.
This can happen when the aircraft crew does not know the airport
topography well or they need more time due to the difficult weather
conditions or the surrounding traffic is very complicated.
As a result of the simulation, 252 aircraft completed the taxiing
and reached the runway threshold. In 66 cases the conflict situation
occurred. The average delay per aircraft was in this case, as much
as 33 seconds. It is therefore clearly higher than in the previous
experiment. Distribution of conflict points is shown in Figure 7b.
In both experiments conducted for conditions worse than
actual, the increase in the number of conflict situations, as well as
their duration is clearly visible. For the part of the airport under
consideration, always the biggest problem was the taxiway E,
especially its section E1. However, the results show that in the case
of increased traffic (Experiment 2) applying a strategy of using the
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taxiway M is not effective. It requires the use of the E2 taxiway
section. In the case of increased traffic it is also a bottleneck, and
the preceding point number 5 (Figure 2) should be treated as a
conflict point.

4. Conclusion
The hierarchical structure of the coloured, timed Petri net,
presented in this paper, allows for the simulation of the actual and
projected air traffic. Experiments carried out (and partially described)
indicate full usefulness of such an approach for determining the conflict
points of taxiway network. They also allow for the identification of
additional characteristics such as the average delay of the taxiing
process.
As indicated at the beginning of this paper, the work on the
development of methods of supporting air traffic controllers and
aircraft crews in the taxiing process is carried out at the moment.
This is especially important for large airports with a complicated
structure. However, as shown by the results presented in this paper,
even for smaller airports the support of intelligent telematic advice
systems will be necessary. They will be crucial in case of increased
traffic volume or weaker visibility. The presented model and CPDET software tool can be applied in the currently developed (for
example in the European project SESAR 2020) solutions in this
area, particularly in relation to the more advanced features such as
dynamic control of taxi route selection.
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Abstract

In this article are presented results of trials of building an application based on probabilistic neural network, used
to diagnose damages to the gear wheel teeth in the form of cracks at the base of the tooth. To determine the proper
network learning process is necessary to get from the tested object numerous set of input data. Conducted researches
are based on data obtained from the identified model of gear working in the drive system, which made it possible
to acquire the necessary amount of data. In experiments was tested the usefulness of different sets of descriptors of
teeth damages, constructed on the basis of vibratory signals, processed using the Wigner-Ville transform. Often the
problem, which makes the proper learning of the neural classifiers impossible is the size of the network structure.
Therefore, in further studies was examined the usefulness of genetic algorithms which task is selecting an input data
for the artificial neural networks of PNN type.
Keywords: gearbox, diagnostics, neural networks, Wigner-Ville transform, genetic algorithm

1. Introduction
Gears are used in a number of construction solutions of the
drive systems. In many national and international centers are being
conducted researches to develop methods of diagnosing gears.
Particularly it appears desirable to create tools detecting failures
in a non-invasive way still in the early stages of their development
[9, 11, 20].
In recent years it can be noticed a huge interest in diagnostics
using vibroacoustic method. In literature it can be found whole
range of methods of signal processing and analysis in both time
and frequency domains, and in both areas at the same time [1-6,
9, 11, 19, 20].
Another new tool, of which examples of use to diagnose the
condition of objects can be increasingly found in the literature,
Volume 8 • Issue 3 • September 2015

are artificial neural networks. They belong to artificial intelligence
methods that properly designed and taught enable finding in
vibration signal failure symptoms impossible to capture by man
(diagnostician) bare eyes. These methods allow to model arbitrary
non-linearity, and are characterized by a resistance to interference
and ability to the knowledge generalization [9, 13, 15-17].

2. Procedure for construction of
patterns classes gear wheel
teeth damage
Proper selection and preparation of reference data, which are
used for learning process for classifiers based on artificial intelligence
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methods, determines the correct operation of the final diagnostic
system [1, 3, 11, 13, 15-17, 19].
Because the set of patterns must contain a large number of
learning examples it is assumed that there is no possibility of
obtaining in researches at the real object sufficient number of data. In
order to obtain the necessary for further studies learning sequence, it
was decided to take advantage of the dynamic model of the working
gear in the drive system. The model was developed at the Department
of Transport at Silesian University of Technology. Implemented in
Matlab-Simulink environment, takes into account the characteristics
of the electric drive motor, single-stage gear, clutches and working
machine. Description of the phenomena occurring in interpenetration
is consistent with the model of Müller.
In the simulation model the tooth damage was adapted in the
form of cracks in the alloy as the percentage change in rigidity
of the interpenetration in relation to the intact gear. Because in
the literature it was not found accurate data about the impact of
the initiation and development of the slot at the base of the tooth
at the change of the interpenetration rigidity, it was determined
following five classes of damage degree in terms of reduced
rigidity relative to the interpenetration of undamaged gear by the
value of:
• 0-9% - Class 1,
• 20-39% - Class 2,
• 40-9% - Class 3,
• 60-9% - Class 4,
• 80-100% - Class 5.
The need to obtain sufficient and covering all classified patterns
gear wheel teeth damage to systems based on artificial intelligence
methods, forced to repeat the process model simulation gear. Because
learning data should cover the widest group of cases for each class,
it was determined the simulation for every one percent of change in
rigidity in the range of 0 to 100% relative to the undamaged gear for
damage in the form of cracks in the alloy of the tooth. Additionally,
in order to increase the representativeness of learning sequence,
simulation was repeated for the following parameters:
1. The first series:
• “cyclic error” for the pinion: 0 mm/pitch length (normal state),
• “cyclic error” for the wheel: 0 mm/pitch length (normal state),
• “random errors” - maximum pinion runtime error: 0 mm
(nominal state),
• “random errors” - maximum wheel runtime error: 0 mm
(nominal state),
2. The second series:
• “cyclic error” for the pinion: -7 mm/pitch length,
• “cyclic error” for the wheel: 5 mm/pitch length,
• “random errors” - maximum pinion runtime error: ±4,5 mm,
• “random errors” - maximum wheel runtime error: ±4,5 mm,
3. The third series:
• “cyclic error” for the pinion: -14 mm/pitch length,
• “cyclic error” for the wheel: 10 mm/pitch length,
• “random errors” - maximum pinion runtime error: ±9 mm,
• “random errors” - maximum wheel runtime error: ±9 mm.
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In the first series it was simulated the operation of the faultless
gear. In second and third series were founded the gear operation
with increased cyclic and random errors. To increase and diversify
the number of patterns the second and third series were performed
five times, at different values of random errors. Received 1111
simulations represented the basis to reach the patterns of degree
classes of cracks at the base of the tooth.
Due to the time-consuming process of obtaining a classes
pattern accepted to the analysis data from the model of the gear
at operating the wheel shaft rotational speed n = 1800 rpm and a
load of 2.58 MPa.
In researches as the base signal, which is subjected to feature
extraction, assumed the speed of transverse vibration of wheel shaft.
Collected vibratory signals from the model was treated by five
filters:
• a lowpass between 6 kHz,
• a lowpass range of 12 kHz,
• to obtain the residual signals,
• to obtain difference signals,
• a bandpass of 0.5 - 1.5 interpenetration frequency.
Residual signals were obtained by removing from the spectrum
the frequency bands containing rotating components of wheel shafts
and their harmonics, and frequency components of interpenetration
and its harmonics. The differential signal was obtained as the
residual signal, but the removed bands around interpenetration
frequency and their harmonics are wider and included sidebands
related to the rotation frequencies of the gear.
Received vibratory signals were used to build the patterns of
damage to the gear wheel teeth. To this end, from the filtered signals
were created the time-frequency schedules using the Wigner-Ville
transform (WVD).
WVD transform is one of the methods that allow the simultaneous
analysis of the frequency and time domains. It is used to temporarily
alternating signals in terms of amplitude and frequency, as so nonstationary signals. It is defined as follows:
(1)

where:
x*(t) – shifted in the time domain window function,
w(t) – symmetric weighting function.
For a description about the nature of the WVD distribution
changes depending on the degree of damage to the teeth of wheels
adopted a two-step procedure.
In step I for subsequent frequency the statistical measures were
determined. Here were verified the usefulness of 34 estimates, which
are widely described in the literature (coefficients of variation, peak,
play, shape, impulsity and asymmetry, quadrantal and average
deviation, arithmetic average, geometric and harmonic, quartiles,
dyscriminants dimensionless, central moments, cumulants, energy
of the signal, RMS and peak, maximum and minimum variance,
positional coefficient of variation). Such procedure was to describe
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the nature of changes in the time domain for subsequent frequency
designated in accordance with a predetermined sampling frequency.
In step II, ranges were isolated from so obtained frequency
characteristics:
• the range to the value of the rotational frequency ,
• another interpenetration frequency ,
• the frequency ranges ,
• the frequency ranges.
The frequency ranges and ranges were divided into nine, six
and three sub-ranges, giving respectively sub-ranges lengths Hz,
Hz and Hz. The purpose of the division into sub-ranges of the
three options was to examine the effect of the size of their volume
on the outcome of the classification.
In each separate part of so obtained spectra the nature of the
distribution of variability was described using 34 measures. The
vector consisting of a predetermined measure of each component of
the spectrum, was the input data for the neural classifier. The entire
procedure of the construction of patterns classes of damage were
repeated for the vibration signals obtained using successive filters.
As a result of conducted calculation were built 17340 sets of patterns
classes of the damage degree the gear wheel teeth. Each of the set
had a dimension m x n, where m was the number of cases, and n – the
number of network inputs. The number of cases was the number
of carried simulations, equal to 1111. Depending on way of the
construction of patterns the number of network inputs was equal
to 192, 144 or 96.
Each set of patterns were divided into parts - used in the
learning process (556 cases) and testing (555 cases). Number of
patterns sets was too large to check activities of neural networks
learned with their help, that is why it was decided to choose the
best variants of set of patterns for used another five filters and
three ways of sharing the sub-ranges. Experiment of selection of
the best patterns sets were divided into three stages. The selection
criterion was the value of network testing error. In the first stage,
the measure describing the changes of WVN characteristics in
time, for the next frequencies were assumed the effective value.
As a result of the stage conducted were determined the best
measures describing the change course in the frequency domain
for methods of patterns construction using another filters and
division the selected frequency bands at 9, 6 and 3 sub-ranges.
In the second stage of tests for the preselected measures
describing waves in frequency domain was checked the usefulness
of 34 measures for describing the changes of WVN characteristic
for in time domain. The second stage was therefore the verification
of the accepted assumption in the earlier stage, which concerned
the election of the effective value as a measure describing
the characteristics in the time domain. At this stage of experiment
was conducted also research using in the build process of patterns
five filters and three ways of division the selected frequency bands
on sub-ranges. In the third stage of the experiment from the best
results of the 1st and 2nd stage were selected the best variants
of used measures to describe the changes in time domain and
frequency of characteristics which were reached by WVD analysis.
The selection was made for different variants of classifiers learned
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on patterns which were built by using five filters and by division to
3, 6 and 9 sub-ranges.
For each variant of construction of patterns classes gear wheel
teeth damage were matched the value of the g factor for PNN
network. This represents the radial deviation of the Gaussian
functions and is a measure of the spread of neurons in the hidden
layer [13, 15-17]. Too low value causes the loss of the property to
knowledge generalization by the network, and too high prevents
the proper description of the details. The g factor is being chosen
experimentally. In the research were examined the operation of
the PNN network for 86 different values of this factor.

3. Results of experiment
On the basis of three-stages tests was established the type of
estimates used in patterns building process of classes of damages
(Table 1) for which the neural classifiers showed the highest
compliance with the pattern.
Table 1. Selected estimates used in the patterns building process of
the teeth damage [own study]

1

The
number of
sub-bands

No. of
the filter

9

2

Name of the measure describing the nature of changes in:
the time domain

the frequency domain

1

positional coefficient of
variation

positional coefficient of
variation

2

effective value

aspect ratio

3

3

quartile 3

aspect ratio

4

4

average deviation

root mean square

5

5

quartile deviation

quartile 3

1

quartile 3

median

7

6

2

average deviation

quartile 1

8

3

discriminant X4

harmonic mean

9

4

effective value

quartile deviation

10

5

effective value

harmonic mean

1

effective value

the signal energy

12

2

effective value

clearance rate

13

3

the arithmetic mean

quartile deviation

14

4

peak to peak

quartile 3

15

5

quartile 3

geometric mean

11

6

3

Because the aim of the research was to develop the neural
classifier characterized by the least error in the diagnosis process of
damage to the teeth of the gear wheel, consequently an additional
trials were made to make the selection of input data, using for this
purpose genetic algorithms. For this purpose, inputs of the network
were encoded as a string of zeros and ones, where “1” meant that
the selected input should stay, and “0” does not. Obtained in this
way chromosome chains were subjected to crossover and mutation
operations. Selection of the fittest individuals, that is, a set of inputs,
were made using the method of the roulette wheel. In researches
was assumed that outcome of this proceeding will be obtained for
each variant of the process of building a set of patterns of the lower
value of testing error.
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As a result of experiments with the use of genetic algorithms to
the selection of inputs of the PNN neural networks, were achieved
the networks architectures with significantly lower complexity. The
number of inputs of neural classifiers before and after the process
for their selection are presented in Table 2.
Table 2. Number of inputs PNN network before and after the
application of genetic algorithms for selecting inputs
classifier of teeth damage [own study]

1

The
number of
sub-bands

No. of
the filter

9

Number of inputs PNN classifier
before using genetic
algorithms

after using genetic
algorithms

1

192

126

2

2

192

153

3

3

192

31

4

4

192

77

5

5

192

38

1

144

87

7

6

2

144

106

8

3

144

50

9

4

144

63

10

5

144

36

1

96

30

12

2

96

52

13

3

96

22

14

4

96

25

15

5

96

28

11

6

3

The lowest obtained error levels of testing for neural network
of PNN type with inputs chosen by using genetic algorithms are
shown in Figure 1.
Results obtained in experiments shows, that it is possible to
create PNN neural classifier for diagnosing the degree of cracks at
the base of the gear wheel teeth.
Conducted experiments were based on the vibration signals
obtained from the dynamic model of the gear. The next step that
must be carried out is the examination whether the proposed
method of construction of neural classifiers will be equally useful
for vibration signals coming from the actual gear.

Fig. 1. The best results for the PNN type neural classifiers, A - the
number of sub-ranges = 9, B - the number of sub-ranges = 6,
C - the number of sub-ranges = 3 [own study]
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4. Conclusion
To increase the efficiency and reliability of drive systems in
the process of theirs operation are used a variety of methods and
techniques to detect damage. Especially desirable are methods of
detecting early stages of the damage. Undetected in time may become
the cause of damages occurrence threatening human health and life.
Today, worldwide, are conducted numerous studies, which
aim is to increase the reliability of technical objects, which in turn
will increase the safety of people [1-12, 14, 18-20].
In recent times, to monitor the technical condition of propulsion
components are increasingly used expert systems based on artificial
intelligence elements [1, 3, 11, 13, 15-17, 19]. Well structured system
can automatically recognize occurring of the damage. One of the
methods of artificial intelligence are probabilistic neural networks.
The main problem in the construction of such systems is to define
a set of input data and to gain properly numerous ensemble of the
learning data. The way out of the situation may be the usage of the
simulation models, appropriately processed vibroacoustic signals
and methods enabling to reduce the size of patterns, ie. genetic
algorithms. Conducted research has indicated this possibility.
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Abstract

This paper presents a prototype system being part of an Integrated System of Supporting Information Management
in Passenger Traffic (the polish acronym of the system is ZSIKRP Demonstrator+). The system has characteristics
distinguishing it from other products available on the market. The system will be tested on a demonstration scale in
real conditions. Currently, a prototype system is being prepared for testing by Mazovia and Wielkopolska Railways.
It should be noted that main problems for carriers, rolling stock manufacturers and factories that modernize rolling
stock are: multiple installation manuals and ways of maintenance. They lead to confusion during the exploitation
of rolling stock. The prototype system offers an integrated solution with a unified service, which guarantees a much
lower costs and improves the comfort and safety of passengers. Moreover, ZSIKRP system focuses largely on ensuring
the safety of travelers in electric (EMU - type) and diesel (PCS - type) vehicles. It takes into account the possibility of
practical implementation of the module allowing automatic detection of an improper behavior of drivers. It is done
at rail crossings by continuous image analysis and abnormal situations recording.
Keywords: rail crossing monitoring, safety in passenger railway traffic, collision detection module

1. Introduction
Project target group in Poland include 14 carriers (seven
companies are owned by local authorities). Analyzing historical data
from 2011 one can note growing trend in passenger rail transport.
The increase in transport performance slightly exceeded 1.4%. This
was particularly marked in the segment of regional transport. The
limiting factor is the cost of access to rail services that is mostly
much higher than in case of bus or individual transport.
Therefore, there is a need to compensate the high cost of access to
rail services with additional facilities. The ZSIKRP Project provides
additional services such as access to the Internet and Intranet.
It should be noted a high competitive road transport [4]. The
factor influencing distribution in the transportation tasks, thereby
influences also on the transportation task volume in the public
transport, is the rate of motorization (the number of passenger cars
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per 1000 population), which in 2011 amounted to 470 (compared
to 447 in 2010). The highest rate in Poland was recorded in the
regions: Wielkopolska (531), Mazovia (518) and opolskie (512), and
the lowest in podlaskie (409), podkarpackie (417) and warmińskomazurskie (418). However, the road carrier doesn’t provide such
functionalities like: wireless Internet access, collision and risks
detection module, sending information about threats to the Crisis
Management Center, rail crossings monitoring.
The growth rate of the number of passengers travelling in 2012
was higher than compared to the previous periods 2010/2011 [1]. It
should be noted that the number of passengers traveling on shorter
distances increased, and the number of passengers travelling on
longer routes decreased.
Simultaneously, significantly increased the number of passengers
in the carriers providing services for local routes and distances,
including one province (Wielkopolska Railways - start-up in 2011
and almost 6-fold increase from 0.6 million to 3.3 million passengers
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and 1.2% market share) or on board trains operating within the large
urban agglomerations which are complementary transport urban
system (SKM in Warsaw initiated additional new connection in june
2012 from the Chopin Airport to the city center). It should be noted
that during the EURo 2012 a new line of SKM Warszawa (significant
increase of about 5.8 million passengers from 11.45 million to 17.27
million, that is 51%) was very popular and evidenced a high need to
run such connection.
The Rail transport very efficient joined to the public transport
system in the Warsaw area as an alternative, faster and more convenient
form of communication, that can be compared to individual
transport. Installation of ZSIKRP system in proposed form may
further strengthen the position of rail carriers, offering systems with
much better functionality, security and features than existing on the
market.
It should be noted that the improved regional rail offers new
and modernized fleet, convenient schedules, renovated stations,
common public transport ticket, new investments, e.g. car parks
at rail stations (so called Park & Ride). The designed system in it’s
from is complementary to the structural investment on the Rail.
Such a situation may contribute to the gradual formation of new
habits of travelers, changing car on suburban rail [1].
Basis on the diagnosis of the rail transport market, it is concluded
that it is necessary to take any actions that will bring the industry a
key role in the transport system of the country, which will seize the
opportunities, threats marginalize and ultimately, it allows to provide
of high quality services and profitability. ZSIKRP system with its
functionality and in its proposed form would have a support function.
Basis on the above data and analysis it is justified to introduce practical
implementation of a prototype ZSIKRP system in Wielkopolska, where
the rate of motorization is the highest, while simultaneous the largest,
because 6-fold, increase of passengers number and in Mazovia province
due to the ability to service very heavy traffic and representative functions
in the region.

2. The concept of the ZSIKRP
System

of video in selected areas of the rail vehicle, passenger flows counting,
connectivity to the Internet. The system allows to view schedule on
the monitor by the driver and the login in the system. The system has
a modular structure, therefore, there is possibility of scaling on any
number of vehicles.
It should be emphasized that the ZSIKRP Project concerns
travelers safety. To achieve this serve an innovative solution consisted
collision and threats detection modules [9], fire alarm monitoring
[10], rail crossings monitoring. Very important in this place is the
functionality of the Supervision Center module, which allows data
collection, archiving (Fig. 1 - system servers) [7].
This is significant that it will be possibility to integrate the
system with the functioning systems like Crisis Management Centre
(CMC). The enhanced functionality Supervision Centre, may enable
realizing decision-making center function. The telecommunication
infrastructure based on GPRS technology and possibility to transfer
data are also important. Experience in the practical implementation
of safety systems shows that this type of transmission is the most
optimal and reliable. GSM coverage throughout the country enables
to implement the system in every corner of the country. Until
now, there weren’t systems that in such a comprehensive way have
taken themes the safety of passengers in terms of directly inform
emergency services on the basis of data from the: information
passenger module, collision and threats detection module, fire
alarm module. Providing all the data on the geographical location of
the catastrophe, the number of passenger allows to protect the right
amount of forces and resources in reserve to control crisis situation
(the event) It should be emphasized that all the necessary data can
be transmitted to CMC (Fig 1).

3. The structure of rail crossings
monitoring module
The crossings monitoring module enables intelligent detection
of vehicles breaking traffic rules at rail crossings by emergency
signals activation. Information about the event together with
pictures are sent immediately to the Supervision Centre. The module
is able to make error-free identification of vehicles independently of
weather conditions. This innovative software module doesn’t require
connection to the controller of traffic lights. The module is also not a
part of the railway infrastructure.

Fig.1. The circulation of information in the ZSIKRP System CPU [3]

ZSIKRP system (Fig. 1) [8] is designed for installation in in
electric (EMU - type) and diesel (PCS - type) vehicles. It allows to
transmit the current passenger information, GPS vehicle location on
a digital map, GSM data transmission [5], monitoring and recording
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Fig.2. The block diagram elements of the rail crossings monitoring
[own study]
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The module includes (Fig. 2):
• communication subsystem (GSM modem, Ethernet),
• computer,
• camera,
• chassis,
• mast.
The camera has appropriately selected parameters in order to
assure the quality of the image. Due to the fact that the computational
and communication unit (that includes a modem, the computer and
the controller) works outside the buildings, the housing has a high
level of tightness and is vandal-proof chassis. Used components allow
to work in a wide range of temperature. For dissipating excess heat
serve a radiator that is an integral part of the chassis. The rail crossings
monitoring module should be installed at a minimum height of 4 m,
on an adequately strong structure.
Block diagram of the rail crossings monitoring module has
shown in Fig. 3.

Fig.3. The idea of crossings monitoring module. Patent dated
09.03.2014. application number P.409360. The method of
surveillance and alert at railroad crossings [own study]

An analysis of the possible configurations of the system by
examining the potential and practical ways to install the system
were performed. Below the idea of the installation for crossings
with active optical signalling at the double rails, leave railing (Fig.
4) and the crossings monitoring with a red light and the single rail
(Fig. 5.) are presented.

Fig.4. The idea of the crossings monitoring with active optical
signalling at the double rails, leave the barrier [own study]
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Fig. 5. The idea of the crossings monitoring with a red light and the
single rail [own study]

Implementation of advanced image processing algorithms
DIP (Digital Image Processing) allows to registration of breaking
the traffic rules at turned on traffic lights for logging events. The
algorithm uses advanced mathematics methods described in [11][14]. Recorded events will be archived on the server in Supervision
Centre module after sending them over the network.
System interface allows flexible adaptation to the requirements
of environmental parameters related with the conditions and the
rail crossing characteristics monitored by module (Fig. 6.).

Fig 6. The design of computable-communication module
(containing computer, controller and the communication
subsystem) [own study]

The crossings monitoring module allows:
• automatic detection of inappropriate behavior of drivers at
crossings by continuous image analysis and recording of
abnormal situations,
• immediately sending information about the event (unfounded
drive on a railway crossing at the moment of leave barriers or
active traffic light) to Supervision Center module,
• sending pictures over the network to the Supervision module,
• identification of the vehicles in various atmospheric conditions
without necessity connection to the traffic light controller,
• the generation of information about a vehicle’s entry at the
avid, flashing red light and transfer records to the Supervision
Center module,
• implementation of advanced algorithms for image processing
and detection of vehicles on impermissible areas of the road
at the avid, flashing red light on the railway crossing,
• archive video (with the imposition of a timestamp) by the rail
crossings monitoring module,
• automatic transmission of an information about offence to
proper emergency services systems,
• reliability and operation over a wide range of temperatures
and harsh weather conditions,
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• time synchronization through an embedded GPS,
• communicate using Ethernet,
• communication via GSM network (wireless data transmission)
in case of unavailability of Ethernet-based network.

Fig. 7. Configuration menu project crossings monitoring module
[own study]

The module involve:
• client built -in: ftp, email, scp,
• graphical configuration interface (Fig. 7). Configure the required
parameters, eg.: the number of lanes on which detection is to
be made, the number of pictures, the delay of registration, the
length of pictures, IP configuration, email, etc.,
• encrypted data channel for files,
• robust mast.
ZSIKRP system doesn’t interfere directly into the security and
infrastructure systems. But it enables monitoring of rail crossings
without interference in rail infrastructure. This is a module that
allows the registration of improper behavior of drivers of vehicles,
which are related to the violation of traffic regulations.
Structure of the system therefore allows not only monitoring,
but also to inform the appropriate emergency services about traffic
offense, which may cause a catastrophe [2].
Information are transmitted to the appropriate services in order to
recognize the identity of the driver (based on the registration number
of the vehicle). It would allow, as a consequence, the enforcement
of penalties. UTK report shows this to be a necessity in order to the
impact the penalty [1].

4. Conclusion
The main target and the most important benefit from the
application of the rail crossings monitoring module is to increase
safety at crossings.
Unfortunately, the national statistics is unfavorable, i.e. every year
in accidents at level crossings approx. 35-45 people are killed. our
country ranks fourth in Europe in terms of this kind of accidents.
Most of these accidents happen at unguarded crossings, but
also to ten people a year are killed at level crossings guarded
(approx. 1/4 of the total number of accidents at level crossings), as
a result of motor vehicle collisions on the turnpike, sometimes as
a result of negligence of railway workers [6].
Most of these accidents take place at unguarded crossings,
but also to ten people a year are killed at level crossings guarded
(approx. 1/4 of the total number of accidents at rail crossings), as a
result of car collisions with the rail turnpike, sometimes as a result
of negligence of rail workers.
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The rail crossings are dangerous places on the road due to the
converge of rails with the traffic lines of different users and also
due to the non-respect rules by users. In the case of a collision of
train with another vehicle (car), the latter hasn’t chance due to the
difference of the masses. Thus, placing recording equipment on the
most dangerous places undoubtedly contributes to improving safety
at rail crossings and limits the negative effects. These conditions
will be ensured by the rail crossings monitoring, integrated with
ZSIKRP system, providing individual identification of the place, the
time, the vehicle and driver.
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ABSTRACT

The article presents the design methodology of Advanced Driver Assistance Systems (ADAS) for electric vehicles.
As an example the Blind Spot Information System (BLIS) is described, which was created for an urban electric car
- Bytel, the vehicle constructed within the Smart Power project. A specialized software was used, TASS PreScan, the
software created for the purposes of advance driver’s assistance systems design. The article discusses the following
stages of ADAS system creation - the needs analysis, the designing and the model testing. Within the needs analysis
there are such subcategories as the needs definition, the project goals and the project planning . The designing part
focuses on two aspects: choosing the proper tool for designing and testing ADAS model and creating the system
model, including data processing system and control system. The model testing section includes test planning
and testing procedure description. The article ends with conclusions and future directions of the proposed model
development
Keywords: ADAS, Blind Spot Information System, electric vehicle, PreScan, urban vehicle, TASS, Bytel,
Smart Power

1. Introduction
Advanced Driver Assistance Systems [1], [5], [13] are defined
as systems, which partially or entirely take over the tasks associated
with driving a vehicle. These systems are tools that help keeping
the traffic safe and that provide drivers with comfort. In modern
automotive systems are already used many diﬀerent types of ADA
systems such as brake assistance [7], lane assistance [6], various
warning systems [8]. Nowadays however it is also common to
recognize their value in increasing the traffic fluency and minimizing
the energy consumption.
The aim of this article was to discuss the Advanced Driver
Assistance Systems design methodology in terms of their application
in electric vehicles. As an example the Blind Spot Information
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System (BLIS) [13], [16] design process is described, which was
created for urban electric car Bytel, a vehicle constructed within
the Smart Power [3] project. Bytel was qualified for 2014 Shell Ecomarathon competition and finished the race successfully.

Fig.1. Bytel Urban Concept Race Car [own study]
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2. Need analysis
2.1. Need definition
As mentioned above, Bytel was constructed by Smart Power
Team [3] which operates under the Institute of Fundamentals of
Machinery Design of the Department of Mechanical Engineering
at the Silesian University of Technology. The team has been
formed in order to design and construct highly efficient electric
vehicles aiming to be driven in Shell Eco-marathon competition.
The main activities of the team is to optimize the design features
[4], [12] of the vehicle and driving strategy[10], [14]. Important
tasks is to support the unpredictable human factor which is a
driver working in difficult conditions of the race.
Although the competition puts a great attention towards safety
it is recommended to apply additional precaution measures if
only possible. The most dangerous manoeuvre common for SEM
competition is overtaking. Because of small sizes of participating
vehicles and no requirements regarding the presence of rear
window, the driver purview tends to be extremely limited, causing
high risk not only for an overtaken vehicle’s driver but also for
overtaking vehicle’s driver. In addition, SEM race as opposed to the
usual race each race starts passing vehicles separately at another
time. Each driver obeys the team strategy and continues driving
with his own speed profile independently of other vehicles. The
result is a lot of traffic on the track and continuous overtaking
of vehicles. In order to minimize this risk an Advanced Driver
Assistance System was designed. Basing on the experience of
building such systems, in particular the BLIS system in another
Prototype race MuSHELLka [3], [5], [9] [10], the team decided to
include also a similar system in Urban Concept vehicle taking into
account the significant diﬀerences in the structure of the vehicle
itself and the race in this class.

2.2. Project goals
A concept of ADA system supporting Urban Concept Car
driver includes first of all– Blind Spot Information System
(BLIS) the most efficient in this kind of race system [9], [13].
BLIS was supposed to inform the Bytel’s driver of any other
vehicles that could be invisible for the driver or may result in
driver’s distraction. The goal of the described project was not
only to create a detailed model of the system that could be
easily implemented later on but also to prototype functionality
of the system with Virtual Prototyping methods.

2.3. Project planning
The planning of the project was a crucial step, as there was
a fixed deadline – Shell Eco-marathon competition took place in
May. Planning enforced also project consideration and careful
analysis. Below the final project plan is presented, which could be
applied in any ADA systems designing process.
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1. Needs analysis
• Needs definition and project goal definition
• Project planning
• Research
• Determination of the project requirements
2. Designing
• Detailed system concept
• Tool choice
• Creating system model
3. Testing
• Test planning
• Test performing
• Results and conclusions

3. Designing
3.1. Detailed system concept
In order to move on with creating the model it was needed
to prepare detailed system concept. assumptions had to be made
regarding the sensor to be used and its positioning. There were
many sensors considered, but eventually Hokuyo lidar was chosen.
The sensor is characterized by high resolution (1080 samples
for 270°, which gives 4 samples for every 1°), high sampling
frequency (40 Hz) and wide scanning angular range (270°).
The project assumed using the lidar of 30 m range. This kind of
sensor not only meets the first safety class, which allows using it
in Shell Eco-marathon competition, but is also characterized by
low weather conditions sensitivity (sun, rain, snow, mist), which is
crucial for competition taking place in the open air such as SEM.
Other sensor advantages were easy installation and high reliability.
Positioning of the lidar was quite obvious – BLIS was supposed
to scan the area behind the vehicle, so it was necessary to place the
sensor at the rear end of Bytel. But accurate positioning of the sensor
led to some questions and doubts . Concerning the correct position
and proper signaling cooperating with side mirror. Such design
problems have to be addressed carefully in virtual testing phase.

Fig.2. Hokuyo lidar position and
range [own study]

3.2. Method and tool choice
For design and analysis of ADAS the method of simulationdriven virtual prototyping was chosen [2]. There are not many
software programs dedicated especially for Advanced Driver
Assistance Systems available on the market. For this particular
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project TASS PreScan [15] was chosen. Designing BLIS model
was performed in 4 steps, as recommended by TASS.

Fig.5. Alert colour assignment [own study]

Fig.3. TASS PreScan designing procedure [own study]

Choosing this particular software was an important decision,
because of the fact that the time for the project was limited and PreScan
compatibility with Mathworks MATLAB eliminated the necessity to
learn an entirely new software. Also, PreScan visualization module
- VisViewer, enabled easy verification of system performance. First
step was to build the scenario in PreScan GUI – placing infrastructure
elements, adding trajectory for test vehicles and setting experiment
conditions. PreScan oﬀers a sensor model, that is extremely flexible
in terms of configuration – TIS (Technology Independent Sensor),
which could be easily adapted to represent Hokuyo lidar. Having
modelled the sensor, the system model was created.

3.3. Model of the system – data processing
When modeling the system, there were two basic stages
defined: data processing and control system.
The main task in data processing part was to calculate and verify
data needed for BLIS, such as object distance, object velocity, etc.
and handle the BLI system itself. Taking the above into account, the
data processing part was divided into three subparts: calculation,
verification and BLIS.
In Calculation subsystem the following parameters were
calculated: Object Position, Time To Collision (TTC) and Object
Velocity. These parameters were calculated based on input values
that were provided as TIS outputs.

Fig.4. Calculation subsystem [own study]
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All the calculated parameters were verified by comparing
them with artificial values provided directly by PreScan software,
which would be impossible to be collected in real world without
additional systems.
The BLIS system was built as two subsystems: range assignment,
which determined area where the detected vehicle appeared and
colour assignment – yellow colour for further distance and red
colour, that suggested increased attention, for closed distances.

3.4. Model of the system – control system
The Control System was designed to indicate the position of
the overtaking vehicle and its distance by lighting the adequate
LEDs. There were 5 LEDs in total – each LED corresponded
specific angular scanning range.
For each LED there was a control system created deciding
when to activate the LED and a color assigning system deciding in
which color should the LED lit up.

4. Testing
4.1. Test planning
In order to test the modelled system a detailed test plan was
created. Planning was based on thorough system analysis and
consideration of system’s most vulnerable elements. In order to
prepare testing phase, the following questions were raised:
1. Questions clarifying what should be tested.
• What are the system inputs?
• What are the system outputs?
• How were the inputs transformed into outputs?
• Which of these transformations concern variables unrelated
to created model itself?
2. Questions going back to project assumptions.
• What should the system do?
• What kind of information should the system provide the user
with?
• What the system should not do?
3. Questions about the used algorithm.
• How the system should work?
• What are the systems inputs/outputs ranges and kinds?
• By what functions is the system characterized?
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Based on these questions a test cases sheet was prepared,
which made a base for the testing process.
Table 1. Test cases sheet [own study]

Initial
conditions

Expected
value

Xr position

rangeTIS ≠ 0

Xr ~= Xv-Xo

1.2

Yr position

rangeTIS ≠ 0

Yr ~= Yv-Yo

1.3

Yellow Critical Distance

rangeTIS ≠ 0

YCD = -4*abs(Yr) + 12

1.4

Red Critical Distance

rangeTIS ≠ 0

RCD = -4/3*abs(Yr) + 4

1.5

Time To Collision

Vdopp ≠ 0

TTC = -rangeTIS/Vdopp

2.

Visual testing

2.1

The vehicle approaches from the
correct side

-

Left/right side, behind
Bytel

2.2

The vehicle enters the
scanning range

-

The vehicle is in sensor
range

2.3

LED LL performance

vehicle in LL range, higher risk

LED lights up Y/R

2.4

LED L performance

vehicle in L range,
higher risk

LED lights up Y/R

2.5

LED C performance

vehicle in C range,
higher risk

LED lights up Y/R

2.6

LED R performance

vehicle in R range,
higher risk

LED lights up Y/R

2.7

LED RR performance

vehicle in RR range, higher risk

LED lights up Y/R

3.

Numerical testing

3.1

Vehicle velocity / Bytel velocity

Vv ≠ 0

>=1

3.2

Bytel velocity - vehicle velocity

Vv ≠ 1

<= 10 m/s

3.3

Vehicle velocity

-

<= 12 m/s

3.4

Bytel velocity

-

<= 10 m/s

3.5

Yellow alert switching

TTC ≤ 10 and ≥ 4s or (Xr ≤ YCD and
Vdopp < 0 and Xr ≠ 0)

yellowAlert = 1

3.6

Red allert switching

TTC ≤ 4 and ≥ 0.1 s or (Xr ≤ RCD and
Vdopp < 0 and Xr ≠ 0)

redAlert = 1

3.7

Range LL control

48 ≤ thetaTIS ≤ 87.5

alertL = 1

3.8

Range L control

7 ≤ thetaTIS ≤ 49

alertLL = 1

3.9

Range C control

8 ≤ thetaTIS ≤ -8

alertC = 1

3.10

Range R control

-49 ≤ thetaTIS ≤ -7

alertR = 1

3.11

Range RR control

-87.5 ≤ thetaTIS ≤ -48.5

alertRR = 1

No.

Test description

1.

Calculation verification

1.1

4.2. Testing procedure
In order to test the BLIS model four test scenarios were
created, that were supposed to verify the correct system
performance in specific traffic situation.
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Result

1. Bytel is being overtaken from the left side
2. Bytel is being overtaken from the right side
3. The overtaking vehicle changes sides during the manoeuvre
4. False alarm
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Fig.6. Example of system visual verification [own study]

Each of the test scenarios was analysed and documented based
on the test cases sheet prepared. For each scenario to pass the tests,
all test cases should end with positive result.

Fig.7. Example of system numerical verification [own study]

3. Conclusion
The process of designing Advanced Driver Assistance System
needs to be carefully planned in order to minimize the risk of
system failure. Correct designing methodology helps also with
meeting project timeframes, which is often crucial requirement.
The process should not only consist of actual designing, but
also of thorough needs analysis and testing phase. As a result of
carefully followed project plan, designing Blind Spot Information
System for Bytel vehicle was completed successfully not only with
regards to the system model quality but also to meeting all the
requirements and deadlines.
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Abstract

The paper presents a sea area model developed for the purposes of radio communication event management system
in the maritime transport. The authors have presented the assumptions underlying the area model architecture, and
proposed methods of modelling and presentation of dislocation of radio stations, taking into consideration their
ranges. Wave propagation in sea areas has been analysed and a method of its presentation, based on an analysis of
radio station ranges and feasibility of communications, has been proposed. The designed model incorporates shipto-ship communications which are essential for messaging coast stations.
Keywords: radio communications, model dislocation, sea area

1. Introduction
The Global Maritime Distress Safety System (GMDSS) has been
designed primarily to transmit distress signals from vessels to coast
stations and the Marine Rescue Coordination Centres (MRCC)
[1], [2], [11], [12]. The role of a GMDSS radio operator consists
in monitoring, screening and verifying the incoming radio data
stream. The pressure of processing large quantities of information,
complex radio communications procedures and improper operation
of equipment by GMDSS operators commonly render radio
communications systems inefficient, ineffective, or even useless [10].
The Radio Communication Event Management System (RCEMS),
which is being developed, offers a solution to the foregoing
problems [4], [5]. An element which is crucial for an analysis
of operation of the RCEMS is the development of a sea area model
which takes into account the division of sea areas according to
the Radio Regulations together with other factors affecting the
communication process [5], [7].
There is a long list of factors determining ranges of GMDSS
subsystems, including:
• the geographical location of dynamic objects (vessels, COSPASSARSAT satellites),
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• the geographical location of stationary objects (coast stations,
terrestrial satellite stations, geostationary satellites),
• technical and operational parameters of objects (heights of
antennas, signal strength, radio emissions),
• time of day, season and solar activity, which have an effect of
the width of ionospheric layers.
Operational requirements of the GMDSS subsystems, set out
in the Radio Regulations, include definitions of sea areas [11].
However, the complex nature of radio wave propagation calls for an
extension of the sea area model to include the elements presented
in this paper [3].

2. Model structure elements
2.1. Definitions of sea areas as set out in the
Radio Regulations
The GMDSS is based on the concept of using four marine
communication sea areas to determine the operational, maintenance
and personnel requirements for maritime radio communications.
The definitions of the sea areas are present below:

© Copyright by PSTT , All rights reserved. 2015

P. MAJZner, M. MĄKA, A. lISAJ

1. Sea area A1 means an area within the radiotelephone coverage
of at least one VHF coast station in which continuous DSC alerting
is available, as may be deﬁned by a Contracting Government. Such
an area could extend typically about 30 nautical miles (nm) from the
coast station (SOLAS Chapter IV,Reg. 2-12).
2. Sea area A2 means an area, excluding sea area A1, within
the radiotelephone coverage of at least one MF coast station in
which continuous DSC alerting is available, as may be deﬁned
by a Contracting Government. For planning purposes this area
typically extends to up to 150 nm offshore, but would exclude any
A1 designated areas. In practice, satisfactory coverage may often
be achieved out to around 300 nm offshore (SOLAS Chapter, IV,
and Reg. 2- 13).
3. Sea area A3 means an area, excluding sea areas A1 and A2,
within the coverage of an International Mobile Satellite Organization
(Inmarsat) geostationary satellite in which continuous alerting is
available, This area lies between about latitudes 76° north and 76°
south, but excludes A1 and/or A2 designated areas (SOLAS Chapter
IV,Reg. 2-14).
4. Sea area A4 means an area outside sea areas A1, A2 and A3.
This is essentially the Polar Regions, north and south of about 76° of
latitude, but excludes any other areas (SOLAS Chapter IV,Reg. 2-15).

2.2. Numerical sea area model
The idea behind the presentation of data in the form of a grid
(points, triangles, rectangles and trapezoids) is to arrange the
data in a way enabling rapid localisation of a point (points) on a
surface and its/their position relative to other points and areas on
the same surface. On a grid, localisation is reduced to identifying
the number of the element containing the point in question or –
in special cases – the edge or corner (nod) which is the boundary
between grid elements.
A sea area model can be developed with the use of an algorithm
which enables discrete representation of the analysed area on a
trapezoidal grid and further use of the grid in the modelling of
dynamic situations [7], [8], [9].
In an analysis of dynamic situations, the grid structure is
altered in consecutive time steps, depending on present positions
of moving objects. The algorithm enables local modification of the
grid relative to present positions of moving objects. At the same
time, discrete representation of a sea area on a trapezoidal grid
enables easy approximation of the areas which represent ranges of
radio stations within particular bands, through the calculation of
areas of trapezoids.

2.3. Sea area model based on V wave
propagation conditions
Radio waves in V-band propagate linearly as spatial waves. They
reflect from high-density objects and are subject to dispersion and
attenuation in the atmosphere and other environments. Attenuation
of ultra short waves in the troposphere results from the variability of
meteorological phenomena and is caused mainly by the presence of
various forms of water (precipitation, fog, etc.).
Modelling in sea conditions does not call for taking into
consideration the terrain relief or buildings. However, one needs
to take account of the effect of reflection of radio waves from the
sea surface (multipath propagation).
In theory, the range of ultra short waves is restricted to the
line-of-sight. In practice, however, it is much further thanks to
the tropospheric refraction and diffraction. The range of V-band
communications (in nautical miles) is expressed by means of the
following equation [1]:

(

D = 2,5 h + H

)

(1)

where:
h – height of the transmitting antenna,
H – height of the receiving antenna.
V-band communication range modelling consists in the
determination of a circle of a radius D. In the event of communications
with a coast radio station, whose antennas are located even several
dozen meters above the ground surface, on some occasions only
one-way communications may be possible. The ship’s radio station
will receive the signal transmitted by the coast station, but a signal
transmitted from the ship will not be received.

2.4. Sea area model based on T wave
propagation conditions
Propagation of radio waves in T-band depends on the time of
day, being influenced by gas ionization in the ionosphere, caused
by solar radiation.
At daytime, bounced-off waves are attenuated by the D layer
and radio contact can be established via ground waves, whose range
depends on the ground conductivity. Due to wave attenuation by
the ground surface, the range of communication on land is limited,
because the ground conductivity is much lower than that of sea water.
After sunset, the D and E layers disappear. Gas ionization
in the ionosphere diminishes, making it possible to increase the
range of communications with the use of bounced-off waves.
The range of T-band ground-wave communications is about
250 nm during the day, and up to more than 1 000 nm at night.

2.5. Sea area model based on U wave
propagation conditions
The range of ground waves in the U-band is up to several
dozen nautical miles. Therefore, communications in this band are
carried out mostly by means of ionospheric waves. It is possible
Fig. 1. Dislocation of radio objects, a) a situation, b) a numerical
model of a radio station range [own study]
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to communicate over a distance of 2,000 – 4,000 km with a single
ionospheric reflection.
Thanks to M-type transmissions (which occur as a result of
the appearance of the sporadic layer) or multihop transmissions,
U-band waves can have a worldwide range.
When transmitted in the direction east-west, a radio wave may
travel through daytime and night-time areas, what hinders the
communication. If this is the case, propagation forecasts should be
developed based on the time of day in the middle of the wave’s path,
or communication should be established at a time when the signal
travels through an area of daytime or night-time throughout its path.
Communications with the use of reflected U waves are normally
characterized by signal strength fading. Fading phenomena can be
classified as interference fading, absorption fading, MUF skip fading.
The process of modelling radio station ranges for particular
frequency ranges in T and U bands uses numerical area model-based
methods. With the use of the finite element method, the electric field
strength is determined, which is further used to determine the area
in which the probability of establishing communication at a specified
time is higher than the assumed minimum. Due to the random
nature of many phenomena which have an effect on communications
via bounced-off waves, the models developed and the range curves
for particular bands are mere estimates. A range is determined in
statistical terms only, based on the assumed probability of successful
establishment of communication. Considering different properties
for different wavelength ranges in the U band (4, 6, 8, 12, 16 MHz),
each range should be analysed separately.

(3)

By increasing the frequency to a value where f0 = fcr, the
maximum usable frequency fmax (MUF) is obtained, for which
communications between two points in specified conditions is
possible, with a 50% wave reflection probability:
(4)

For example, for the E layer at a height of 100 km:

(5)

In the development of radio communications systems the optimal
frequency of traffic fFOT (FOT) is used, with a 90% probability of wave
reflection.
(6)

The lowest usable frequency (LUF) in which the establishment
of communication is possible in the conditions of signal attenuation
in the ionosphere is also determined.

2.6. INMARSAT satellite system-based sea area
modelling
Modelling of communications in satellite bands requires
taking into consideration the properties of each subsystem. In the
InMARSAT C subsystem, which uses omnidirectional antennas,
only the antenna’s (vessel’s) position needs to be determined,
which next serves a basis for the determination in which of the
four areas covered by InMARSAT C the ship’s radio station is and
the selection of the corresponding satellites for logging in.
In the InMARSAT B and Fleet subsystems, which use parabolic
directional antennas, discretized diagrams must be additionally
used, which enable the determination of the antenna’s settings (the
azimuth and elevation angle) for a particular vessel position.

Fig. 2. Wave propagation distribution, a) T band, daytime, b) T band,
night-time, c), U band, daytime, d) U band, night-time [own study]

A wave of a frequency f0 transmitted vertically up bounces off
at a specified height for which the electron density N reaches its
peak value. The maximum frequency for which a wave bounces
off the ionosphere layer at a height h is known as the critical
frequency fcr:
(2)

where:
N(h) – electron density for a height h.
The secant law applies to a wave of a frequency f, which reaches
the ionosphere at an angle Ѳ0:
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Fig. 3. INMARSAT satellite ranges [own study]

Figure 3 presents a map with ranges of particular satellites in
the InMARSAT system. The circles mark the boundaries when
the elevation angle at which the satellite is visible is greater than 5
degrees, as only then reliable emergency communication may be
established. In practice, communications via InMARSAT satellites
can be established when the elevation angle is smaller. However, in
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difficult hydrological and meteorological conditions, the probability
of disturbances to emergency communications rises substantially
[1], [11].

2.7. Sea area model based on ship-to-ship and
ship-to-coast station relations
In order to work out ranges of communications for particular
subsystems, it is necessary to take into consideration the parameters
of objects, such as vessels, coast stations and satellite stations. It
means that each object has its own model of ranges, which depends
on the time (time of day and season) and parameters of other objects,
e.g. the height of the VHF radiotelephone antenna used by the
message receiver. Each object has its own sea area model, consisting
of many layers and taking into consideration the availability or nonavailability of communications with other objects. A sea area model
can be presented as a vector of structures S:

S = (S1 , S N )

(7)

where:
N – number of objects considered in the model,
Si – characteristic structure of the ith object,
i – number of object (ship, coast station, satellite station).
Structure Si can be presented by means of the following
formula:

S i = λi (t ), φi (t ), Ti , j ,k (t ), 

(8)

where:
li(t), fi (t) – geographical coordinates of the ith object, variable over
time,
Ti,i,k – availability matrix for communications between the ith
object and the kth object via the jth channel, variable over time.
The communications channel in the model in question is
the consecutive communication subsystem with distinct bands.
For example, the HF radiotelephony is a GMDSS subsystem,
but communications channels in the subsystem are consecutive
bands 4, 6, 8 12, 16, 18/19 22, 25/26 MHz. It can be assumed
that values of the availability matrix Ti,,j,k are random variables of
discrete values. Value “1” means that communications with the
kth object can be established via the jth channel. Value “0” means
that communications with the kth object cannot be established
via the jth channel. Values of the Ti,,j,k matrix, although discrete (as
assumed for the purpose of the model) are random variable over
time. The communications channel corresponding to the MF band
radiotelephony communications may serve as an example here
– its range during the night is greater than at daytime. The Ti,,j,k
matrix element for i = k indicates that the communications channel
on the ith object is switched on (value 1) or off (value 0).
Figure 4 presents an example of three vessels (objects S2, S3,
S4) and one coast station (object S1). Let us assume that heights
h of V-band radiotelephone antennas for particular objects are,
consecutively: 150 m, 90 m, 9 m and 4 m. Table 1 presents heights
of antennas on the objects and ranges between them, calculated
with the use of formula (1).
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Table 1. Heights of objects’ antennas and ranges between them
[own study]
h [m]
150
150
150
90
90
9

H [m]
90
9
4
9
4
4

Ranges [Nm]
54,34
38,12
35,62
31,22
28,72
12,5

Figure 4 shows positions of object S1 – coast station and three
vessels S2÷S4, as well as circles marking radio ranges for objects S1
and S3, which depend on the height of the message receiver’s antenna
location (h), as specified in Table 1. For clarity and an easy analysis,
all objects are located along a straight line. It follows from the
drawing that object S1 (coast station) can establish communications
with objects S2÷S3. However it cannot establish communications
with object S4. Object S3, a vessel, can communicate with vessel S2,
but it cannot communicate with vessel S4, in spite of the fact that its
distance to S3 is shorter than to S2. In this example, communications
between the coast station S1 and vessel S4, and between vessels S3
and S4, are not available due to the height at which the antenna of
vessel S4 is located.
If the communications channel corresponding to the
radiotelephony communications over V band is marked j = 1, values
of the communications availability matrix Ti,j,k for the example
presented in figure 4 are as follows:
T112 = T211 = 1
T113 = T311 = 1
T114 = T411 = 0
T213 = T312 = 1
T214= T412 = 0
T314 = T413 = 1

(9)

An analysis of the drawing and the communication availability
matrix shows that the stream of objects – vessels and coast stations
in a particular sea area, as well as their technical and operational
properties, must be taken into consideration in the development
of that sea area model [6].

Fig. 4. Example dislocation of radio objects in V band, with circles
marking ranges [own study]
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3. Conclusion
The article presents sea area models for various subsystems
and types of objects. To conclude:
• In order to analyse complex processes in communication event
management systems, it is necessary to develop sea area models
which take into consideration various factors.
• The most important sea area model is the model based on
the definitions of sea areas A1, A2, A3 and A4 set out in the
Radio Regulations.
• The models of sea areas based on the definitions set out in the
Radio Regulations are limited, as they do not take into account
variable over time wave propagation conditions or parameters
of objects participating in the communication process – hence
the need to extend the sea area model.
• Each object located in a sea area contributes additional layers
to the model.
• Sea area modelling calls for taking into consideration an
object stream model.
• The sea area model elements proposed in the article enable
modelling of complex processes in communication event
management systems.
Considering high complexity of a sea area model, it is necessary
to consider various factors in the design and operation of radio
communication event management systems.
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Abstract

In recent years, there has been an increasing interest in the adoption of emerging sensing technologies for
instrumentation within a variety of structural systems in civil and building engineering. Wireless and fiber bragg
grating sensors are emerging as sensing paradigms that the structural engineering field has begun to consider as
substitutes for traditional tethered monitoring systems. A benefit of each sensors structural monitoring systems
is that they are inexpensive to install because extensive wiring is no longer required between sensors and the data
acquisition system. Researchers has been discovering that wireless and fibber bragg grating sensors are an exciting
technology that should not be viewed as simply a substitute for traditional tethered monitoring systems. Rather,
these sensors can play greater roles in the processing of structural response data; this feature can be utilized to
screen data for signs of structural damage. Also, sensors have limitations that require novel system architectures and
modes of operation. This paper is intended to present a summary review of the collective experience the structural
engineering community has gained from the use of wireless and fiber bragg grating sensors for monitoring structural
performance and health of tall type buildings.
Keywords: wireless sensors, fiber brag grating sensors, structural health monitoring, tall building

1. Introduction
Throughout industrialized world buildings are constantly
losing their original functions as passive containers and now tend
to interact with the activities taking place outside and inside them.
Buildings are now able to ‘control’ themselves, to program their
own systems and to maintain their own consumption of materials
and energy. This revolution is principally because of the impact
of new electronic technologies and telecommunications. The
changing work environment and the new requirements in terms
of work economy, lighting, space, wiring, air conditioning and, in
general, of the relationship between mankind and technology are
no longer subjects discussed by specialists only.
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Words like ‘intelligent building’, ‘smart building’, ‘CIB
(Computer Integrated Building)’ and ‘building management’ have
left the domain of engineering and architecture and have entered
many aspects of our working and private lives. The new electronic
technologies used in tall buildings make them comparable to
a complex biological system consisting of closely integrated
functions and organs.
The sensors provide real-time information about the status
of the system and the environment and this information is then
compared with the reference values. If the inner status of the
system moves outside the set conditions, the decision algorithms
activate the effectors which then carry out necessary corrective
measures. Moreover, sensors are main technology for structural
health monitoring in civil and building engineering. Structural
health monitoring attracts increasing interests in civil and
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building engineering due to its potential ability to alert managing
staff of a impending, dangerous state of a structure in advance.
Additionally, structural health monitoring helps to estimate
the extent of damage and to evaluate, afterward, the structure’s
remaining service life once a disaster occurred [1], [2]. To design
structures that are safe for public usage, design methodologies and
standardized building codes have been created. Unfortunately,
structures are frequently subjected to harsh loading scenarios and
heavy environmental conditions not anticipated during design
that will result in long-term structural deterioration. For instance,
recent seismic events, including the Chi-Chi (1999), Kobe (1995),
Northridge (1994), and Loma Prieta (1989) earthquakes, reveal
civil structure vulnerability to failure and damage during natural
catastrophes. To design safer and more durable structures, the
engineering community is aggressively pursuing novel sensing
technologies and analytical methods that can be used to quickly
identify the onset of structural damage in an instrumented
structural system [3], [4]. Called structural health monitoring
(SHM), this new paradigm offers an automated method for
tracking the health of a structure by integrating damage detection
algorithms with structural monitoring systems.
Structural monitoring systems are widely adopted to monitor
the behavior of structures during forced vibration testing or
natural excitation (e.g. winds, earthquakes, live loading). Structural
monitoring systems can be found in a number of common structures
including ships, aircrafts, and civil structures. For instance, some
building design codes mandate that structures located in regions of
high seismic activity have structural monitoring systems installed
[5]. The monitoring system is primarily responsible for collecting
the measurement output from sensors installed in the structure
and storing the measurement data within a central data repository.
To assure that measurement data are reliably collected, structural
monitoring systems employ coaxial wires for communication
between the repository and sensors. While coaxial wires provide
an immensely reliable communication link, their installation in
structures could be labor-intensive and expensive. For instance,
structural monitoring systems installed in tall buildings have
been reported in the literature to cost in excess of $5000 (USD)
per sensing channel [6]. As structural monitoring systems expand
in size (as defined by the total number of sensors), the cost of the
monitoring system can rise rapidly than at a linear rate [7].
Global-based damage detection refers to numerical methods
that consider the global vibration characteristics (e.g. natural
frequencies, mode shapes) of a structure to identify a damage.
Global-based damage detection was primarily proposed as a
result of the availability of structural monitoring systems that
could be installed in a structure to receive response time histories.
Nevertheless, with tethered structural monitoring systems costly
to install, the nodal densities of majority systems have been low
(frequently, only 10–20 sensors are installed in a single structure).
Such small numbers of sensors are badly scaled to the localized
behavior of damage, frequently rendering global based damage
detection hard to implement. Particularly for structures exposed
to extensively varying operational and environmental loadings,
such as civil structures (e.g. buildings, bridges, dams), damage
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detection using global vibration characteristics is even more
challenging [8].
To address the limitations present sensing technologies place
on both local- and global-based damage detecting methods, the
research community is actively investigating new comprehensive
technologies that can advance the current state-of-practice in
structural monitoring and SHM. Thus this paper highlights
representation of wireless and fiber bragg grating sensors as one of
potential sensing technologies that can help advance the structural
engineering field’s ability to economically realize SHM.

2. Wireless sensors for structural
health monitoring of tall
buildings
Interest in wireless sensors was primarily motivated by
their low-cost attributes. The eradication of extensive lengths of
coaxial wires in a structure results in wireless systems having low
installation costs. These low costs promise wireless monitoring
systems defined by large nodal densities as compared to traditional
tethered monitoring systems. With potentially hundreds of wireless
sensors installed in a single structure, the wireless monitoring
system is better equipped as well to screen for structural damage
by monitoring the behavior of critical structural components,
thereby implementing local-based damage detection.
Wireless sensors are not sensors per se, but rather are
autonomous data acquisition nodes to which traditional structural
sensors (e.g. linear voltage displacement transducers, strain gages,
accelerometers, inclinometers etc.) can be attached. Wireless
sensors are best viewed as a platform in which mobile computing
and wireless communication elements congregate with the sensing
transducer. Perhaps the largest attribute of the wireless sensor is
its disposition of computational resources with the sensor. These
kind of resources can be leveraged to allow the sensor to exucute
its own data interrogation tasks. This capability is immensely
attractive within the context of structural health monitoring
(SHM). So while cost has been an early motivator for considering
the installation of wireless sensors in structures, the fact that the
wireless sensors are a new and modern sensing paradigm offering
autonomous data processing is fueling recent excitement. In
particular, wireless sensors proposed for SHM will be responsible
for screening their own measurement data to identify the possible
existence of damage. Yet, many data processing algorithms have
been embedded in wireless sensors for autonomous execution.

2.2. Performance validation of wireless
sensors
2.2.1. Field deployment in civil infrastructure
systems
the deployment of wireless sensors and sensor networks in
actual civil structures is perhaps the best approach to assessing the
limitations and merits of this nascent technology. In particular,

© Copyright by PSTT , All rights reserved. 2015

K. SAIdoV, J. SzpytKo

buildings provide complex environments in which wireless sensors
can be thoroughly tested. The transition of wireless monitoring
systems from the laboratory to the field has been demonstrated
by a number of research studies and investigations. In all of these
studies, the objective of the researchers has been to assess the
performance of a variety of wireless sensor platforms for the
adequate measurement of structural acceleration and strain
responses. Common to most of the studies reported, the accuracy
and sensitivity of the wireless monitoring systems are compared
to that of traditional cable based monitoring systems which have
been installed alongside their wireless counterparts.

Fig. 1. The Di Wang Tower, Guangdon, China [9]

Ou and his co-workers have described a series of field
experiments using MICA Motes installed in a large building. The
Di Wang Tower, located in Guangdong, China, has been selected
for the installation of a wireless structural monitoring system
comprised of eight MICA Motes. The Di Wang Tower, shown in
Figure 1, is 79 stories tall and is constructed as a hybrid structural
system using reinforced concrete and steel. Potentially susceptible
to vibrations during typhoons, the building is instrumented to
better perceive its wind response behavior. The wireless sensors,
applying ADXL202 accelerometers, measure the acceleration of
the Di Wang Tower’s 69th floor. The sensors are configured to
sample data at 100 Hz and to transmit their measurements to
a centric data repository. Acceleration response data collected
by the wireless monitoring system are almost identical to those
recorded by a cable-based monitoring system [9].
To record the dynamic response of full-scale residential
timber buildings, Arici and Mosalam (2003) have demonstrated
their work using a dense wireless sensor network for monitoring.
In general, 56 wireless Motes are installed upon the first floor
of a three-story timber structure that is excited at its base by
a shaking table applying real seismic ground motions. Analog
Devices ADXL202 accelerometers coupled with each Mote are
used to register the acceleration response of the structure. After
the response is collected, the data are wirelessly connected to a
centric data repository where system identification interrogation
occurs. In parallel to the wireless monitoring system is a
dense array of traditional piezoresistive accelerometers whose
outputs are registered by a tethered data acquisition system. A
comparison of the acceleration time-history records illustrate
that the structural accelerations recorded by the Motes are
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comparable to those recorded by the conventional piezoresistive
accelerometers. Although some Motes exhibit communication
mistakes including loss of data, the test successfully highlighted
the potential for the installation of dense arrays of wireless
sensors for structural monitoring applications [10].
Similar to the study reported by Arici and Mosalam (2003),
Glaser (2004) has described the installation of a wireless sensor
network upon the full-scale wood-frame building. During the
study, 25 Motes are installed upon the first floor whereas 33 Motes
are mounted to a single glue laminated beam. The intention of this
instrumentation strategy is to illustrate the capability of a dense
wireless sensor network to monitor both local and global structural
responses. A key finding reported by Glaser (2004) is the poor
performance of the wireless communication channel when data
are sampled at 100 Hz. Peer-to-peer channel failure is revealed
to be highly dependent upon the interference encountered from
radios, cell phones, TV cameras, and other electronics in the
examining area. To account for lock-ups in the communication
channel, the structural response data are alternately downloaded
from each problematic Mote from a laptop base station placed
in close proximity. After the data are collected from the wireless
sensor network by the central data repository, various postcollection analyses are performed to successfully identify the
presence of both local and global damage [11].
An essential advantage of wireless sensor networks over
traditional cable-based monitoring systems is the collocation of
computational power with the sensing transducer. In substance,
this feature transforms the wireless monitoring system into
a genuine SHM system where damage detection is completely
automated. Currently, many engineering algorithms, including
wavelet transforms, Fourier transforms, and system identification
models, have been embedded. But, wireless sensor networks
should be viewed as a decentralized architecture offering
analogous processing of measurement data. Extensive research is
needed to arrive at truly distributed data interrogation schemes
designed explicitly for the decentralization and parallelism
offered by wireless sensor networks.
As the field of sensor networks matures and wireless sensors,
the technology must continuously be installed in real (actual)
structures to completely validate performance in the complex
field environment. In the future, researchers will attempt to
install ever greater numbers of wireless sensors in actual (real)
structures. Large-scale deployments, defined by greater nodal
densities, will continue to illustrate the scalability of wireless
sensor networks for SHM.

3. Application of fiber bragg
grating sensors for SHM
of a tall building under
construction
Among all the sensors that can be used in structural health
monitoring or smart structures in the future, fiber Bragg grating
(FBG) sensors protrude as the most promising sensing element.
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In comparison to traditional electricity based sensors, FBG
sensors display many advantages including: 1) low energy loss and
electromagnetic inference immunity, which is preferable in the
applications of long-distance health monitoring; 2) multiplexing
ability to allow for quasi-distributive monitoring of strains by
one fiber; 3) great sensibility over a wide measurement range; 4)
flexibility and slenderness such that added mass and stiffness to
the host structure can be neglected [1, 12]. Moreover, FBG sensors
exhibit tolerance to harsh construction conditions and excellent
long-term performance [13].
The past decades have witnessed an intense research effort
to embed FBG sensors that monitor many kind of structures,
especially buildings and bridges [1, 14]. Nevertheless, tall buildings
are not generally monitored, especially during its construction
phase [15–17]. Current investigations highlight, a monitoring
system consisting of FBG sensors was constructed to monitor: 1)
temperature increase within concrete due to hydration process,
2) strain variation of the basic column on the underground floor
because of the subsequent addition of upper 18 floors, and 3)
relatival long-term displacement between two sinking foundation
blocks. For these purposes, FBG strain sensors and temperature
were bonded on the rebars of the column and the 1st floor
beam before concrete pouring. The FBG sensors have operated
unceasingly approximately for more than five months after
installation. Concrete pouring process was accurately monitored
in terms of hydration course. Strain variation in the basic column
was registered when upper floors were sequentially built up
together with the temperature records outside and inside concrete.
Records of temperature were also applied for compensation of
FBG wavelength variations during strain monitoring. Such strain
monitoring data and onsite temperature could provide valuable
information for future building construction.

3.1. FBG encapsulation techniques
Leng et al. in 2005 have suggested various designs of FBG
sensor protection depending on the usage area. These include
sensors for metallic surfaces, concrete structures and CFRP
composites [18]. Designs include FBGs embedded inside steel
tubes, Carbon Fiber Reinforced Plastic (CFRP) prepegs, steel
rebars, etc. The packaged sensors have been assessed for optimum
strain transfer between the test specimen and sensor by using nonlinear finite element analysis. Concrete cylinders orchestrated
with FBG sensors and electrical resistance strain gauges have
been subjected to compressive loading and the results revealed
from both type of sensors to be in proper agreement. Authors also
claim that because of the greater resolution, FBG strain sensors
would be able to rectify the initiation of failure of structures
earlier than the strain gauges.
Dawood et al. have presented in detail a procedure to embed
FBG sensors between the cross-ply laminate and foam core of
Carbon Fiber Reinforced Plastic (GFRP) sandwich material
using vacuum infusion technique [19]. The sandwich structure
consisted of a single layer of polymer foam sandwiched between
two layers of Carbon Fiber Reinforced Plastic (GFRP) skins. An
array of six multiplexed FBG sensors was applied. The area of
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the gratings was remained uncoated to provide better mechanical
coupling to the Carbon Fiber Reinforced Plastic (GFRP). The
FBGs were to be included between the skin of the sandwich and
the core. The optical fiber was then balanced and laid up along the
center line of the foam core. The constituted sandwich specimen
was then accommodated in a vacuum bag and resin/hardener
mixture infused inside. The specimen was treated for 15 h at room
temperature. This type of packaging is useful and applicable in
sensing microscopic localized defects like debonding of the
GFRP material. The FBG being completely embedded in the test
specimen is able to detect the internal defects of the specimen at
an early stage. Nevertheless, the embedding process is involved
and requires a higher degree of precision and care. Repeatability
and accuracy have been found to be satisfactory under dynamic
and static loading conditions.
Lu and Xia have applied FBG sensors directly included into
Carbon Fiber Reinforced Plastic (CFRP) sheets for real-time
monitoring of reinforced concrete (RC) beams [20]. The authors
assert that in this case there is no need of a adhesive layer or
protective coating between the bare the FBG sheets and Carbon
Fiber Reinforced Plastic (CFRP). Hereby, the measured strain
from the FBG–CFRP composite ensures the active strain measured
without incurring any dampening effect. This is a special advantage
over other encapsulation technique. Reinforced Cement Concrete
(RCC) beams instrumented with FBG-embedded Carbon Fiber
Reinforced Plastic (CFRP) sheets were subjected to compressive
load. A theoretical calculation of strain at distinguish loading
conditions using the Young’s Modulus and dimensional values of
the RCC beams was proceeded. The measured values were in good
convention with the theoretical strain values. Another immensely
commonly used and simple packaging technique of FBGs for
strain monitoring in concrete structures is to install the sensors
in a steel rebar and then use the rebar at the site of measurement.
Chung and Kang [21] have applied such a technique where
they have allocated a six-FBG multiplexed fiber in a groove cut in
a steel rebar and used a rapid curing adhesive to integrate the fibre
to the rebar. This FBG embedded rebar has been applied at the site
of strain monitoring. However, before using this kind of packaging
it is important to study the strain transfer characteristics of the
adhesive and the rebar material for adequate strain measurement.
Two significant issues connected with the use of FBG sensors
as health monitoring tool in civil and building structures are
their greater fragility and cross-sensitivity to more than one
measurand. Special a thermal encapsulated FBGs that take care
of the strain temperature cross-sensitivity are available [22], [23]
and [24]. Lo and Kuo have proposed a thermal packaging of
FBGs using a metal coating that serves as thermal compensator
[22]. An FBG 1 cm in length is written using a phase mask. It has
a central wavelength of 1532.93 nm at 30°C. The fibre substrate
is quartz and a copper coating of 5-μm thickness is deposited
onto the substrate using electroless plating technique. Quartz
having a much lower thermal expansion coefficient than copper,
any rise in ambient temperature results in a greater expansion of
the copper than that of the FBG. This compresses the FBG and
creates a negative strain on it, in this way compensating for the
temperature-induced wavelength shift of the FBG. This proposed
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technique of temperature compensation thus involves a simple bimaterial that is feasible and reliable for mass production.
Moyo et al. have reported a packaged FBG that is appropriate
for use in the harsh conditions of the construction industry and
also takes care of the temperature compensation of the sensors
[24]. The packaged sensor is dumb-bell shaped and consists of two
FBGs placed closely. One FBG, sandwiched between two layers of
carbon composite material, is epoxied on the dumb-bell surface
and is prone to both temperature and strain changes. Another
FBG, encased in a metal tube is prone only to temperature
perturbations. Several tests were executed on these packaged FBG
sensors and the data compared against conventional foil strain
gauges. Tensile tests were reported on steel rebars and the sensor
response was revealed to be linear and closely correlated to those
of foil gauges. Static test on merely supported reinforced concrete
beams instrumented with the sensors also showed approximately
linear response, thus justifying installation procedures and the
packaging of the sensors. Dynamic tests on the beam were carried
out using an impulse hammer and the maximum strain recorded
by the FBG and foil gauges were respectively 55 and 58 micro
strain. The packaged sensor was also included inside a concrete
cylinder, which was subjected to compressive load. Only the strain
sensor has shown a high sensitivity whereas the temperaturemonitoring sensor was nearly unaffected.
It may be noted that in most cases, the strain sensitivity of
an encapsulated FBG is essentially different from that of the bare
FBG. Hence calibration of the encapsulated FBG sensor must be
performed before it is put into real-world application.

4. Conclusion
A significant advantage of wireless sensor networks over
traditional cable-based monitoring systems is the disposition of
computational power with the sensing transducer. In substance,
this feature transforms the wireless monitoring system into a
genuine SHM system where damage detection is completely
automated. Currently, many engineering algorithms, including
wavelet transforms, Fourier transforms, and system identification
models, have been embedded. Though, wireless sensor networks
should be considered as a decentralized architecture offering
parallel processing of measurement data. Extensive research is
needed to arrive at truly distributed data interrogation schemes
designed explicitly for the parallelism and decentralization offered
by wireless sensor networks.
As the field of wireless sensors and sensor networks matures,
the technology must continuously be installed in real (actual)
structures to completely validate performance in the complex field
environment. In the future, researchers will attempt to install ever
greater numbers of wireless sensors in actual (real) structures.
Large-scale deployments, defined by greater nodal densities, will
continue to present the scalability of wireless sensor networks for
SHM. Nowadays, the majority of wireless systems have been left
within a structure for the duration of testing. In the future, field
tests will be elaborated to test wireless sensors in longer-term
deployments. Tests like these could offer opportunities to improve
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duty cycle usage strategies, to assess system performance versus
environmental factors, and to examine the long-term reliability of
wireless sensors.
Consequently, Fiber Bragg grating sensors has also demonstrate
a great potential as a structural health monitoring tool for civil
structures to ensure structural integrity, durability, and reliability.
The advantages of applying fiber optic sensors to a tall building
include their immunity to electromagnetic interference and their
multiplexing ability to transfer optical signals over a long distance.
Besides, a few remaining issues in the application of FBG
sensors need to be addressed. In composites, where these sensors
are to be embedded, wavelength shift compensation due to the
temperature effect is still not possible without compromising the
fibre’s resolution. As well as, the multi axis measurement of strain
in structures is still an active area of research [25]. Moreover, for
all practical situations, due to their brittle nature, it is necessary
to encapsulate the bare FBG sensors before mounting them on
any structure. However, the adhesive layer and the protective layer
absorb a part of the strain and the indication given by the FBG is
not the true strain on the structure. Lau et al. have researched a
theoretical modeling of the bonding characteristics at the interface
of bare fibre and coating, adhesive and coating layer, adhesive
layer and host material and validated the results using FEM tools
[26]. The study concludes that for better strain transfer from the
host material to the FBG sensors, a subtle layer of adhesive, a great
modulus coating material and a sufficient embedding length of the
sensor is necessary.
Thus, this article illustrated overview of potential application
of the wireless and fiber bragg grating sensor for structural health
monitoring in civil and building engineering. Additionally,
after almost three decades of research in wireless and FBGs,
technology for SHM using wireless and FBG sensors is on the
verge of maturity. The main thrust of technology development
at present should be focused on the various application areas of
civil infrastructure monitoring using wireless and FBGs and the
standardization of the procedure.
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