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network. The importance of ! in term of efficiency has been defined as follows, where " lis the

function representing the so called " #!$4&" ()# of the network:

TN YA

T P
By means of these measures, in the following analysis it will be possible to predict the
efficiency of the global air system under different hypothesis of failures and attack scenarios.

Moreover, the same measure can be applied to an 'improvement’ analysis, considering which

and how many flights should be added at the network to improve its efficiency.

"HPUR! () *&$+,)-L , /&0
The analysis have been taken first locally on the Greek and the Turkish networks, then
considering them as a single homogeneous air system. The models of the air networks have

been built by means of a new tool, called 'time=net.work' (www.timenetwork.org), developed

by the author by means of MATLAB and * )+ ,# code, which allow the user to built a
mathematical graph of nodes and edges, easily exportable on different formats (.nwb, .net,
.gml) on other freeware applications of network analysis (respectively NWB Tool, PAJEK and
Yed Graph Editor"). Each node has been connected with each other by a link representing a
non-stop flight service operated by the two national Olympic and Turkish Airlines. Therefore,

analysis have been conducted with the help of different complex network algorithms.

"##$2314 336! B* 3D : B

The Air Network of Greece has got the fundamental role of building connections through its
region, especially between many Aegean islands and the continent. In the summertime the
great traffic demand requests a major connection system between tourists areas, while in
other months it should replace the sea services, not always available.

In this study it has been considered the Olympic Airlines network, which is the state-run flag

carrier and the largest airline in Greece. It operates scheduled services both to domestic and

1 NWB Tool is a research project of the Indiana University, USA (nwb.slis.indiana.edu); PAJEK is one
of the most common tool for large networks analysis and visualisation (vlado.fmf.uni-
lj.si/pub/networks/pajek), while Yed is a freeware Java graph editor, part of the yFiles project
(www.yworks.com).
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systems, in the space of services, and in both networks, weighted and unweighted. Results
will be visualised and analysed by means of the implemented complex networks algorithms
to predict the vulnerability of the system, in case of failures or deliberate attacks, both

infrastructural and related to services.

"B o' () &

The networks connectivity (weighted and unweighted) about layers (Greece, Turkey and the
global system) and spaces is the first result obtained using the mathematical tool; it was also
able to find several information about shortest paths, clustering, nodes degree and strength
distribution and betweenness centrality: this kind of analysis is fundamental to define the
relations between air network structure, services (travel time and frequencies) and the new
efficiency measure, in order to define the vulnerability and the possible improvements of the

system.

"R+ - .+ [ #012{8411/ . 4B57

Air networks behaviours are obviously related with their structures; shortest path length (L)
and clustering (C) measures are useful to predict how close they are, in terms of number of
flights to change to reach a destination. This is the so called !" #¥&' ($ behaviour,
characterised by small values of L and high values of C. On the other side, the distribution of
the nodes degrees (and of the strength, for a weighted network) follows a 'power law', due to
the presence of hubs. This is the typical behaviour of ! *#%,-(++ networks. As previously
reported, !" #&' ($ and scale free networks are known to be very stable, despite under
different hypothesis of failures. The first are tolerant both to random and to targeted attacks,
while the second one are more vulnerable to selected failures over their hubs.

The structure and connectivity analysis shows that the southeastern air network can be
considered both !" #®&' ($ because of the distances (in particular related to the global air

network) (Table 1), and ! *#%-,-(++ due to the node degree (and strength) distributions (Figure

1),
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the relative drop of efficiency value due to their deletion from the network dynamics.

Global Network — Weighted Critical Elements (Travel Time and Frequencies)

Crit. Edges I P/IP Crit. Nodes I P/IP Node Degree
IST — ATH 44% ATH 80% 33

ESB - IST 42% IST 56% 27
CHQ - ATH 37% ESB 46% 18
AXD — ATH 35% HER 38% 3
MLO - ATH 35% SKG 37% 5

Table 3: Critical weighted elements. When the distances are measured by travel time and weighted by
the frequencies of flights, even small connected airports become important in the global flow dynamic
scenario.

Global Network — Weighted Critical Elements (Frequencies)

Crit. Edges I P/IP Crit. Nodes I P/IP Node Degree
IST — ATH 44% ATH 96% 33

CHQ - ATH 5% IST 95% 27
KYA - IST 4% ESB 92% 18
IST - SZF 4% AYT 91% 8

AXD — ATH 3% ADA 90% 7

Table 4: Critical weighted elements. In this last case it has been analyse the vulnerability of the
elements maximising the frequencies, and therefore the traffic flow, on the minimum shortest paths
(i.e. minimum number of flight changes on a path). As shown, the most critical edge is the one that
connects the Greece and Turkey networks with the maximum flow, while the deletion of others have
got minimal impact on the system.

Table 2, Table 3 and Table 4 show the first five most critical elements of the global network, in
different approaches, and the relative drop of efficiency that their deletion would cause. It is
interesting to notice that there are not always the most connected nodes the ones that are

fundamental for the correct dynamics and traffic flow through the network.

6.3. Efficiency and Improvements

The 'damaged' approach to network analysis may be used in the opposite way, to evaluate
which connections can improve the efficiency of the system and therefore its robustness. The
main reasons that lead an air network provider to insert a new connection in the systems are
obviously a travel demand request and several economical constraints. In this last analysis it
is trying to link both the five most topological connected nodes to the five with highest values

of betweenness (in case they were not yet connected), in terms of traffic flow. The new
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topological network will be then 'attacked' (Table 5) to measure its tolerance. Results show
that the new network is very fault tolerant to missing connections, and more robust in case of
airport faults than corresponding values shown in (Table 4). This is only one of the possible
scenarios that could be model, in order to provide tolerance information of a new designed

transportation scenario.

Global Designed Network — Weighted Critical Elements (Frequencies)

Crit. Edges I P/IP Crit. Nodes I P/IP Node Degree
CHQ - ATH 5% ATH 67% 33

KYA - IST 5% IST 30% 27

IST - SZF 5% ESB 8% 18
AXD — ATH 4% SKG 7% 5

DNZ - IST 4% HER 7% 3

Table 5: Designed network critical elements. Taking into account different new connections based on
degree and betweenness, the most critical edges have very low impact on the global efficiency. The
designed network is very fault tolerant to missing connections. Moreover, due to the new connections,
the basic link between Athens (ATH) and Istanbul (IST), lose its criticity.

7. CONCLUSIONS

A complex network approach seems to be a new right method to evaluate typical air
networks properties as such as connectivity, vulnerability and hubs efficiency. Complex
network theories can help the air service provider to define which links and nodes are the
most vulnerable in case of failures or deliberate attacks to the system.

Results showed that the nodes with higher degree are not always the most vulnerable, taking
into account not only topological information, but traffic flow as well. The analysis on different
kind of global networks connections allow the air network provider to predict the functionality
of which elements have to be preserved much more than the others, in order to guarantee a
desired Level Of Service.

Finally, the projected tool is able to give several further information about the tolerance of
new designed system, towards an optimal solution between travel demand requests and

infrastructural constraints.
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