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Abstract. In this work we developed a fuzzy neural network-based model of the conditions for the existence of
air routes, i.e. the rules underlying the emergence, existence and elimination of air routes (direct links between cities).
The model belongs to the class of information models: the existence or non-existence of an air route is considered
dependent on a complex of parameters. These parameters characterise the transport link, as well as the generational
and target capabilities of the connected cities. The model was constructed using genetic algorithm techniques and
self-organising Kohonen maps (implemented by software features of the STATISTICA package), as well as software
tools of the Fuzzy Logic Toolbox and the Neural Network Toolbox of the MatLab development environment. The
model is used to forecast the development of the topology of the network. The forecast is a necessary component of
long-term forecasts of demand in the aircraft market.
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1. Introduction

An adequate toolset is needed in order to assess the con-
tribution of new technologies to achieving the target
indicators of advanced airplanes within the Russian air
transport system. The set of tools in question should have
two levels. The first level incorporates basic models that
will enable us to formulate scenarios for the development
of passenger air transport. These scenarios should char-
acterise the forecasted traffic intensity for various classes
of passenger aircraft within the route network in order to
meet distributed public demand for passenger air trans-
port (Vasermanis et al. 2004). The second level of the tool-
set being developed must include models and programs
for estimating the contribution of new technologies in the
reduction of contaminants and greenhouse gas emissions,
as well as the improvement of the fuel efficiency of new
trunk and regional passenger aircraft fleets.

The object of the study is the Russian trunk air route
network. The goal of this research is to create a software
complex for modelling and predicting the development of
the Russian trunk air route network (Blinova 2007). The
significance of this research is in that it allows solving ap-
plied problems connected with long-term prediction of
the Russian market of long-distance and regional aircraft
based on changes in topology of the air route network.

In order to solve the problem of predicting the de-
velopment of air routes, we developed a software com-
plex (Fig. 1) performing the following functions: prepar-
ing source data, creating a model for the development of
air route networks, and predicting the development of
air route networks.

2. Model of conditions for existence of air routes

We developed a fuzzy neural network-based model
(Borisov et al. 2007; Haykin 1999; Kosko 1994; Piegat
2001) of the conditions for the existence of air routes, i.e.
direct links between Russian cities. This model is used to
forecast the development of the topology of the network.
The model belongs to the class of information models.
The model was based on the following hypothesis: there
are universal rules governing the appearance, existence
and dissolution of an air route, and these rules can
be determined using a limited number of measurable
parameters. We developed this hypothesis based on the
analysis of changes in the topology of Russia’s trunk air
route network over the past 15 years.

The existence or non-existence of an air route is
considered dependent on a complex of parameters.
These parameters characterise the transport link, as well
as the generational and target capabilities of the connec-
ted cities (that is, how likely a linked city becomes a start-
ing point and a destination point, respectively). In this
work, we consider the backbone network of 144 trunk
airports located in 139 Russian cities. Eight input para-
meters corresponding to the year 2006 are considered:

— Characteristics of air connections:

1. Length of air route.

2. Class of air route (according to the aircraft re-

ceived).

3. Characteristic of air route direction.

4. Existence or non-existence of a rail link between

the cities.
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Fig. 1. Flowchart of the software package
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— Characteristics of generational capabilities:

1. Population size of the constituent entity.

2. Gross regional product (GRP) of the constituent

entity.

- Characteristics of target capabilities:

1. Amount of available accommodation.

2. City’s status.

They are used to build representative sets of train-
ing, test and validation data. For this purpose, we used
the method of self-organising Kohonen maps (Haykin
1999; Kohonen 1990, 2001) implemented in the STAT-
ISTICA software package (Neural networks ... 2008).
Use of this method enabled a significant reduction in the
amount of training data while retaining the information
value of the original data essentially unchanged.

2.1. Constructing the training set

In this work, the traditional approach to constructing the
training set, which takes into account both generational
and destination capabilities of both cities of a given air
route, is referred to as symmetrical. This approach implies
that the parameters of both cities are equally important
for the existence of the air route and that they must be
considered when forming the elements of symmetrical
training sets. At the same time, the existence of the air
route can be assumed to be determined either by the gen-
erational capabilities or the destination capabilities of one
of the cities. This approach forms the basis for the ele-
ments of the so-called unsymmetrical training sets.

In this work, eight versions of the training set were
considered while building the model of the conditions of
the existence of air routes (Tab. 1). These versions of train-
ing sets differ in two ways: in the principle underlying the
formation of training sets and in the principle underlying
the formation of training elements per se. Training sets
have a two-letter designation. The first letter (A, B, C, D)
corresponds to the type of training set. The second letter
(S, P, C, D) corresponds to the type of training set element.

Version A implies developing a model based on the
traditional approach to generating a training set. Gener-
ational and destination parameters of cities (airports) in
training set elements are formed as sums (S) or products
(P) of the corresponding parameters of the two cities of
one air route. Thus, versions AS and AP of the training
set are built. They fall in the category of symmetrical ver-
sions. Other versions of training sets considered in this
work are unsymmetrical. The dissymmetry of these ver-
sions lies in the fact that a certain criterion is used to pick
a primary city from the two cities of an air route.

In version B, the set of training elements is created
based on pre-ranking the cities in terms of the air routes
that pass through them. At each ranking step, a city
with the maximum number of air routes is determined,
whereupon these air routes are excluded from subsequent

consideration. Thus, each air route is thought of as belong-
ing to one city only, the primary city in a given city pair.
Training set versions BS and BP are formed similarly to
versions AS and AP. The values of generational and des-
tination parameters of the elements of these sets are cal-
culated as sums (S) or products (P) of the corresponding
parameters of the two cities. In versions BS and BP, the
training set dissymmetry lies in the determination of the
primary city. Version BC of the training set uses gener-
ational parameters of the primary city as generational
parameters of the training set elements and uses destin-
ation parameters of the secondary city as the destination
parameters of the training set elements. Version BD of the
training set uses destination parameters of the primary
city as destination parameters of the training set elements
and uses generational parameters of the secondary city as
the generational parameters of the training set elements.

Table 1. Eight versions of the training set

Element parameters

Training set | ¢ ihe training set

Symmetrical training set (A)

Sum (S) of the values of the corresponding
measurable parameters of both cities
Product (P) of the values of the

AP corresponding measurable parameters of
both cities

Ranking the cities in terms of

the number of airlines (B)

Sum of the values of the corresponding
measurable parameters of both cities

AS

BS

Product of the values of the corresponding

BP measurable parameters of both cities

Unsymmetrical training set

Training set

Generational (C)

Destination (D)

parameters of
training set elements

parameters of training
set elements

Generational Destination

BC parameters of the parameters of the
primary city secondary city
Generational Destination

BD parameters of the parameters of the
secondary city primary city
Generational Destination

cc parameters of the parameters of the
primary generating | secondary generating
city city
Generational Destination

DD parameters of the parameters of the
secondary destination | primary destination
city city

In version C, the training set is formed after compar-
ing the generational capabilities of the two cities of the air
route. The one with greater generational parameter values
is picked as the primary city. The procedure implies com-
paring the population of the two cities and subsequently
(if these parameters are equal) the GRP values for these
cities. Version C of the training set correlates best with the
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similarly named version of the formation of training set
elements, where generational parameters of the primary
city are used as generational parameters of the training
set elements, and destination parameters of the secondary
city (the one with lower generational capabilities) are used
as the destination parameters of the training set elements.
Thus, the CC training set version is built.

In version D, the training set is constructed after
comparing the destination capabilities of the two cities of
the air route. The one with greater destination parameter
values is picked as the primary city. The procedure implies
comparing the number of accommodation units for both
cities and (if these parameters are equal) the administrat-
ive status of these cities. Version D of the training set, like
version C, agrees best with the similarly-named version of
training set elements, where destination parameters of the
primary city are chosen as destination parameters of the
elements, and generational parameters of the secondary
city (the one with less significant destination capabilities)
are picked as the generational parameters of the elements.
Thus, version DD of the training set is built.

Analysing the modelling results, we identify four
air routes classes. These classes are introduced through a
two-digit index, where the first digit corresponds to the
real air route, and the second one, to the modelled one:

11 - air route exists and is correctly modelled;

00 - air route does not exist and is correctly mod-

elled;

10 - air route exists and is incorrectly modelled;

01 - air route does not exist and is incorrectly mod-

elled.

The first two classes correspond to modelling res-
ults that match the actual network. The third and fourth
classes manifest the discrepancies between the network
model and the real network. Figure 2 shows the numer-
ical comparison results of eight model versions of the con-
ditions for the existence of air routes. It displays data on
the number of city pairs with correctly modelled existing
(class 11) and non-existing (class 00) air routes as of 2006,
expressed in percentage points. The most efficient method
of model evaluation is pairwise comparison based on the
formation principle of training set elements.

90%
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= Airline exists neither in reality nor in the model (00)
Percentage of correct modelling results

Fig. 2. Comparison results of eight model versions of the
conditions for the existence of air routes

Models BS, BP, BC and BD simulate the existing
air routes worse than other models. This is primarily
because the principle underlying the training set con-
struction does not correspond to the principle used to
generate training set elements, which means that the
sets in these models are less informative. At the same
time, these models are better at modelling non-existent
air routes. The latter is because the training sets did not
include many city pairs that were not connected by air
routes. The best modelling results were achieved by us-
ing models BC and CC. This is because despite the dif-
ference in training set construction principles, the sets of
elements in them were largely similar. The comparison of
model versions AS and AP shows that for a symmetrical
model, the product of similar parameters is preferred to
their sum. Even though the DD model achieves some-
what lower success rates at modelling the existing air
routes than the AP model, the DD model is believed to
be more promising. This model simulates 86% of exist-
ing air routes correctly, which is the maximal number
for all models. Besides, the correctly modelled air routes
total over 95% of annual passenger traffic.

The model of the conditions for the existence of
air routes that treats the purpose of the journey as the
key factor determining the existence of a direct air route
between two Russian cities (airports) is believed to be
the most promising. In this case, the existence of the air
route is primarily determined by passenger traffic bound
for the city with the greatest destination parameters.

2.2. Building output parameter values

The term existing air route means here a direct air link
between a pair of cities. A non-existent air route is un-
derstood as a lack of a direct air link between a pair
of cities. At the initial stages of model development,
the notion that an air route exists was unambiguously
interpreted based on the aircraft flight timetable for
2006. The output parameter could assume two values: I
(the air route exists) or 0 (the air route does not exist).
Value 1 was assigned if there was at least one aircraft
flight along the route. Value 0 was assigned if there were
no flights during the year in question. We found that
this interpretation of the notion of air route existence
prevents the model from demonstrating high value in
terms of generalisation, so we had to expand the output
parameter set. For this purpose, we used data of flight
timetables for three years (2005 to 2007). For each air
route, the total number of aircraft flights in each year
was determined. These data were normalised to the
maximum value for the air route over three years. Nor-
malised data on the total number of flights for each air
route in 2005, 2006 and 2007 can be represented on the
sides of a three-dimensional cube (Fig. 3). This allows
changes in aircraft flight intensity to be visualised for
each air route over three years.
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Fig. 3. Air routes on sides of three-dimensional cube

Each air route (depending on the stability of its state
and the rate of change in aircraft traffic) is assigned a spe-
cific output parameter value: 0.0, 0.4, 0.6, 0.8, 0.9 and 1.0
(Tab. 2). This is determined based on the stability of this
air route’s status over three years. To do this, we estimate
the proximity of this air route’s point on the sides of the
3D cube to the diagonal of this cube, which is calculated
using equation (1):

L o axb
cosa=cos(anb)= — =
]|
(1)
1- X005 +1- %5006 +1- X007
b
‘/12 +12+12 ><\/x20052 +%X2006> T X2007°
where a=a(1;11) — cube diagonal,

b=b (X50055 %2005 X2007)» X; — total (normalised) num-
ber of flights in the i-th year.

The more stable the air route over the three years
under investigation, the closer its point lies to the diag-
onal of the 3D cube. Thus, the analysis of air route sta-
bility over three years allows coming up with a more
suitable interpretation of the notion air route exists and
expands the output parameter value set that is used in
developing the model.

Table 2. Output parameter values

Existence
of an air Angular Value of Interpre-
link in range the output tation of
2005- for a parameter values
2007
[0+10°]
3 years (10+20°] Existing
(20+35°] air route
2 years
1 year Non-
existent
0 years air route

2.3. Developing the model

The main factor defining the existence of an air route
is the purpose of the trip: destination parameters of the
primary city are chosen as destination parameters of the
elements, and generational parameters of the secondary
city (the one with less significant destination capabil-
ities) are picked as the generational parameters of the
elements.

We made a quantitative assessment of the efficiency
of various combinations of parameters used to develop
the model. To do this, we use a genetic algorithm method
that is implemented in the STATISTICA software pack-
age (Neural Networks ... 2008; Rutkovskaya et al. 2006).
As aresult, it was decided to use six out of eight paramet-
ers as significant input parameters. The least significant
parameters turned out to be the ones characterising the
transport link, i.e. air route length and characteristic of
air route direction.

A fuzzy neural network model of the conditions
for the existence of an air route was developed using the
software tools of the MatLab (Fuzzy Logic Toolbox and
Neural Network Toolbox) (Leonenkov 2005; Shtovba
2007). The neuro-fuzzy network of the model is syn-
thesised and refined using an adaptive neuro-fuzzy in-
ference system (ANFIS) (Jang 1993) editor based on an
input-output pair sample (Fig. 4). The training of this
neuro-fuzzy network results in building a set of fuzzy
rules that determine whether or not an air route must
exist between a pair of cities under the given values of
measurable parameters.
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Without Regard for the '"Dead" Zone of the Model
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Taking into Account the "Dead" Zone of the Model
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= Correctly modelled
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"Nonexisting” Air Routes

4%.
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(90% of passenger traffic)

Correctly modelled
® Incorrectly modelled

Fig. 4. Modelling results

3. Analysis of modelling results

Analysis of modelling results shows that air routes for
which the modelled output parameter values are close
to 0.5 are modelled unambiguously. We decided to es-
tablish a ‘dead’ zone corresponding to modelled output
parameter values in the range of (0.3-0.7).

The results of modelling with and without taking
into account the ‘dead’ zone are shown in figure 4. The
model yields ambiguous results for 32% of air routes
relative to the total number. Introduction of the ‘dead’
zone substantially decreased the number of incorrectly
modelled air routes. Among the correctly modelled air
routes, correct results are produced for 83% of air routes
existing in 2006 and for 96% of non-existent air routes.
Thus, introducing a ‘dead’ zone for the output variable
allows us to enhance modelling quality.

Figure 5 demonstrates an OD matrix for the model
produced by taking into account the ‘dead’ zone when

interpreting modelling results. The OD matrix is used
to visualise the air route network. Each matrix cell cor-
responds to a probable air route. Different colours de-
note correctly and incorrectly modelled air routes that
existed or did not exist in 2006. Air routes that were not
considered or modelling results that are ambiguous are
shown in white.

We analysed the incorrectly modelled air routes.
Air routes in the class (10) ‘air route exists in reality but
not according to the model’ (red marker) are mostly
confined to inner regional routes, i.e. they are essentially
local air routes. Air routes in the class ‘ir route exists
according to the model but not in reality’ (01) (blue
marker) are mostly located in columns corresponding to
cities with substantial target capabilities and can be in-
terpreted as promising air routes. Otherwise, the model
correctly represents the structure of Russia’s trunk air
routes.
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Fig. 5. Model OD matrix (taking into account the ‘dead’ zone of the model)

4. Conclusions

The technology of adaptive neuro-fuzzy inference sys-
tems was used to develop an information model for con-
ditions for the existence of air routes. The model unam-
biguously models the existence or non-existence of direct
air links for 70% of city pairs. Among air routes that are
modelled unambiguously, correct results are obtained
for 83% of existing (as of 2006) and 96% of non-existing

trunk air routes between Russian cities. These air routes
account for 90% of annual passenger traffic. Thus, the
model that is developed reflects the structure of the core
of Russian trunk air routes correctly. The model of the
conditions for the existence of air routes can be used to
predict the topology of the development of the Russian

trunk air route network through to 2020.
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