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Abstract—1In recent years there has been a great effort to
convert the existing Air Traffic Control system into a novel
system known as Free Flight. Free Flight is based on the concept
that increasing international airspace capacity will grant more
freedom to individual pilots during the enroute flight phase,
thereby giving them the opportunity to alter flight paths in
real time. Under the current system pilots must request, then
receive permission from air traffic controllers to alter flight
paths. Understandably the new system allows pilots to gain
the upper hand in air traffic. At the same time, however, this
freedom increase pilot responsibility. Pilots face a new challenge
in avoiding the traffic shares congested air space. In order to
ensure safety, an accurate system, able to predict and prevent
conflict among aircrafts is essential. There are certain flight
maneuvers that exist in order to prevent flight disturbances
or collision and these are graded in the following categories :
vertical, lateral and airspeed. This work focuses on airspeed
maneuvers and tries to introduce a new idea for the control of
Free Flight, in three dimensions.

I. INTRODUCTION

A system of many aircraft is a real time system. An
accurate real time system requires the minimum possible
response time so that it functions well.

In dealing with this specific problem we focus on two
basic areas in the creation of an accurate control system
based on airspeed maneuvers: optimum (minimum) veloc-
ity changes [1] and quick response of the system. Initi-
ating slight changes in velocity, requires certain amount of
time. Furthermore, an immediate response from the system,
requires a quick change computation. If those times are
minimal then the total processing time is also minimized,
which is a basic principle in real time systems.

By considering the importance of response time in relation
to the prevention of air traffic conflict, we concluded that
the most appropriate way to update velocities is the use of a
neural network. We know that a trained neural network has
very short response time.

Neural networks [2] can be characterized as computa-
tional entities with particular properties such as the ability to
adapt or learn, to generalize, as well as to cluster or organize
data, and whose operation is based on parallel processing.
The intriguing question however, is to what extent does
the neural approach prove to be better suited to certain
applications rather than other models.

II. PURPOSE OF THIS PAPER

The goal of this paper is the creation of a neural network
that can predict the optimal velocity change of two aircraft
in order to avoid an imminent conflict.

First and foremost, collision cases were gathered for
the creation of the specific neural network. This task was
managed with Matlab which created random flights with true
velocities. In this way, a great number of cases are gathered
but many are irrelevant to the problem, so the method of
sample deletion is used.

The next step is the creation of a nonlinear program in
GAMS [3] tool to find the new velocities of each aircraft in
order to avoid conflict. The function of this program is to find
the minimum velocity changes. Furthermore, it is important
to mention that for each conflict case there is a unique file
in GAMS [3], giving solution to the problem as well as
a specific file keeping the velocity changes. Because of the
great amount of data two side programs in C++ are used in
order to edit these files (GAMS, velocity) in a few seconds
while manually it would have taken days for this work.

The final step is the collection of data to train the neural
network [2]. Thus it was decided that the inputs of the neural
network, known as training set, would consist of initial and
final positions in the control sphere (see chapter III), as well
as initial velocities. The desired output, known as the target
set, of the neural network are the velocity changes [1].

III. PROBLEM APPROACH

First of all a true scenario is represented for the Free Flight
problem. There is a sphere of radius 108 kilometers, termed
here as the control zone [4].

The object of our study is a pair of aircraft flying in the
sphere. Each airplane has random initial and final configura-
tion points in the control sphere. We consider the motion of
the two aircraft being linear with constant velocities in order
to simplify the problem. When the two objects become closer
to each other than 9 kilometers we assume that a conflict
occurs [5].

First, we create a sphere of radius 108 kilometers and two
aircraft randomly distributed in it. The first aircraft (as well
as the second) has random initial points Pgircra i1 (Zis Ui, 2:)



and final points Pyircrafi1 (2, Y, 2f) On the sphere surface.

Fig. 1. P1 (P3) is the insertion point, P2 (P4) the escape point in the
sphere of the first (second) aircraft.

Furthermore, to determine each aircraft in a unique way,
we use the two spherical angles, § and ¢ [10]. Notice that
for the two dimensional space we need only one angle to
define the direction of an object. Thus for the 3 dimensional
space we need 2 angles.Where
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To resume, we have the position of an object totally deter-
mined by the point: Puircrafe1 (24, Yis 23, 05, 03).

We now define a relationship between the two objects so
we consider the route as a function of time. Thus the
configuration of an aircraft at time ¢ is:

Paircraftl(mt; Yt, 2t etv ¢t)

To test whether the objects collide, we check the distance
between them during a specific period of time [6].

IV. EQUATIONS FOR COLLISION SCENARIOS
The equations [10] expressing the motion from the initial
to the end points are:

r=x1+a\
Y =y1+azA 3
z=2z1+ag\

Where
a=(a,as,a3) = (x2 —x1,Yy2 —y1,22 —21) (4

and A is a variable.

We select random values for the two input angles ¢; and
0; and for the output angles ¢ and 6 in the sphere surface,
and we compute the cartesian coordinates as follows:

x = Rsin(¢)cos(6) 3)
y = Rsin(¢)sin(0) (6)

2 = cos(o) (7

Where the 6 and ¢ angles are shown in the figure below:
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Fig. 2.
space.

The angles that determine the position of the aircraft in the 3D

By using the fact that the the two aircraft follow a linear
path with constant velocities we get the following equation.

s =uit ®)

On the other hand the length s covered by an object in a
flight is equal to :

s=V(@—21)2+ @y —y)’+ (z—21)? ©9)

using the usual mathematical type of distance.
By equating (8) and (9) we get:

ut=+/(z —21)2 + (y —y1)? + (2 — 21)?

If we replace term (z — x1) with its equal from equation (3)
a1 A we finally have:

Ult = /\\/(al)Q + (a2)2 + (a3)2 (11)

and if we set the equation: u;t = M|a| by analyzing the
above equation we have:

(10)
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Furthermore we can replace the term A with its equal in
equation (3) and finally we get the equations below:
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With these functions we know where an aircraft is positioned
at time t. So we know the distance between the two aircraft
at every time instant t. The distance between them is:

d= \/ Xairs +Yaigr + Ziiss

knowing that:



Xaifg = xi(t) — x;(t)
Yairr = vi(t) — y;(t)
Zaigy = #i(t) — 2z (1)
V. OPTIMUM VELOCITY CHANGES WITH THE HELP OF
GAMS

1) Basic ideas: The main decision variable that deter-
mines whether or not we have conflict is the distance between
the two aircraft. If this distance is less than 9 km then we
have conflict. Based on this fact, the distance is defined as
a function of time. Thus the solution for the avoidance of
conflict lies in keeping the distance between the two objects
greater than 9 km during the entire route. First of all, we
sectioned the time of the route into a number of parts.
To begin with, we know that the aircraft fly with a speed
equal to 15 km per minute and that the control sphere has
a diameter of 216 km. It is easily understandable that the
greatest distance that can be covered is 216 km and this can
be done in 14.4 minutes. Whether the segment of time is
a minute, half a minute or a quarter of a minute depends
on how much accuracy we require. In the specific solution,
the amount of the time is a quarter of a minute. Since we
decided how to split the time, we now require, for all these
time segments, the distance between the two objects to be
greater than 9 km. According to this, the velocities of the
two collision objects will keep changing until the desired
ones are found [7], [8], [9].

2) Algorithm for GAMS: The velocity change occurs
when two aircraft are flying in specified directions and
must avoid a conflict by implementing a velocity magnitude
change. Each aircraft can change its velocity by a quantity
q that can take on positive or negative values. It is under-
standable that aircraft can not make exorbitant changes in
their velocities, instead they can make limited ones. More
specifically, there exist upper and lower bounds of velocities
for each aircraft given by the following equation:

The velocity bounds differ from aeroplane to aeroplane. The
new velocity is obtained from the old one augmented by a
value of q (negative or positive) and must not exceed the
minimum and maximum bounds. This can be represented by
the following equation:

Ui,m,in < UZ + qi < Ui,max (17)

The usual bounds for a commercial aircraft must not exceed
1% of their nominal velocity. We choose stricter bounds in
our case, 0.5%. Consequently q has lower and upper bounds
as follows

—0.99 < ¢; <0.99 (18)

In our algorithm we consider that two aircraft conflict if
the distance between them is less than 9 km. The distance
between them is given by the following equation:

d =/ (wi = 2)? + (= y3)2 + (2 — 2)?

As mentioned before, if we manage to change the ve-
locities in a way that augments the distance between them
of more than 9 km, we will have conflict resolution. The
basic issue is that there are an infinite number of values that
can manage this resolution but actually only one set will be
optimum according to the hierarchy defined in our algorithm.
Therefore, we want to achieve min|g;|, i = 1, 2.

Furthermore in non-linear programming there are some
constraints. Our algorithm, is based on a very simple idea:
By taking the route of the aircraft as a function of time we
can split the route into time slices. An example shown in the
figure reveals the idea.

Time slice=1

Fig. 3. Position of each aircraft at every time slice

In the above figure, we see the positions of the aircraft
in time slice 1 in red. We examine, for each time slice, the
distance between the two current positions dis. Whenever
di2 < d.o, a collision occurs. Therefore, if for all these
positions, all the distances are made greater than 9 km, then
the conflict has been successfully avoided.

Fig. 4. Distances between aircraft position

Thus, the constraints in our non-linear program according
to [1] are the following:

dis(1,4,5) > 9 (20)

and

dis(2,i,7) > 9 1)



and

d(n,i,j) > 9 (22)

The maximum time n in our problem is equal to 50. Consider
that the max distance, each aircraft can travel is 216 km and
with a velocity of 15km/minute, it needs 14,4 minutes in
total. So by taking almost a quarter of minute as our time
slice, we need at most 50 slices.

At the end of each GAMS program we get the optimum
velocity changes. By applying these changes, actually we
decrease the velocity for one of the two aircraft and increase
the other’s. As a result, the aircraft passes the crucial conflict
point at another time slice and thus the conflict is avoided.

Fig. 5. With the velocity changes the aircraft pass through the crucial point
at different time slices

3) Implementation of the problem: GAMS [3], [11],
[13], [14] is an important tool in non linear programming. It
was used to compute the minimum velocity change of two
aircraft that are about to conflict, so that their conflict to be
avoided. The algebraic representation of conflict avoidance
problem is represented in the format below:

Indices:

i=number of aircrafts

t=timeslice

Given Data:

Coordinates:

x; = x initial coordinate for the i aircraft in Km

y; = y initial coordinate for the i aircraft in Km

z; = z initial coordinate for the i aircraft in Km

Z fin = « final coordinate for the i aircraft in Km

Yrin = Y final coordinate for the i aircraft in Km
Zfin = z final coordinate for the i aircraft in Km

Decision Variables:
f equals to > (4, ¢;)

Constraints:
q; where q is belong in the set [-0.9,0.99]

Objective Function:
Considering that:

° Al(j) = xfinal(i) —T;
° AQ(J) = yfinal(i) — Y

o A3(j) = 2finar(i) — zi

« u(i) are the initial velocities of the two aircrafts
o ¢(7) are the velocity changes

o number(t)=0,1,2,3,...,50

o dis(i) = \/(A1(0))? + (A2(0))? + (A3(i))?

« considering that _
B, (i) = z(i) + #g:}em)(u(i) + q(i))0, Snumber(t)

By (i) = y(i) + g2t ) (u(i) + q(i))0, Snumber(t)

B, (i) = 2(3) + #Tgi)e(z))(u(z) + q(4))0, 5Snumber(t)

Then the objective function will be:

dis¢(i,5) = \/(Bw (4) = Bx(0))? + (By(4) — By(1)? + (Bz(4) — Bz(1))?

The complexity of the algorithm is o(?) and that is
because we have n aircrafts then we are going to get
complexity ()25 = (7L72)7!Li2!*25 = n<n271) :

VI. CONFLICT SCENARIOS

Below there are given some conflict scenarios:
Example:

Aircraft; Start Final
X -52.114 | -33.968
y -94.561 | 71.402
z -2.5359 | -73.566

Aircraft, Start Final
X -76.198 | -28.02
y -61.507 | 44.038
z 45.55 | -94.549

The velocity changes are: for the first aircraft 0.023 and
for the second -0.021.

A. Cases with 3 aircraft

The algorithm used for the conflict solution of two aircraft
applies also in cases with more than two. It is noticed that
for three and four airplanes the algorithm is fast enough.



Fig. 7.

For more than four airplanes the computational complexity
is increased but still we take results fast. We set out an

Fig. 6. Example

example for three aircraft.

Example after conflict resolution

Aircraft, Initial Final
X 3.2643 16.535400
y -16.0633 93.59
z 106.749 -51.2973
Aircraft; Initial Final
X -0.39850 | 20.0728
y 1.4585 | 27.527401
z 107.99 -102.4857
Aircraft; Initial Final
X -103.034 | 15.146100
y -17.2012 | -102.261
z 27.4251 31.2734

The optimum velocity changes for each aircraft are : - 0.9
for the first airplane, 0.761 for the second and O for the third.
The same algorithm was tested also for four aeroplanes with
very good response time.

Fig. 8. Conflict Example with three aeroplanes

Fig. 9. Conflict Resolution with three aeroplanes

VII. CONFLICT AVOIDANCE WITH THE NEURAL
NETWORK

In our problem the neural network selected is of a back
propagation type with two hidden layers [14], [15]. One
input layer with twelve inputs and one output layer with two
outputs. The twelve inputs are ordered by the way they are
written in the train file.

Inputs:
o The initial positions of the first aircraft x;,1, Yin1, Zin1
e The initial positions of the second aircraft
Tin2; Yin2, Zin2
« The final positions of the first aircraft 2 i1, Y fin1, Zfin1
e The final positions of the second aircraft
Tfin2,Yfin2, Zfin2

The first hidden layer has 50 Neurons and the second 40
neurons. We decided to choose these numbers of neurons for
each layer, as this resulted in minimal training and testing
error.

Outputs:

o The velocity change for the first aircraft DeltaV;

o The velocity change for the second aircraft DeltaVs

We finally use 3500 data for training and 600 data for
testing [16]. The reliability of the network is examined by
the method of cross validation. Cross-validation is a method
to estimate the generalization error based on “resampling”.



In k-fold cross-validation, data is divided into k subsets of
(approximately) equal size. The net is trained k times, each
time leaving out one of the subsets from training. In the
beginning, the data are separated in ten parts (k=10), then
each time 8 different parts are chosen to be the training data
and the two remaining parts, the testing data. The neural
network is trained with 10 slightly different sets of data. Then
the final training and testing error is estimated by taking the
average over all the errors resulted from each time we train
the network.

The number of epochs essential for the training of the
neural network is 700. The transfer function used in every
unit is the hyperbolic tangent sigmoid function.

A. Evaluation of the neural network

By following the above mentioned states, we train the feed
forward back propagation neural network. In a first approach
we get a testing error of 6% which is a considerably big. In
this part of the thesis we have the following issues:

o First, it would be satisfying to have a testing error of
0,1% but in such big range of values a 6% could be
considered as satisfactory.

o Second, the issue of the highest importance in this study,
is the accuracy of the system, especially while this study
is related to aircraft where there is no tolerance in errors.
Also the solutions taken from GAMS are optimum for
each case and as it was mentioned above if the second
decimal of one of the solutions is changed we are going
to have conflict again. But the basic thing that was
not mentioned until now is : “what we mean by using
the word change”: decrease or increase? The answer is
simple, because if the solution is negative, by providing
a more negative solution, nothing will happen, but by
increasing the solution, it becomes a fact that a conflict
will occur. Similarly, if we have a new velocity bigger
than the old one and we increase it even more, nothing
will happen.

Sometimes the optimum velocity is not acceptable because if
we slightly change it we will fail in solving the problem. As
we can see in the following scheme there are two optimum
velocities, one for the first aircraft and one for the second.
Assume the case where the first aircraft has to decrease its
original velocity and the second to increase it. Because we
have optimum velocity changes if we give at the negative
solution a more negative value, we still avoid the conflict
but if we give a solution less negative than the optimum we
will present a conflict. As we want a safe belt in our system,
we adjust the solution with a value of 0,12. We either add
or subtract this value depending on the category of solution
as it was mentioned above. This approach makes the system
more accurate and the testing error of 6% acceptable.

Two matrices with error information for 10 different
training sets used through cross validation are represented
below.

Set/Error | Average Training Er
setl 13% 104
set2 1074
set3 18 %104
setd 9%10~4
set5 47104
set6 1073
set7 12,3 %1074
set8 11.98 % 10~4
set9 3.2%104
set10 6.81 %1074

Set/Error | Average Testing Er
setl 6.16
set2 6.53
set3 5.25
set4 5.89
setS 5.93
set6 6.01
set7 5.78
set8 4.99
set9 6.24
set10 5.9

VIII. CONCLUSIONS

A new algorithm that operates in real time for 3-
dimensional collision avoidance in free flight is presented.
The algorithm is proven via well established simulations,
to be well functioning in cases where many aircraft are
involved.
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