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Abstract

Purpose: The risk of critical proximities of several aircraft and appearance of multi-aircraft conflicts
increases under current conditions of high dynamics and density of air traffic. The actual problem is a
development of methods for optimal multi-aircraft conflicts resolution that should provide the synthesis of
conflict-free trajectories in three-dimensional space. Methods: The method for optimal resolution of multi-
aircraft conflicts using heading, speed and altitude change maneuvers has been developed. Optimality
criteria are flight regularity, flight economy and the complexity of maneuvering. Method provides the
sequential synthesis of the Pareto-optimal set of combinations of conflict-free flight trajectories using multi-
objective dynamic programming and selection of optimal combination using the convolution of optimality
criteria. Within described method the following are defined: the procedure for determination of
combinations of aircraft conflict-free states that define the combinations of Pareto-optimal trajectories; the
limitations on discretization of conflict resolution process for ensuring the absence of unobservable
separation violations. Results: The analysis of the proposed method is performed using computer simulation
which results show that synthesized combination of conflict-free trajectories ensures the multi-aircraft
conflict avoidance and complies with defined optimality criteria. Discussion: Proposed method can be used
for development of new automated air traffic control systems, airborne collision avoidance systems,
intelligent air traffic control simulators and for research activities.

Keywords: aircraft; air traffic control; conflict resolution; dynamic programming; flight safety; multi-
aircraft conflict; multi-objective optimization.

1. Introduction conflict resolution is a complex cyclical process
which consists of the sequence of interrelated
actions: monitoring, estimation and prediction of
aircraft trajectories; detection of potential conflicts;
determination the potential conflict characteristics;
finding of possible solutions for conflict resolution;
decision-making and control of the selected solution
realization. Therefore, the problem of conflict
resolution should be considered as the multi-
objective optimization problem with limitations and
uncertainties in relative importance of optimality
criteria and priorities.

The evolution of air traffic management (ATM)
system is primarily aimed at increasing of its
capacity in conditions of a constant growth of the
flights intensity. For this a new air traffic control
(ATC) procedures are introduced, separation minima
are reduced and special airspace areas within aircraft
are allowed to choose their own routes (Free Route
Airspace) are allocated. However, high dynamics
and density of current air traffic cause the increasing
of separation minima infringements between several
aircraft at the same time, i.e. multi-aircraft conflict
situations in which prescribed separation minima 2. Analysis of researches and publications
were not maintained simultaneously between three
or more aircraft.

The main requirements for ATM system are
ensuring of flight safety and efficiency (regularity,
economy). Potential conflict avoidance or actual

The results of analysis show that most of known
methods for multi-aircraft conflicts resolution have a
number of significant limitations.

The class of force fields methods contains
various methods that use different properties of
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electric fields, vortex force fields and artificial
gravitational fields [1-6]. Common disadvantages of
these methods are that they use only heading change
maneuvers for conflict resolution and the
synthesized conflict-free trajectories are complex for
civil aircraft. Application of force fields methods is
more promising for avoidance of conflicts between
unmanned aerial vehicles, which generally have a
lower inertia of motion.

Another class consists of optimization methods
that use optimality criteria to find the solution.

The method of multi-aircraft conflict resolution
under Free Flight [7-9] is based on the cascade
procedure of conflict-free trajectory planning. This
method provides the resolution of horizontal plane
conflicts using heading change maneuvers.

A well-known is the method of optimal
cooperative conflict resolution between multiple
aircraft that perform horizontal flight [10]. For
conflict-free trajectories determination this method
uses a single optimality criterion which defined as
total time of aircraft maneuverings.

The method proposed in [11] provides the
resolution of multi-aircraft conflicts in horizontal
plane using heading changes with minimization of
deviations from the planned trajectories. The main
disadvantage is that the defined maneuvers are used
only for conflict avoidance without returning to the
planned flight trajectories.

In articles [12, 13] the method for two- and
multi-aircraft  conflicts resolution in three-
dimensional space is proposed. This method
provides a synthesis of heading or altitude change
maneuvers considering the instantaneous kinetic
energy of aircraft as optimality criterion.

The method described in [14] uses only speed
change maneuvers for conflict avoidance.

The summarized disadvantages of discussed
optimization methods are disusing of simultaneous
combinations of heading, speed and altitude change
maneuvers to avoid a conflict and using of single
optimality criterion that do not allow to find the
most effective solution.

Therefore it is necessary to develop new optimal
methods for multi-aircraft conflict resolution in
three-dimensional space that should provide the
synthesis of conflict-free trajectories using heading,
speed and altitude change maneuvers simultaneously
according to different flight efficiency criteria.

The method developed in this article is the
evolution of method proposed in articles [15, 16]
taking into account an approach described in [17].

3. Problem statement

The conflict situation between n >3 aircraft is
considered. Conflict resolution is a controlled
process and aircraft are the dynamic system S. All
aircraft change heading, airspeed and vertical speed
to avoid the conflict.

The process of maneuvers synthesis is observed
in the time interval [7,,¢,] where ¢, is the moment
of a potential conflict detection, ¢, is the planned
time when all aircraft exit from an ATC area.

Controlled motion of each aircraft is described
using the vector differential equation:

X(e)=f(X()U()e). X(e,) =X,

where Xz[x y h Vv ]T — state vector;
x,y — horizontal coordinates; 4 — altitude; V' — true
airspeed; V, — vertical speed; ¢
u=ly, v, 7l

assigned bank angle; V, — assigned true airspeed;

— heading;

— vector of controls; ¥, -

V., —assigned vertical speed.
An absolute constraint is the flight safety ensured
by separation minima maintenance. The state X" (¢)

of aircraft m = I,_n belongs to the set of conflict-free
states DZ(z) if the separation minima with other
aircraft are not violated:

X" (t)e D’,’;(t)‘X’” (1)e Q" (1),

where the space of a conflict Q"(¢) is a space of

states where the separation minima with other
aircraft are violated:

Q"(r)=
= X Ol (0 X7 (1)) < ) A (AR (0, X7 (1)) < )}

ref=1,_n, m#ref,

where d ( "(t), X" (t)) — horizontal distance
between aircraft; X'/(t) — state of aircraft ref ;
Ah( "(t), X (t)) — vertical distance between
aircraft; d; lateral (horizontal) separation

minimum; A, — vertical separation minimum. The
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initial states of all aircraft are conflict-free

X"(t,)e Q"(t,).

Controls are limited according to the aircraft
performances. Let Dﬁ( '”(t),t) be a set of possible
controls U"(¢) in a state X" ().

Optimality criteria characterizing the efficiency
of conflict resolution are flight regularity c,, flight
economy ¢, and the complexity of maneuvering c;,.

The numerical estimations of trajectories for each
aircraft according to defined optimality criteria are:

J" — deviation from planned flight time; J) —
altitude; J;' fuel
— number of flight profile

deviation from planned

consumption; J'

changes.
Estimations constitute the vector
J={rli=14.

The numerical estimations of trajectories at time
interval [¢,,¢,] are defined as follows [15]:

Ji' = A} (Xm (tk )’ A ) >
=Ny (X7 (e ),

7 = [ (X0 O+ A (X)),

lo

I
Iy = [ (X (0, Un () e+ N5 (X7 (1)t ),
lo
where A — estimation of deviation from planned
flight time; A’,— estimation of deviation from
altitude; Ay - fuel

consumption; A; — speed of flight profile changes;

planned instantaneous

A} — estimation of fuel consumption for real exit
from an ATC area relatively to actual position at the
time moment ¢, ; A, — estimation of flight profile
changes for real exit from an ATC area relatively to
actual position at the time moment ¢, .

As a result the problem of optimal multi-aircraft
conflict resolution is determined as follows:

min  J'(X'(£),U'(t).¢) X' (t)e D' (),
u‘(zknt&lm,r)

mi )J)Jz( (), U3 (¢).1) X2 (r)e D2 (),

U2 (1D (X2 (¢

(1

min  J"(X"(e) U (1)), X" ()€ Dy (o),
U” (t)eDy X”(r),r)

telt,t,]

The aim of this article is to develop the method
for optimal resolution of multi-aircraft conflicts in
three-dimensional space based on multi-objective
dynamic programming.

4. Synthesis of conflict-free trajectories using
multi-objective dynamic programming

The problem (1) is solved by synthesizing the set of
Pareto-optimal combinations of the conflict-free
trajectories of all aircraft and choosing of the
optimal combination.

Let E(X'”(t),t) be a set of Pareto-optimal

estimations of conflict-free trajectories for a state
X" ()e D2(0):

E(X" (1)1)= {17 (X" () U2 (0)) -3 () D (X e} )
(X7 (1) U" (1)t <X (U2 (02} U7 (1) % U7 (1)

I (X" (1), 0" (1),1)= {A’f, AL tfﬂ;"dzm';, Tﬁg”dr+A’Z }

Based on Bellman's principle of optimality [18]
the system of multi-objective dynamic programming
equations for determination of the set E,(f) of

Pareto-optimal estimations of combinations of
conflict-free trajectories is written as follows:

EX (1)) =effS', X (1)e D (¢), X' (t+7)e D (t+7),
EX(1).1)=eff S, X2 (1) e D (¢), X (t+7)e DR, (t+7),

L{X”(t),t) =eff3", X'(t)e DL(t), X' (t+7)e Di(t+7),

g L% ({0, 0, T}g’dz, Tﬂg’dz}@E(X"’(Hr),H )},
Ul (X" (1)) : ,
m= 15_n5

with boundary condition
E(X" (1, L1, )= {A7, A%, A%, A,

where eff — the operator of determination of Pareto-
optimal estimations; 7 — a small value; @ — direct
sum.

The set P, of Pareto-optimal combinations of
conflict-free flight trajectories is determined by the
set of estimations E,(z,) at the moment of conflict

detection ¢, .

Finding all possible solutions of the equations
system is difficult computational problem. It is
proposed to limit the number of combinations of
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conflict-free trajectories and apply the following
method of their synthesis using discrete multi-
objective dynamic programming.

The dynamic system S is discretized in time (the
conflict resolution process is decomposed into &
stages) and in state space. It is assumed that all
aircraft maneuver for conflict avoidance during

stages j=1,k—1 and return to the planned flight

trajectories during last stage k. Time interval
[¢,,,t,],¢;,=t,, + At corresponds to each stage j,

except for the last one. The time interval of the last
stage j = k is different because of the different time

that each aircraft needs to reach the fixed final state
when transiting from the states at the previous stage.
The flight of each aircraft is considered
separately, taking into account the overall limitation
on maintaining the separation minima.
In general, it is considered that each aircraft m

can transit into the state X" (/) from several states

X"(j—1) at the previous stage:

X" (j)= F(X(j-10"(j-1),
States X"(j) form the set D"(j) of possible

states .The final state X! = X" (k) is specified only

by the horizontal coordinates of the point at which
an aircraft exits an ATC area at planned time. It is
expected that aircraft may transit into the final state
from all the states of the previous stage.

To increase the computational efficiency of the
method, it is proposed to monitor the separation
minima violations in defined states at each stage.

The set of conditionally conflict-free states
D5 (/)

X"(j)e D"(;) in which the violations of separation

of aircraft m includes the states

minima with other aircraft may be present for some
of their states X"/ (), or the violations of separation
minima are absent:

X"(j)e D5():3X7 (). (@ 2 d, ) n(An2 R )V
vildzd )n(an<h))v((d<d)n(ahzh))
X7 (j)e D (j) ref =Ln, m# ref,
where d, Ah — horizontal distance and vertical
interval between aircraft in states X"(;) and

X" () respectively.

It is necessary to check the maintaining of
separation minima in limited time periods in which
unobservable violations of separation cannot occur.

The procedures for each stage j =1,k are:

— determination of sets of possible controls
D (x"(j-1));

— simulation of aircraft flight trajectories and
determination of sets of conditionally conflict-free
states ]322 ()

— determination of efficiency estimations
A.],.’"(X"’(j -1),U"(j —1)) when transiting from
states X"(j—1) under the action of controls
u”(j-1).

The trajectories simulation is performed using the
kinematics-energy model of the controlled aircraft
motion proposed in article [19], which takes into
account the dynamic properties of motion, aircraft
performance  characteristics stored in  the
EUROCONTROL Base of Aircraft Data (BADA),
and allows to calculate the fuel consumption.

The efficiency estimations AJ;" for aircraft m

are defied using expressions [15]:

AP (X (=10 (j-1))= {‘(Zjik @
AT (X7 (-1 {Oﬁk )
AT (X" (-1 U (j-1)=0 ( LU”(j—1)).4)

Af:"(X"(f—l)U’"(j—l))= (Xx7(j —1))+

)2 mo >um<f ) ©

+ 2 (X (- Ur (-1
0" (j)-9"(j-1}>Ag,

1,
ljtnl :{
0,
o _JLVG=D=rm(i-1),
142 = 0

Lvr(i-1)=v,
ﬂ’:‘r;:{o h( ) ho

where l’}’

m, m
X\ h',

— actual time of reaching the final state
hi — planned and actual altitude of the

control point overflight; Q" — fuel consumption;
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A@ — parameter that takes into account the small
heading changes; V,; — planned vertical speed.

To determine a set E( "( j)) of Pareto-optimal

estimations of conflict-free trajectories when

transiting into the state X"(j)e D”(;) from states
X"(j-1)e D2(j—1) the following equation of

multi-objective dynamic programming is used [15,
16]:

B(x"(/))= U(Xmm)(E( (j—l))@AJ'”}

X" (j-1EIl
A" ={arr (X (=10 (i -1)} 6)
X"(j)e Dy(j), X"(j-1)e Dy(j-1),

where H( "(j )) — a set of states of aircraft m at the
stage ( j- 1) due to which the transition into the state
X" ( j) is possible; U™ ( j —l) — are controls which
allow an aircraft m to transit from the state
X"(j-1)e H( "’(j)) into the state X" ().

At each stage, except the last one, sets of Pareto-
optimal estimations of conflict-free trajectories
E(X"’ ( ])) are determined using equation (6),
corresponding sets DY, (X”’ ( ])) of Pareto-optimal
controls and sets HE( " j))e H(X“ ( ])) of Pareto-
optimal states are determined.

Then the conflict-free combinations I(j) of

states are determined. All conflict-free combinations
at the stage j create the set D,( j). Let denote a

conflict-free combination as follows:
1(7)= X' ()X () X () =X ()}
X"(j)e Dy(j)
Each combination contains the states which meet
following conditions [17].
Condition 1. The violations of separation minima

between all aircraft are absent in the states of
combination 1(;):

Va,b:(A4=d )A(B=h))v(4=d;)A(B<hg))v
v((A<dy)A(B=hy)),

A=d(x(j).X"())),
B =X (), X" ()). X(j)e 1)),

a=lnb=1n,a#b.

Condition 2. All aircraft have transited into states
X" ( j)e I(j) under the action of Pareto-optimal
controls U"(j—1)e D}, (X’" (])) from the states
X"(j-1)e HE(X”’( J )), which combinations where
conflict-free at the previous stage:

x(j-Dep,(j-1)
X" (j - 1)e I, (X" (7)) X(j)e 1()).

Condition 3. Depending on the actual separation
between two aircraft in states X ( j) and X’(;) the
one of following conditions must be met:

— if (4>d,)A(B>=h,) aircraft have transited
into the states X“(/), X"() from any states, which
meet the condition 2;

— if (AZdS)/\(B<hS) aircraft have transited
into the states X“(j), X’(j) from states, which

meet the condition 2 and in which the horizontal and
vertical separation or only horizontal separation
between this aircraft is ensured;

— if (4>d,)A(B<hy) aircraft have transited

into the states X“(j), X’(j) from states, which
meet the condition 2 and in which the horizontal and

vertical separation or only vertical separation
between this aircraft is ensured.
Each combination I(j) determines the

combinations of Pareto-optimal trajectories, which
transfer the aircraft to the states of this combination.
In general, each combination I(;) corresponds to
several combinations of Pareto-optimal trajectories.
At the last stage & for each aircraft m the set z”
of full trajectories T” :{Xg’,X’"(l),...XZ’}, which

transfer the aircraft to the final state X]' from the

states X" (k—1)e D% (k—1), is determined. For this
the special backward procedure is applied [15].

The combinations Z of full conflict-free
trajectories of all aircraft are determined.
Combination Z is a combination of trajectories,
which transfer the all aircraft from states of
combination I(k —1) to the final states X}

z={r, 1, T={r}
T ez":X"(k-1)e T",X"(k-1)e I(k —1).
Each possible combination Z of trajectories T"

is characterized by extended vector optimality
criterion J,(Z):
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~{ (e 3 (1)e B(X? ) m=1n.

Then the set P, of Pareto-optimal combinations
of conflict-free trajectories is determined:

P,={Z,[32:3,(2)<3,(2,)2, »Z}.

Selection of optimal Z~ combination of conflict-
free trajectories from the set of Pareto-optimal P, is

performed with use of linear convolutions of
optimality criteria by solving the optimization
problem [20]:

Z" = arg min maxch Z), ZeP,, @)

ZeP, WeD, 45
where ¢, ¢,, ¢, — normalized estimations of
combinations Z efficiency by flight regularity ¢,
flight the

maneuvering ¢, criteria respectively with the

economy ¢, and complexity of
domain of allowable values D, = {E |ce [0,1]}; w, —

the weighting coefficients reflecting the relative
importance of criteria and forming a vector

W:{w,},izl,_3 with the domain of allowable

values D, and minimal value w,:

3 P
={ ZW—I W, ZW,,i=1, ;w32w0>0}.
i=1

The estimation ¢, is the normalized linear

convolution of the normalized total deviation from
the planned flight time and the normalized total
deviation from planned altitude of all aircraft:

Cs (Z) - IZI;I})IZ’ICE(Z)

(2)-

maxc, (Z)-minc,(Z)’

S (re)- mmZJ’”(T”’)
¢;(2)=05—"— = +,
r;lea?;J”’( '”) rZrEu?;J”’( '”)
Sz (re)- manJ”’(T’")
+0’5 m=1 m=1

max D2 (") min 3" 72 (1)

ZePy m=1 m=1

,T" e Z.

The normalized estimations ¢, and c, are

defined as follows:

ZJ,'ZI( ")- rgg},r;ZJ’"( ")

¢(z)= :
r%l%xZ]Jm (T’”) rzrel})nzljm (T’”)
T"eZ,i= 2,3.

5. Discretization aspects

The conflict resolution process is decomposed into
k stages. Discretization step A¢ is defined taking
into account values of possible controls. The first
requirement is the stabilization of assigned airspeed
during time interval Af.

To ensure separation minima between aircraft
while they transiting between states it is necessary to
check the violations at fixed time moments in
limited time periods during which an unobservable
violations of separation cannot occur.

When the changes of heading, airspeed speed and
vertical speed are used to avoid a conflict with
crossing angle of initial tracks <90° the
discretization step A¢ is determined according to
inequalities system:

{At<d Vs

At <AV,

max 2

where V,
v

hmax
The number of stages is defined using following
expression:

— maximum ground speed of all aircraft;

— maximum vertical speed of all aircraft.

n 9
>, -1,) 2, —1)

k: m=1 + p=l
2At-q

2At-n

where ¢, — planned time of exit from ATC area for

aircraft m; t” . — center of the time interval when

conf
the conflict between a pair of aircraft p=1,q is
existed; ¢ — number of aircraft pairs; [] — rounding
operator.

The discretization of states and controls is
performed using following procedure based on
approach that was described in [14].

Generally, it is assumed that each aircraft can
make a left/right turn with bank angle ¥ or to do not
change the heading; to increase/decrease the
airspeed on AV or to do not change it; to
increase/decrease the vertical speed on AV, or to do
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not change it. Let D, (X(j —1)) be the basic set that
contains all possible 27 combinations of controls.
When applying controls U(j—1)e | ) N (X(j-1)), an
aircraft transits into different states X'(j) with
efficiency estimations AJ/(X(j —1),U(j —1)) that are
defined using expressions (2)-(5). The rule for
formation of new states X(j) which combine states

X'(j) is defined.
At the stage j=1 all states X’(1) are new
X(1)=X’(1) and efficiency estimations of transition

to new states X(1) are equal to AJ/(X,,U(0)).
At the stages j=2,k—1 the new states X( j) are

formed as a combination of states X'(j) in which

aircraft altitudes are equal, horizontal coordinates
and headings have proximate values (proximity
criteria are adjustable). It means that an aircraft can
transit into the state X(;) under the action of several

controls U'( j—1). As a result the set (X(j)) of
states at the stage (j—1) from which an aircraft can
transit into the state X() is defined.

Coordinates and heading of an aircraft in new
state X(j) are determined as arithmetic mean of

these parameters for the states X’(j) which are
combined in this new state X(;).

AT (X(j-1),U7(j -1))
transiting into new states X(;) from the states of the

Estimations when
set TI(X(/)) is determined using nearest-neighbor
interpolation of values AJ/(X(j—1),U(j-1)) for

states X(j) which are combined:

AT, (X(j-1),U'(j-1))= A7/(X(j - 1), u(j -1)),
X(j—-1)e I(X(;)), U'(j-1)=u(j-1).

6. Computer simulation

The conflict situation between three aircraft
Boeing 737-800 was simulated. The lateral
separation minimum is equal to d =185 km (10

nautical miles) and the vertical separation minimum
is equal to Ak, =300 m (1000 feet). The initial

parameters of aircraft flight are represented in Table
1. The characteristics of predicted multi-aircraft
conflict are represented in Table 2.

It was assumed that to avoid the conflict all
aircraft should make manoeuvres. The process was

discretized in time on k=5 stages. The
discretization step for the first 4 stages is equal to
At=59 s.

It was assumed that aircraft Nel and Ne2 can
change heading and airspeed; aircraft Ne3 can
change heading and vertical speed. The bank angle
during turns is equal to 20°, turning time is limited
to 15 s. During transition between stages the
absolute value of airspeed change is equal to 5 m/s
and the absolute value of vertical speed change is
equal to 4 m/s.

The minimal value of weighting coefficients in
the optimization problem (7) is equal to w, =0,1.

The optimal combination of conflict-free
trajectories is shown in Fig. 1. The dependences of
horizontal and vertical distance between aircraft
from time are shown in Fig. 2 and Fig. 3. The
assigned airspeeds and vertical speed for conflict
resolution are represented in Table 3. The efficiency
parameters of optimal combination of trajectories
are represented in Table 4.

Table 1
The initial parameters of aircraft flight
Parameter Aircraft
Nel No2 Ne3
Heading, degrees 0 80 220
Airspeed, m/s 225 200 220
Vertical speed, m/s 0 0 -6
Initial coordinates ) ) (55,7;
(x05¥,) » km (40,0) | (0;30) 60,6)
Initial altitude, m 10050 10050 | 11350
Assigned altitude, m 10050 | 10050 9150
Dlgtance to the control 30 75 30
point, km
Plgnned tlmfa of control 356 375 364
point overflight, s
Table 2
The characteristics of predicted
multi-aircraft conflict
Parameter Pair of aircraft
Nol, No2 | Nel, No3 | No2, Ne3
Time interval
of separation [118,245]|[167, 191]|[167, 207]
violation, s
Predicted minimum
horizontal distance 6215 9395 3397
between aircraft, m
Predicted minimum
vertical distance 0 154 58
between aircraft, m
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Table 3

The assigned airspeeds and vertical speed
for conflict resolution

Table 4

The efficiency parameters of optimal combination of
conflict-free flight trajectories

Stage 1 2131415 Parameter Aircraft
Airspeed of aircraft Nel, m/s |225|225 2251230230 — Nel | Ne2 | Ned
Deviation from the planned 45 9 19.4
Airspeed of aircraft Ne2, m/s | 200200205210 210 flight time, s ’ ’
Airspeed of aircraft Ne3, m/s | 220|220 | 220|220 | 220 Deviation from the assigned B B 20
Vertical speed of aircraft altitude at control point, m
No3. m/s 21 21-10]-10]-10 Additional fuel consumption, % | -2,15 | 5,6 | 10,3
’ Number of flight profile changes 4 7 5
1S
=
x 10*

Fig. 1. The aircraft trajectories in three-dimensional space:
1 — planed trajectories; 2 — control points on the routes; 3 — optimal conflict-free
trajectories; 4 — states at the stages.
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Fig. 2. The dependence of horizontal distances between aircraft from time:
1,2, 3 — between aircraft Nol and No2, Nol and Ne3, Ne2 and No3 respectively during flight
by planed trajectories; 4, 5, 6 — between aircraft Nel and Ne2, Nel and Ne3, Ne2 and Ne3 respectively
during conflict resolution; 7 — separation minimum.
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Fig. 3. The dependence of vertical distances between aircraft Nel
and Ne2, No2 and Ne3 from time: 1 — during flight by planed trajectories;
2 — during conflict resolution; 3 — separation minimum.

7. Conclusions

The method for optimal resolution of multi-aircraft
conflicts in three-dimensional space has been
developed. Method provides the synthesis of optimal
combination of conflict-free flight trajectories of
aircraft that use heading, airspeed and vertical speed
change maneuvers according to flight regularity,
economy and the complexity of maneuvering
criteria. = The  synthesis of  Pareto-optimal
combinations of conflict-free trajectories is carried
out using the multi-objective dynamic programming
and special procedure for determination of
combinations of aircraft conflict-free states. The
selection of optimal combination of conflict-free
trajectories from the set of Pareto-optimal is carried
out using the convolution of optimality criteria.

The correctness, adequacy and efficiency of
proposed method were proved by computer
simulation.

Developed method can be used for development
of new automated ATC systems, airborne collision
avoidance systems (ACAS), intelligent ATC
simulators and for research activities.
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MeTox ONTHUMAJBHOTO PO3B’S3aHHS TPYNOBHX KOH(IIKTHUX CHTyalid Mi’K MOBITPSIHUMHU CyIHAMH Y

TPUBUMIPHOMY MpoCTOPi

Jlep’xaBHEe TMIONPHUEMCTBO OOCITYyTrOBYBaHHS TOBITpSHOTO pyxy Ykpainn (Yipaepopyx), Aeporopr,

M. Bopucnine, Kuisceka 00:1., Ykpaina, 08301

HarionansHuii aBianifinuii yaisepcureT, npoct. Kocmonasra Komapoga, 1, M. Kuis, Ykpaina, 03058

E-mail: dvasyliev(@ukr.net

Meta: B cydJacHMX yMOBaxX BHCOKOI AWHAMIYHOCTI 1 IIIIFHOCTI TOBITPSHOTO PyXy 3HAYHO 3pOCTAE
HeOe3neka KPUTUYHOTO 30JIMKEHHS Bifpa3dy JEKIIbKOX TMOBITPSHHUX CyleH 1 BHUHUKHEHHS TPYNOBUX



46 ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2017. N1(70): 36—47

KOH(JIIKTHUX CHUTyaliil. AKTyalbHOIO TpoONeMOI0 € po3po0Ka METOAIB ONTUMAalIbHOTO PO3B’s3aHHS
IpyNOBHX KOHQIIKTHHX CHUTYyallild, sSKi NMOBHHHI 3a0e3ledyBaTd CHUHTE3 Oe3KOH(IIKTHHX TPAEKTOPIH Y
TPUBHUMIpHOMY TIpocTopi. MeToau: Po3pobiieHo MeTOT ONTHMAIEHOTO PO3B’I3aHHSI TPYTIOBUX KOH(MIIIKTHHX
CUTyalill i3 3aCTOCYBaHHSIM MaHEBPYBaHHS 3MIHOIO KypcCy, IIBHAKOCTI Ta BHCOTH MOJbOTY. Kputepismu
ONTUMANBHOCTI BH3HA4Y€HI PEryJspHICTh, €KOHOMIYHICTh IIOJIEOTIB 1 CKIAAHICTh MaHEeBpyBaHHI. MeToj
TI0JISITa€e y TMOCiTOBHOMY CHHTE31 MHOKHHHU [lapeTo-onTuManbHIX KOMOIHAITNH 0e3KOH(ITIKTHIX TPaeKTOpii
CYKYIHOCTI TIOBITPSHUX CYJIeH 3 BHKOPHUCTAHHSM JIMCKPETHOTO OaraTOKpUTEpialbHOTO TUHAMIYHOTO
MporpaMyBaHHSl Ta BHU3HAUYEHHI ONTHUMAalbHOI KOMOiHawii i3 3aCTOCYBaHHSIM i3 3aCTOCYBAaHHSIM 3TOPTKH
KpUTepiiB omTuManbHOCTI. B paMkax wmeromy BH3HaueHO: mpoueaypy QopmyBaHHS Oe3KOH(MIIKTHUX
KOMOIHAaIil CTaHIB CYKYIHOCTI TOBITPSHUX CyJeH, SKi BH3Ha4aloTh KomOiHamii [lapero-ontumanbHHX
TPa€eKTOPii; OOMEXKEHHs, sIKi HaKIaJaloThCA NPH AWCKPETH3alii mpolecy po3B’s3aHHSA KOHQIIKTY A
3a0e3MeueHHs] BIICYTHOCTI HECIIOCTEpPEe)KYBAaHUX MOpPYIIEHb enieaoHyBaHHS. PedyabtaTm: [locmimkeHHs
3aIPOIIOHOBAHOTO METOAY BHKOHAHO IUITXOM KOMIT FOTEPHOTO MOJIENIOBAHHS, Pe3yJIbTaTh SKOTO MOKA3alH,
IO CHMHTE30BaHA KOMOiHAIisl 0e3KOH(IIKTHUX TPAEKTOpis 3a0e3reuye YCYHEHHS IPYMOBOi KOH(IIKTHOT
cUTyauii Ta BiANOBiAa€e BCTAHOBICHUM KPUTEPisAM ONTUMAaIbHOCTi. OOroBopeHHs: 3anporoHOBaHUN METOX
MOXe OyTH BUKOPUCTAHHUM MPH PO3POOITi HOBUX aBTOMATHU30BAHUX CHCTEM YIIPABIIHHS MOBITPSHAM PYyXOM,
OOPTOBHX CHCTEM TOIEPEIKSHHS 31TKHEHb, IHTENEKTYIbHUX TPEHAKEPIB KEPYBaHHS MOBITPSIHUM PyXOM Ta
JUISl IPOBEJICHHST HAYKOBUX JOCIHIPKEHb.

KarouoBi cioBa: GaraTokputepiaibHa ONTHMI3aIlis; Oe3MeKa MoNbOTiB; TPyNnoBa KOH(IIIKTHA CUTYaIlis MiX
TIOBITPSTHUMH CyTHAMU; THHAMIYHE IPOTpaMyBaHHS; TOBITPSHE CYIHO; PO3B’sI3aHHSI KOH(IIIKTHOI CUTYaIlil;
yIpaBIliHHS MOBITPSIHAM PyXOM

A.B. BacunbeB. MeToa ONTHMAJILHOIO pa3pelieHHs] TPYNNOBBIX KOH(IMKTHBIX CHTYaUMil MexXIy
BO3IYIIHBIMH CyJaMH B TPeXMEPHOM IIPOCTPAHCTBE

locynapctBeHHOe mpedmnpusTue O0OCTyXWBaHHMA BO3IYIIHOTO [JBIDKEHHA YKpauHbl (YKpaspopyx),
Anspomnopr, . bopucnons, Kuesckas o6:m., Yipanna, 08301

HannonanpHbIN aBUaIMOHHBIN YHUBEPCUTET, Ipoctt. KocMonasta Komaposa, 1, Kues, Ykpauna, 03058
E-mail: dvasyliev@ukr.net

Henb: B COBpeMEHHBIX YCIOBUSX BBICOKOH IUHAMHYHOCTH W IUIOTHOCTH BO3AYIIHOTO JBH)KEHUS
3HAYUTEIFHO BO3PACTaeT OMACHOCTh KPUTHUECKOTO CONMIKEHHUS cpa3y HECKOJIBKHMX BO3AYIIHBIX CyJOB U
BO3HMKHOBEHHUSI TPYIMIOBBIX KOH(IUKTHBIX CUTyallMid. AKTyaJbHOW NpOOJEeMOH sBIsieTCs pa3paboTKa
METOJIOB  ONTUMAIIGHOTO  pa3pellieHus] TPYMIOBBIX KOH(IUKTHBIX CHUTyallud, KOTOpPbIE JIOJKHBI
obecrieunBaTh CHHTE3 OCCKOH(IMKTHBIX TPACKTOPUH B TpeXMEpPHOM mpocTpaHcTBe. Metoabl: Pa3zpaboran
METOJ ONITUMAJIbHOTO Pa3pEIICHHs] TPYIIOBBIX KOHQIUKTHBIX CHTYallUil ¢ IPUMEHEHUEM MaHEBPHPOBAaHUS
[0 H3MEHEHHUIO0 Kypca, CKOPOCTM U BBICOTHI IMoyieTa. KpHUTepusMH ONTHUMAaJIbHOCTH ONpeeTIeHBI
PETYISIPHOCTh, 3KOHOMHYHOCTH TIOJETOB U CIIOKHOCTh MAaHEBPUPOBaHWSA. MeTox 3akiodyaercs B
MIOCIIeIOBATEIbHOM CHHTE3€ MHOXKecTBa [lapeTo-onTuMansHBIX KOMOMHAIMN O0€CKOH(INKTHRIX TPAEKTOPUN
COBOKYITHOCTH BO3JYLIHBIX CYJOB C MCIOJIb30BaHUEM JAUCKPETHOIO MHOTOKPUTEPUAIBHOIO IHMHAMUYECKOTO
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KOMOWHAIIUI COCTOSHUI COBOKYIIHOCTH BO3AYLIHBIX CYZOB, ONpeaeNsionmx koMOuHanmu Ilapero-
ONTHUMANBHBIX TPAEKTOPUI; OrpaHUUYEHMs, KOTOpbIE HAKJIAABIBAIOTCA MpPHU TUCKPETU3ALMHU Ipolecca
paspemieHnsi KOHMIUKTa I 0OecredeHusi OTCYTCTBUS HEHAONIOIaeMBIX HapYIICHHH SIIEIOHHUPOBAHMS.
PesynbTatel: VccrnenoBanue npeyio)keHHOTO METO/1a BBIIMTOTHEHO ITyTEM KOMITBIOTEPHOT'O MOJIETUPOBAHUS,
pe3yabTaThl KOTOPOTO IOKa3ald, YTO CHHTE3WPOBAaHHAs KOMOWHAIMA OECKOH(IMKTHAs TPaeKTOpus
o0ecrieunBaeT yCTpaHEHHE TPYIIOBOH KOH(MIMKTHOH CHUTyalldd W COOTBETCTBYET YCTaHOBJICHHBIM
KpuTepusiM onTHUMaidbHOCTH. OOcyxkaenue: IlpemrokeHHBII METOX MOXXET OBITh HCIONB30BaH TNpHU
pa3paboTKe HOBBIX aBTOMAaTH3MPOBAHHBIX CHCTEM YIPABJICHUS BO3AYIIHBIM ABHKEHHUEM, OOPTOBBIX CHCTEM
MIpeIyTIpeXIeHUS CTOIIKHOBEHUH, WHTEIUIEKTYAIBHBIX TPEHAXXEPOB YIPABICHHUS BO3IYIIHBIM JBIKEHHEM U
JUTS TIPOBEJICHHUS HAYYHBIX MCCIIeIOBAHIA.
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