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taking into account the not-always-satisfactory indicators of the efficiency of the ATM system, the current ATM system
needs changes. Airspace is currently fragmented along national borders, which limits opportunities or even completely
prevents the possibility to improve the efficiency of flights, i.e. to perform flights of optimal trajectories and to avoid
delays. One of the conditions allowing the current ATM system to become more effective is the amalgamation of the
airspace parts or blocks within which (currently in the airspace along national boarders) air navigation services are
organised. Comparisons between the ATM systems functioning in different regions of the world show that the less
fragmentation there is, the more efficient flights are. One of the main tasks remains, i.e. to establish airspace blocks that

meet the expectations of the airspace users.

Keywords: air traffic management, airspace, airspace grids, hierarchical clusterisation.

1. Introduction

The air traffic management (ATM) system ensures the
safety, efficiency and environmental protection of the
aviation transport system. One of the main goals of air-
space users is to increase the efficiency of the ATM, i.e.
to ensure more direct flight routes, shorter delays (espe-
cially when the aircraft is in the air), and the reduction of
costs for the services of air navigation that are provided
by the system (Pomeret, Mahlich 1997; Voss, Hoffman
2000). The ATM system, as well as all aviation, is un-
imaginable without airspace, the organisation of which
determines how effectively these services are provided.

Since each country has developed and maintains its
own ATM system, all the components of this system are
developed independently of neighbouring countries or
there is only partial exchange of information about cur-
rent projects and plans.

Comparison of ATM systems in different regions,
e.g. in the United States (USA) and in the European re-
gion (in the countries of the European Civil Aviation
Conference (ECAC)), shows that considerable differ-
ences exist in their efficiency (Fron 1998). The current
fragmentation of airspace along national borders is one
of the major obstacles to ensuring more efficient flights.
Air operations are directly influenced by the air traffic
management systems of different countries, as well as the
organisation of airspace. Evidently, certain individual
measures can have a positive impact on ATM systems
and at the same time on the increase in flight efficiency,
although it would be negligible or local improvement
without creating conditions to fundamentally improve
the ATM system (McCulloch 1998).

As the number of flights increases, the ATM sys-
tem, which forms the basis for air navigation services,
has to ensure that those flights are not only safe but also
effective. Considering the growing impact of traffic flows
and taking into account the not-always-satisfactory in-
dicators of the efficiency of the ATM system, the current
ATM system needs changes (Mandal, Overend 1996;
Kondrogka, Stankanas 2011). Comparisons between
the ATM systems functioning in different regions of the
world show that the less fragmentation there is, the more
efficient flights are. One of the main tasks remains, i.e.

to establish airspace blocks that meet the expectations of
the airspace users.

This paper examines airspace by using methods that
allow the analysed air space to be discretised and that
link it with the statistical data of actual flights without
relating to the existing elements of the airspace, the dis-
tribution of flight control centres, or the navigation aids
network, which enables more accurate identification of
air traffic flows and the formation of airspace blocks.
Due to the different nature of various phases of flight, in
order to ensure the accurate detection of airspace blocks,
airspace is analysed in two layers, i.e. in the upper air-
space and in the lower airspace. After having evaluated
the results obtained in both air layers, airspace blocks
inherent to the entire airspace are formed by applying
clusterisation techniques.

2. Review of air traffic management system and
airspace management and overview of research
methods

After an examination of the expectations of airspace
users, as well as the influence of the ATM system and
the organisation of airspace on ensuring the efficiency
of flights, it was found out that when organising the re-
gion-wide airspace, the factors influencing the delay of
aircraft, the efficiency of the horizontal flight profile, the
efficiency of the vertical flight profile, and the through-
put of the ATM system must be taken into consideration
(Liang, Chin 1998; Weidner, Green 2000; Kostiuk 2001;
Soler et al. 2011).

After an analysis of the efficiency of ATM operation
in different regions, it was found out that the ATM sys-
tem is improved in all regions without any idiosyncrasy
and that all the elements of the ATM system could func-
tion more optimally. The organisation of the airspace de-
termines the conditions for the operation of the ATM
system and the associated efficiency of flights.

It should be noted that the fragmentation of the air-
space (mainly along national boarders) could be iden-
tified as the main factor limiting the ability to increase
the efficiency of flights. The elimination of this limiting
factor from the organisation of airspace is important not
only to the regions composed of many relatively small
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countries but also to large countries with an airspace
structure that cannot create conditions to ensure more
effective flights. Certain individual measures can have a
positive impact on ATM systems and at the same time
increase flight efficiency, but it would be negligible or
local improvement without creating conditions to funda-
mentally improve the ATM system. Only the withdrawal
of the current fragmentation can provide the conditions
to increase the efficiency of flights (the improvement of
throughput and safety, as well as the reduction of costs)
of the entire complex both at the regional and local level.

The negative impact of the fragmentation of the air-
space shows that it is insufficient to organise airspace at
the level of a small area or a single country, and a re-
gional approach is necessary.

Most airspace modelling methods use the airway
network as a basis for this analysis (Delahaye ef al. 1998;
Famanelli 2005; Trandac et al. 2003). As a result of the
introduction of new technologies in aviation, more air-
craft are flying outside airways, so the use of analytic
methods based on the airway network becomes less and
less accurate and leads to the use of methods giving pri-
ority to the independent organisation of airspace.

It should be noted that the use of a structural
weighted lattice would ensure the intended accuracy of
air discretisation when applying hierarchical clustering
methods, not only to form airspace blocks on the basis
of traffic flows in the targeted airspace, but also to ensure
the integrity of the airspace and the optimal integration
of flight operations.

3. Methods of analysing space

Airspace is understood as the physical space in which
actual flights are processed. It is advisable to discretise
airspace methods independently from the existing air-
way network. That is done for two reasons. The analysis
of the airspace in accordance with horizontal flight op-
eration trajectories leads to a massive amount of data
and to cope with such a large amount of data it should
be discretised into related components.

Given that by its very nature airspace is connected
and its elements are determined according to the global
geographic coordinates, airspace is related to the mac-
roscopic space-time domain. This property specifies
that all measurements are carried out in a limited space,
and the results of the measurements are associated with
the global coordinates. Spatial data includes a specific
phenomenon connected with three-dimensional ob-
servation and measurement. When the target airspace
is broken into a lattice, the attachment of flight data to
the lattice cell associated with the coordinate system is
extremely clear. In this case, each point on the Earth’s
surface is described by geographical latitude and lon-
gitude.
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The selection of a structured lattice cell is based on
geometric simplicity and the fact that most of the exist-
ing calculation procedures use these elements in the ap-
proximation of partial differential equations (Thompson
et al. 1985). Breaking the target airspace into a lattice
(Fig. 1) and thus attributing flights to a corresponding
lattice cell means to transform it into the area adjusted
for calculation. For space research, regardless of its shape
and configuration, especially at regional level, it is appro-
priate to use rectangular lattice cells. With the use of a
rectangular lattice, the network of coordinate line inter-
sections making up its structure ensures a more simpli-
fied classification of objects in the target space compared
with other forms of lattice cells.

The generation of structured lattice is usually based
on n-region X"cR" lattice peaks and the assignment of
cells to the reference lattice in whatever standard space
E™ with a certain transformation of E" field to X" field.
E" field defines the calculated area:

x(E):E" — X", £=(EL,..E"),x=(x\,..x"). (1)

Review of the methods of lattice generation has
showed that a structured rectangular lattice is the most
appropriate one for the discretisation of airspace.

Algebraic methods of lattice formation are the most
appropriate ones to formulate the structured rectangu-
lar lattice for discretisation of the target airspace. In ad-
dition, before the clusterisation of the weighted lattice
cells, it is advisable to divide them into a certain number
of classes depending on the number of flights carried out
in them in accordance with the data used in the research.

The cluster analysis performs a similar classification
of objects into classes. To achieve the specific objectives
of the research, it should be projected how the avail-
able data or the data obtained during the research will
be divided into meaningful units. The main aim of the
cluster analysis is to divide different objects into groups
(clusters) according to maximum similarity within the
group and the greatest differences from other groups.

Most commonly two groups of cluster analysis
methods are distinguished: a hierarchical cluster ana-
lysis and non-hierarchical cluster analysis. Hierarchical
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cluster analysis methods are the main statistical methods
used in forming homogeneous clusters with reference to
measured characteristics. With the use of the hierarch-
ical cluster analysis method according to certain rules,
isolated clusters are gradually connected until an overall
cluster is obtained.

It should be noted that cluster analysis has a lot of
specificity and that when different clustering methods
are used on the same data, different results may be ob-
tained. Because the proper choice of clustering method
may influence the reliability of the results obtained dur-
ing research, the application of several clustering meth-
ods helps to avoid possible errors.

Let us look at classifying objects (or properties) in
the absence of training samples.

" objects O;,0,,...,0, , whose properties
are described in the matrix objects-properties

Given:

x}l) x,(f’)
X=| : . i )
x® .y

or the matrix of proximity between objects

P11 P2 " Pim
A )

Pmi Pm2 " Pmm

where xlgk) is the k™ property of object O; and pjj is
the proximity between objects (properties).

The objects-properties matrix is transformed into
the matrix of proximity between objects by specifying
the size of the proximity between objects according to
which the proximity between objects (properties) is cal-
culated.

When region-wide organisation of airspace is con-
ducted, the optimal number of clusters in the target space
is not knowny; it is therefore appropriate to use hierarch-
ical cluster analysis methods. Since the target airspace
is discretised into a structural weighted rectangular lat-
tice with each cell defined by its reference point, it is ap-
propriate to use hierarchical algorithms of connection.
When these algorithms are used, the initial partition is
the following:

SO =50, s0), (4)

where Si(o) = {O}

1
k - level partition

SO =(8{,...89,), (5)

obtained from S*~1, k>1 partition, when combining
two classes p(S;,S,)

(5,,S,) =argmin$; =S, p(S,,S,)

6
5,8, € Sk ©

The final hierarchy is composed of the system of
embedded partitions:

SO =8 =...80-D) = | (7)

which can be graphically displayed. The scheme of this
process is depicted in the graph called dendograma
(Heller, Ghahramani 2005; Manning, Schiitze 1999).

It should be noted that the representation of the
clusters obtained is highly important for the correct in-
terpretation of the results obtained (Duran, Odell 1974;
Diday, Simon 1976; Michalski et al. 1981).

It is ascertained that the optimal number of FABs in
the target airspace can be determined by applying hier-
archical clustering methods, and in order to avoid the
potential different results of the target airspace due to the
application of different cluster analysis techniques, it is
advisable to select the two most appropriate methods for
airspace analysis since comparison of their results would
ensure the identification of the optimal FAB number and
form.

4. Formation of the methodology of modelling
regional airspace with reference to traffic flows

With regard to the strengths and weaknesses of airspace
research, it is appropriate to perform the following steps
when modelling the research on a regional level:

— determine the target airspace in the horizontal
and vertical planes;

- choose the method of discretising the airspace
into its constituent parts;

- determine the factors of the ‘weight’ evaluation
for the constituent parts of the target airspace;

- determine the requirements for grouping the
constituent cells of the airspace into airspace
blocs;

- determine the optimal number of airspace blocks
and their boundaries in the target airspace.

This methodology for the organisation of airspace
structure covers all major phases of airspace analysis.
Transport is a dynamic and rapidly changing area, and
therefore scientifically based methodologies enabling ef-
fective coordination of strategic goals and the principles
of technical and technological implementation must be
developed (Baublys, Smicius 2002).

In light of the characteristics of different phases of
flight, relatively high density of airports, and special pur-
pose zones (prohibited, dangerous, limited, temporarily
isolated, and military) in lower space, it would be appro-
priate to analyse the airspace in two layers. Referring to
the results of the analysis, it is appropriate to choose a
threshold of 285 FL.
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To ensure the integrity of the entire airspace and
the phases of the flights, applying a unified principle
to organise the structure of airspace is proposed firstly
to form FABs in the region airspace and then to divide
these FABs into airspace of Area Control Centers and
Air Traffic Control sectors subsequently (Kondroska,
Stankanas 2012).

Research of airspace organisation has shown that it
would be appropriate to rely on the existing air traffic
network only in the regions where the air traffic network
is very dense and only where it is very close to optimal
horizontal flight trajectories. Meanwhile, analysis of dis-
cretising the airspace in its constituent volumes is inde-
pendent of the air traffic network and reflects the actual
trajectories of flights.

One of the most accurate methods of discretising
airspace is the application of lattices that allow easier
and more accurate discretisation of the target airspace.
In research, the use of discretisation is becoming more
and more frequent. An additional advantage to the ap-
plication of lattices is that, when this method is used,
problems related to the target space boundary invest-
igation can be solved. The generation of the lattice can
be defined as a procedure of the orderly distribution of
objects in physical space so as to ensure that there are ef-
fective relations between objects and that all phenomena
can be expressed in the proper accuracy in the integral
target space.

By its very nature, airspace is connected and its ele-
ments are determined according to global geographic
coordinates. Airspace is therefore related to macroscopic
space and time domains. This property specifies that all
measurements are carried out in a limited amount of
space and that the results of the measurements are asso-
ciated with global coordinates.

What is more, in the proposed methodology, the
distribution of lattice cells in the respective weighted
classes is projected, and it is proposed to apply not only
lattice cells of different sizes, but also a different distri-
bution of the weighted classes for airspace block and re-
gional flight control centres and flight control sectors.
One of the main factors is the correspondence with es-
sential traffic flows. After having evaluated the distri-
bution of lattice weighted cells in the target airspace, it
would be reasonable to assume that all the lattice cells
that perform over 10 flights a day are attributed to the
basic flows.

Research has shown that the block of the target air-
space is effective if it meets three basic principles:

- makes up a large area, i.e. embraces the airspace

of at least two countries;

— corresponds to major traffic flows; and

— ensures the efficient use of the airspace.
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In compliance with these basic principles, certain
criteria helping to ensure the effectiveness of flights
should be applied for FABs being formed in the target
airspace. The criteria of three efficiency levels are there-
fore set for the airspace blocks (basic, optional, and the
form of airspace blocks).

The rectangular lattice that is obtained, which is
common to both layers of the target airspace, evaluates
the features of operations carried out in both layers, and
on its basis lattice cell grouping into a certain number
of sequences according to the requirements meeting the
research purpose is carried out. These sequences will be
the basis of the FABs that are formed.

Based on the findings of the work, the cells of the
target airspace are divided up with the use of a rectan-
gular lattice; the methodology projects their grouping by
using the hierarchical clustering methods.

When airspace blocks are formed after the forma-
tion of clusters, their side boundaries must be assured
and, if needed, adjusted, ensuring adequate buffer zones
for major international airports and military zones. The
map of the main international airport areas and military
zones is therefore connected with the cluster map that is
created and the corresponding corrections, ensuring that
airspace block efficiency criteria are fulfilled.

If the results of the airspace blocks that are formed
are not satisfactory, the clustering stage is repeated. The
airspace design can be fully approved only after testing
with an actual air traffic simulator and then actually
providing air traffic services (Ehrmanntraut, McMillan
2007).

5. Formation of airspace blocks

in the European region

This section of the paper provides the experimental re-
search of the application of the methodology for the or-
ganisation of the regional air space with reference to the
main flows of air traffic.

For the experiments, the airspace of the European
region, in which FABs are currently being implemented,
was chosen. To test the methodology, actual flight data
and the restrictions on the formation of airspace blocks
were applied.

To conduct the experiment, a model of the target
space was designed and discretised into its constituent
parts using a structural square lattice. According to the
methodology, the airspace was analysed in two layers.
Presently the nine FAB initiatives are being implemented
in the European region. In light of this, this analysis res-
ulted in forming from two to nine airspace blocks in the
target space and determining the optimal number and
configuration of airspace blocks.

To evaluate how the methodology of the organisa-
tion of the regional airspace with reference to the main
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air traffic flows and the data of real flights (as proposed
in section three) is applied to establish the optimal num-
ber of airspace blocks in the airspace of the actual region,
the airspace of the European region was selected for the
experiment, where, in accordance with the SES concept,
FABs are currently being implemented.

Given that in the European region air navigation
services are provided to flight level 660 and that accord-
ing to the Single European Sky, the FABs are supposed
to cover the entire airspace of the ATM system, the ver-
tical boundaries of the composed airspace model are
from the ground to flight level 660. In the case of the
target airspace of the European region, the chosen side of
the rectangular region, meant to be divided into lattices,
comprises 4400 nautical miles from north to south and
4100 nautical miles from east to west. The coordinates
of the central point of the rectangular region are 51°00”
north latitude and 2°00” west longitude, and the airspace
is analysed in two layers, from ground up to flight level
285 and from flight level 285 up to flight level 660.

In the rectangular airspace where the structural
square lattice of 30x30 nautical miles was formed, 19.856
lattice cells were created. The space included in the tar-
get airspace is several times smaller and consists of 7,357
lattices (Fig. 2).

The results of the research have shown that when
distributing the points representing the lattice cells into
two, three, four, seven, eight and nine clusters in the tar-
get airspace, the most appropriate is Ward’s method, and
when forming five and six clusters in the target space, the
most appropriate is the method of full connection.

Similarly, the distribution of cluster diffusion on
the mean (standard deviation) is evaluated, i.e. the smal-
ler the standard deviation of the distribution of clusters,
the better the method, since less dispersion around the
mean means a more even distribution (more even cluster
sizes).

With the clusterisation of the points representing lat-
tice cells into five clusters and the use of the complete-link-
age method, the percentage distribution of cluster diffu-
sion on the mean is the lowest 8 = 3.83 in case of the
target airspace, this is the optimal option (Fig. 3).
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Fig. 3. Comparison of standard deviation of three clustering
methods

According to the results of the research, with the
use of hierarchical clustering methods to determine
the elements of the airspace, it is advisable to apply two
methods: the complete-linkage and Ward’s methods. The
clusters that are formed are balanced according to their
sizes, and therefore the FABs formed on their basis en-
ables the successful application of uniform efficiency in-
dicators of their operation.

Since the distribution of military zones in the target
region was not evaluated during the clusterisation, the
model of the target airspace was complemented by mil-
itary mapping.

Because of the intensification of traffic flows, the
growing demand for airspace, and the introduction of
new technologies in the aviation system, it is necessary
to reduce the current fragmentation of the airspace and
to organise the airspace at a regional level to increase the
efficiency of flights. A project to consolidate the airspace
in the European region is currently being implemented
on the basis of political agreements. In order to adapt
the methodology for the organisation of the regional air-
space, a model of the target airspace was designed.

Research has shown that in the optimal case, five
clusters are formed in the target European region ac-

5 BLOCK

Fig. 4. Optimal airspace blocks in the region analysed



Aviation, 2012, 16(3): 69-75

cording to the established cluster constraints. Based on
the methodology, airspace blocks are obtained by adjust-
ing cluster boundaries with regard to the distribution of
the military zones in the target region (Fig. 4).

6. Conclusions

1. It was determined that the main reason for the
lack of efficiency of the ATM system is airspace
fragmentation along national borders.

2. In order to ensure the integrity of the airspace
and the individual elements of the ATM system,
it is proposed to start the organisation of the
airspace with the formation of airspace blocks,
which subsequently would be distributed to re-
gional air traffic control centres and air traffic
control sectors.

3. It was determined that the proposed methodo-
logy of modelling the airspace with reference to
air traffic flows can be best realised by applying
an independent air space discretisation method,
structural square weighted lattice, and hierarch-
ical clustering methods.

4. It was determined that the proposed methodo-
logy successtully solves the problem of modelling
the regional airspace.

The results show that with the use of the proposed
methodology of modelling the regional airspace with
reference to air traffic flows for the formation of airspace
blocks in the regional airspace, the optimal number of
airspace blocks in the target region can be determined
and that their boundaries can be defined by evaluating
the distribution of certain military zones in the region.
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