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Abstract

Purpose: Current global trends of air traffic growth cause the increasing of number of aircraft conflicts. The
actual problem is a development of new methods for conflict resolution that should provide the synthesis of
conflict-free trajectories in three-dimensional space according to different flight efficiency criteria.
Methods: The problem of multi-objective resolution of potential conflict between two aircraft in three-
dimensional space is considered. The method of multi-objective resolution of conflict between two aircraft
using heading, speed and altitude change maneuvers has been developed. Described method provides the
synthesis of conflict-free flight trajectory according to criteria of flight regularity, flight economy and the
complexity of maneuvering based on dynamic programming. The continuous-time and discrete-time
equations of multi-objective dynamic programming for determining the set of Pareto-optimal estimations of
conflict-flight trajectories are shown. The synthesis of Pareto-optimal trajectories is carried out using the
forward procedure of discrete multi-objective dynamic programming. The simulation of flight trajectories is
performed using the special model of controlled aircraft motion. The selection of optimal conflict-free
trajectory from the set of Pareto-optimal trajectories is carried out using the convolution of optimality
criteria. Within described method, the following procedures have been defined: for prediction of separation
minima violations; for aircraft states and controls discretization; for interpolation of trajectories efficiency
estimations according to defined optimality criteria. Results: The analysis of the proposed method is
performed using computer simulation which results show that computed optimal conflict-free trajectory
ensures the conflict avoidance and complies with defined optimality criteria. Discussion: The main
advantages of the method are: heading, speed and altitude change maneuvers are used for conflict
avoidance; the multi-objective optimization of conflict-free trajectories is applied; the using of dynamic
programming enhances the computational efficiency. Proposed method can be used for development of
advanced conflict resolution tools for automated air traffic control systems.

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

should be considered as a
optimization problem.

1. Introduction multi-objective

Current global trends of air traffic growth cause the
increasing of separation minima infringements, i.e.
conflict situations in which prescribed separation
minima were not maintained between aircraft.
Therefore, the actual problem is improvement of air

2. Analysis of researches and publications

Most of the known methods of aircraft conflicts
resolution do not provide a comprehensive solution
of the problem and are not used in ATC.

traffic control (ATC) methods and decision support
systems for aircraft conflicts resolution.

Taking into account the current strict
requirements to flight efficiency (regularity,
economy etc.) a conflict-free trajectories synthesis

Particularly, the main disadvantage of force fields
methods [1-4] is that the synthesized conflict-free
trajectories are complex or even impossible for real
aircraft. The optimization methods developed in [5-
7] consider a single optimality criterion (objective)
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that narrows the range of possibilities for conflict
resolution and does not allow finding the most
effective solution in general. The optimization
methods proposed in [8, 9] use only speed change
for conflict avoidance. The common disadvantage of
considered force fields methods and optimization
methods proposed in [5, 8, 9] is that they are applied
to conflict resolution only in the horizontal plane,
when the largest number of conflicts occur between
aircraft, at least one of which is climbing or
descending [10, 11]. Also, all considered methods
do not use a combination of heading, speed and
altitude change maneuvers to avoid a conflict.

Thus, it is necessary to develop the new methods
of multi-objective conflict resolution that should
provide the synthesis of conflict-free trajectories
using heading, speed and altitude change maneuvers
in three-dimensional space according to flight
efficiency criteria. A promising approach to the
synthesis of conflict-free flight trajectories using
multi-objective  dynamic = programming  was
considered in article [12].

3. Problem statement

The problem of multi-objective resolution of
potential conflict between two aircraft in three-
dimensional space is considered.

Conlflict resolution is a controlled process and
aircraft are the dynamic system S. One aircraft
changes heading, airspeed and vertical speed to
avoid the conflict, second aircraft flies according to
planned trajectory.

The process of maneuvers synthesis is observed
in the time interval [¢,,#,] where 7, is the moment

of detection of a potential conflict, ¢, is the planned

time of aircraft exit from an ATC area.
Controlled motion of the maneuvering aircraft is
described using the vector differential equation:

X()= (X)) Ule)1), X(e,)=X,,
where X=[x y h V V,
x,y — horizontal coordinates; 4 — altitude; V' — true

]T — state vector;

airspeed; V, — wvertical speed; ¢ — heading;

U=[y, ¥, V1" — vector of controls; y, —

a

assigned bank angle; V, — assigned true airspeed;
v,

ha

— assigned vertical speed.
An absolute constraint is the flight safety ensured
by separation minima maintenance. The state X(¢)
belongs to the set of conflict-free states D () if the
separation minima are not violated:

X(t)e D ()X (t)e Q).
where Q(¢) — the space of a conflict:

The space of a conflict Q(¢) is a space of states
where the separation minima are violated:
)= (X)X X, () < A aX0). X, 1)< )
where d (X(t),me (t)) — horizontal distance between
aircraft; X, (t) — state of the second aircraft;
Ah(X(t), Xref.(t)) — vertical distance between; d, —

lateral (horizontal) separation minimum; /g

vertical separation minimum. The initial state is
conflict-free X(t0 )e Q(to) .

Controls are limited according to the aircraft
performances. Limitations are dependent on states
and time:

U(t)e D, (X(t),1),

where D (X(t),) — a set of possible controls U(t)
in a state X(r).

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 according
to defined optimality criteria are: J,(X(¢),U(r),z) —
deviation from planned flight time; J,(X(¢), U(z),2)
— deviation from planned altitude; J, (X(r),0(t),1) —
fuel consumption; J, (X(t), U(t),t) — number of

flight profile changes.
The numerical estimations are defined at the time
moment ¢, as follows:

J, =A1(X(tk )7tk)’
J, :A2(X(tk)’tk)’

7, = [ A XL U+ A, (X0 ),

J,= [ A XU+ A,(X0),).

where A,— estimation of deviation from planned
flight time; A,,— estimation of deviation from
altitude; A4, - fuel
consumption; A, — speed of flight profile changes;

planned instantaneous

A, — estimation of fuel consumption for real exit
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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 7, .

The function A, is defined as the sum of
piecewise-defined functions:

24(X(t)5U(t)at): 241(t)+ﬂ42(t)+/143(t):

0,7.(t)=0,
ﬂ’ — 3
4ﬁ){L%@¢Q

=000

L) =V (),

0,Vit)=V
2’43(0:{ , h(t "

AL
where V,, — planned vertical speed.

Estimations constitute the vector

I(X(). U(e).t)={7,(X(e) Ue).0)} i =14
As a result the problem of multi-objective
conflict resolution is determined as follows:

min  J(X(r),U(t),2), X(t)e Dy(¢), te[t,.t,]. (1)

U(ckDy (X(1))

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

4. Method of multi-objective conflict resolution

It is purposed to solve the problem (1) in two steps:

1) as the problem (1) is a problem of optimal
control of dynamic system S the first step is a
synthesis of a set of Pareto-optimal conflict-free
trajectories using dynamic programming method;

2) second step is a selection of optimal conflict-
free trajectory from a set of Pareto-optimal
trajectories.

The basis of dynamic programming is the
Bellman's principle of optimality [13]. In case of
multi-objective optimization the optimality principle
is formulated as follows — a segment from any point
to the end of a Pareto-optimal trajectory is a Pareto-
optimal trajectory that begins at this point [14].

Let E(X(Z),t) be a set of Pareto-optimal

estimations of conflict-free trajectories for a state
X(t)e D, (t):

E(X(1),¢)={3(x(:), U, (1).6)|=3U(c)e D, (X().2):
J(X(e), Ue),e) < 3(X(2). U, (1).0). U, (1) = U (o)},

where

I(X(),U(r).r)= {Al, A, [t + A, [ At + A4}.

2)

Let eff be the operator of determination of
Pareto-optimal estimations:

E(X(z),)=eff{J(X(¢), U(t),2)},

where U(t)e D, (X(z).).
Let X(t+7)e D (t+7) be a state on arbitrary
Pareto-optimal conflict-free trajectory, where 7 is a

small value. Then the Pareto-optimal estimation can
be written as follows:

E(X(t+7),t+7)=eff{J(X(t +7), Ut +7),t +7)},(3)
where

U(t+7)e D, (X(¢+7)t+7),

JX(+7)U(t+7)t+7)=

={A,,A2, T/ljdt+A3, Tﬁ4dt+A4}.

+T +T

The application of the optimality principle to
expressions (2) and (3) defines the equation of
multi-objective dynamic programming;:

E(X(t),1)=
=eff J {{o 0, ’].Tﬂgdt, tf/ydt}@lz(x(tw),w )} @
U(ceDy (X(1)) t t

where X(r)e D,(t), X(t+7)e D (r+7), ® — direct
sum.

The set of Pareto-optimal conflict-free flight
trajectories P is determined by the set of
estimations E(XO,ZO) at the moment of conflict
detection ¢, .

The synthesis of the set of Pareto-optimal
conflict-free flight trajectories is performed 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. Discretization step At is
defined taking into account values of possible
controls. The main requirement is the stabilization of
assigned airspeed during time interval Az. It is
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assumed that aircraft maneuvers for conflict
avoidance during stages j :m and returns to
the planned flight trajectory during last stage & .

The number of stages is defined using following

expression:

k — |:tk +(tlox +tend )/2_2Z0 :| ,

2At

where ¢, — time of potential conflict start; ¢, , —
time of potential conflict end; [] — rounding
operator.

Time interval [z, ,,¢,],¢,=¢,,+A¢ corresponds
to each stage j, except for the last one. The time
interval of the last stage j = & is different because of

the different time of reaching the fixed final state
when transiting from the states at the previous stage

(k-1).
Discrete dynamic system S is determined as
follows:

$={Dy. X, X,.D, (X).D} (X). (X, U)A/ (X, U)T, |,

where D, — a set of conflict-free states of aircraft
which performs maneuvers; X,, X, — the initial
and the final state of aircraft which performs
maneuvers; D, (X) — a set of possible controls Uin
the state X; DS (X)— a set of conflict-free controls

Uin the state X; f (X,U)— a transition function
from the state X under the action of control U;
AJ,(X,U) — efficiency estimation of transition from

the state X under the action of control U, z':l,_4;

Tre?f
that does not maneuver (second aircraft).
In general, it is considered that maneuvering

aircraft can transit into the state X( j ) at the stage j

— a discretized planned trajectory of an aircraft

from several states X(j—1) at the previous

stage (j—l):
X(j) =/ (X( =100 -1).

The final state X, = X(k) is specified only by
the horizontal coordinates of the point at which an
aircraft exits an ATC area (control point). Aircraft
may transit into the final state from all the states of
the previous stage.

The procedures for each stage j = Lk are:

— determination of sets of possible controls
D, (X(] - 1));

— prediction of separation minima violations
when transiting from states X(; —1) under the action

U(j-1)e Dy(X(j-1))
determination of corresponding sets of conflict-free
controls D, (X(j-1)e DU(X(j—l));

— simulation of aircraft flight trajectories,
determination of a set of conflict-free states D ()
and values AJ (X(j—1),U(j—1)) when transiting
from states X(j —1) under the action of conflict-free
controls U(j—1)e D (X(j-1));

— determination of sets of Pareto-optimal
estimations of conflict-free trajectories E(X( ]))

of controls and

when transiting into states X(j)e Dy(/).

Prediction of separation minima violations is
performed using geometrical method at time interval
[¢,1,¢;]. The prediction is based on the

determination of time interval when the lateral
separation minimum d; and vertical separation

minimum Ak are simultaneously violated.

Time moments of lateral violation start ¢, and
lateral violation end ¢, are defined by solving the
equation:

ds = \/(fx - (xref + ereft))z + (fy - (yVef + V"’eft))z ’(5)

2

Vat> Vgt

=x+Vi+—2—+ t ,
fx X 2V 2V g(}/d)
V at® Vg[2
=y+Vi+—2—-2> ¢ ,
fy=yevis— == e(n)
teft, ,t],
where x, y, V., v, - coordinates and speed

components of the maneuvering aircraft at the time

moment £, 5 X, Vs Vis V., — coordinates

and speed components of the second aircraft at time

moment ¢, ,; a, ¥, — acceleration and assigned

bank of the maneuvering aircraft at the time moment

t,,. Equation (5) is solved using numerical

methods.
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Time moments of vertical violation start #,, and

vertical violation end ¢, are defined by solving the

equation:

Ak, = (h+V,0)= (b, +V, 1), telt, 1,1, (6)

where £, V, — altitude and vertical speed of the
h

V,., — altitude and vertical speed of the second

maneuvering aircraft at the time moment ¢

11’ ref 2

aircraft at the time moment ¢, . The solution of
equation (6) is:

| xhli-n,)

' Ve =V, '

href

In case the time intervals of lateral and vertical
violations are intersected, the control U(j—1) is
considered to be a conflict one:

[t, .., 1N[t,.t,. 1Nt .1, ]2 D=
= U(j-1)e Dy (X(j-1))

The simulation of trajectories is performed using
the kinematics-energy model of the controlled
aircraft motion proposed in article [15]. This model
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; are defied using

following expressions:

0,]¢k

AT, (X(j - ‘t (7)
0,j#k,

AT, (X(-1),0(-1))= h—i| =k (8)
P

LV, (G =1)#V,,
Ay = 0
where {
X, : h

ko
control point overflight; O — fuel consumption; A¢

— actual time of reaching the final state

> h, — planned and actual altitude of the

— parameter that takes into account the small
heading changes; V,, — planned vertical speed.

The numerical estimations J.

. of an arbitrary
trajectory T={X0,X(l),...X(m)} are defined as
follows:

=2 (XG0 1),

The using of discrete dynamic programming
requires the ability of aircraft to transit into the state
X(j)e D(j) at j stage from several states

X(j—1)e D,(j—1) at the previous stage (j—1)

The determination of fixed states and controls
which allow to transit from several states X(j —1) to
one state X(/) is a difficult problem. It is proposed
to combine the sequential determination of conflict-
free states and relative Pareto-effective controls
using interpolation when solving the problem of
dynamic programming.

It is assumed that maneuvering aircraft can
change heading, airspeed and vertical speed at all the
stages except the last one. Let DUO(X( j—1)) be the
basic set of controls that contains all possible
combinations of controls for changes of heading,
airspeed and vertical speed. When applying controls
from the set DY (X(j —1))e D, (X(j —1)), an aircraft

transits into different states at stage j:

X'(j)=f(X(-1.0(-1)),
X'(j)e Dy (/) U(j —1)e Dy (X(j-1))

-1)u(j-1))

that are defined using expressions (7)-(10).
It is proposed to introduce the rule for formation
of new states X(j) which combine states X'(;).

with efficiency estimations AJ/(X(/

The proximity of coordinates and heading as well as
the equality of airspeeds are the backgrounds for
states combining. Thus, it is considered that an
aircraft can transit into the state X(j) under the

action of several controls U'( J —1). As a result the
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set TI(X(/)) 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(; )

A (X(j -1) U -1))
transiting into new states X(;) from the states of the

Estimations when

set the TI(X(j)) is determined using nearest-

neighbor interpolation of values
AJ(X(j-1),U(j—1)) for states X'(j) which are
combined:

A (X( =D U -1) = A7/(X(j -1).U( 1)),

X(j-1)e n(X()) U'(j-1)=U(; -1).

At the last stage an aircraft flies direct to the
control point with constant speed and maintains the
assigned flight level.

For the synthesis of Pareto-optimal conflict-free
trajectories the forward procedure of discrete multi-
objective dynamic programming is used. To
determine the set of Pareto-optimal estimations
E(X( J )) of conflict-free trajectories the equation of
multi-objective dynamic programming (4) is
transformed into recursive form [12]:

E(X(/))=

—eft | (mxo D)efar, (X -1 U(j- >>}j - (1)

X(j-1en(X(j

where H(X( )) — the set of states at the stage ( j— 1)
from which the transition into the state X( ]) is
possible; U’(j —1)e D (X(;
allow an aircraft to
X(j -1)e m(X(/)).

The solution of equation (11) also defines the set
D, (X()) of Pareto-optimal controls that allow an

aircraft to transit into the state X(;j) and the
corresponding set of states I1_(X(/))e II(X(/)).

The set of Pareto-optimal
trajectories is defined as

—1)) — controls which

transit from the state

conflict-free

P={Te K[J(T)e E(X,)},
where K — the set of full trajectories
T={X,,X(1),...X,} by which an aircraft transits from

the initial state X into the final state X, .

Each Pareto-optimal conflict-free trajectory
Te P corresponds to the Pareto-optimal controls
program T, .

Pareto-optimal conflict-free trajectory Te P and
corresponding program T, are determined using

following backward procedure.
At the last stage each trajectory Te P contains
the final state X, that related with the state

X(k—1)e I1,(X,) at the penultimate state by
control U.(X,)e DE(X,). For each state X(k—1)

and corresponding control UE(Xk) the following
trajectory and program are determined:

— trajectory T which contains the state
X(k-1)e I1.(X,) and  final  state X, :
= {X(k - 1)6 I (Xk )’Xk};

— program T, which contains the control
U (Xk)e Dy (X
aircraft from the state X(k—l)e 1.(X,) into the
final state X, : T, {U )e DE(X, )}

At the penultimate stage a certain state
X(k—1)e I1,(X, ) can be related with several states

X(k—2)e M (X(k—1)) at stage (k—2) by Pareto-
optimal controls U, (X(k —1))e D} (X(k —1)). For

each state X(k—2) and corresponding control

.) that provides the transition of an

U, (X(k—l)) the following trajectory and program
are determined:

— trajectory T which contains the state
X(k-2)e O (X(k-1)), state X(k—-1)e I, (X,)
and final state X, :

= {X(k —2)e T (X(k ~ 1)) X(k ~1)e I (X, ). X, };

— program T, which contains the control

U, (X(k - 1))e Dy (X(k 1))
U,(X,)e D} (X,) that provides the transition from
the state X(k —1)e I1,(X,) into the final state X, :
T, ={U, (X(k-1))e Dy (X (k- 1)), U, (X, )e DY (X, )}.

This sequence of described actions is performed

at all the stages from last to first.
The selection of optimal conflict-free trajectory

T" from the set of Pareto-optimal trajectories P is
performed by solving the optimization problem [16]:

and control

T  =arg min maxZw T),

TeP WeD,

(12)
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J,(T)-minJ,(T)
TeP . +
maxJ, (T)-minJ, (T)
Jz(T)_r%ilsz(T)
max J, (T)~minJ,(T)’

¢(T)=0,5

b

Ji+1 (T)_r’l[‘lelglJH (T) ,i:2,3 ,

i

¢(T)= :
maxJ,,, (T)-minJ,,, (T)

i i

where ¢, ¢,, ¢, — normalized estimations on the
flight regularity c¢,, flight economy ¢, and the
complexity of maneuvering c, criteria respectively
with  the domain of allowable values
D_={¢|ce [O,l]};w,. — the weighting coefficients
reflecting the relative importance of criteria and
forming a vector Wz{wl. Li =1,3 with the domain

of allowable values D and minimal value w,:
3 -
D, :{ Zw,. =Lw zw,,i=12;w, 2w, >0}.
i=1

5. Computer simulation

The conflict situation between two aircraft Boeing
737-800 flying in airspace with reduced vertical
separation minima (RVSM) was simulated. The
value of the lateral separation minimum is equal to
d,=18,5 km (10 nautical miles) and the value of

vertical separation minima is equal to Az, =300 m

(1000 feet). The geometric method for prediction of
separation violations was used. The initial
parameters of the aircraft flight and characteristics of
predicted conflict situation are presented in Table 1.

It was assumed that to avoid the conflict the
aircraft Nel should make manoeuvres. The aircraft
Ne2 flies by planned trajectory.

The process was discretized in time on 5 stages.
The discretization step for the first 4 stages is equal
to Ar=60 s.

It was assumed that the aircraft Nel can change
heading, speed and vertical speed to avoid the
conflict. Being in a certain state X(j—1) at stages

j= 1,4 aircraft is able:
— to make a left/right turn with bank angle
v=20’ (turning time is limited to 15 s) or to do not

change the heading;
— and to increase/decrease the airspeed on
AV =5 m/s or to do not change it;

— and to increase/decrease the vertical speed on
AV, =3 m/s or to do not change it.

The minimal value of weighting coefficients in
the optimization problem (12) is equal to w, =0,1.

As a result of the simulation the optimal conflict-
free trajectory T* was determined.

The graphically this trajectory is shown in Fig. 1.
The dependences of aircraft altitudes from time are
shown in Fig. 2. The dependences of horizontal and
vertical distance between aircraft from time are
shown in Fig. 3. The program of assigned airspeed
and vertical speed changes for aircraft Nel is
represented in Table 2. The efficiency parameters of
trajectory T are represented in Table 3.

Table 1. The initial parameters of aircraft flight and
characteristics of predicted conflict situation

Parameter Aircraft | Aircraft
Nel Ne2
Heading ¢, degrees 0 270
Airspeed V', m/s 195 220
Vertical speed V, , m/s 9 0
Initial coordinates (x,;y,), km (20; 0) | (75; 40)
Initial altitude 4,, m 7200 9150
Assigned flight level (altitude A, , m)| 350 300
(10650) | (9150)
Distance to the control point L, km 75 -
Planned time of control point
overflight 7, , s 385 B
Time interval of separation
violation [t, ,z ], s [183,250]
Predicted minimum horizontal
distance between aircraft 4, ,, m 6548
Predicted minimum vertical
distance between aircraft Ak, , m 0

Table 2. The program of assigned airspeed and vertical
speed changes for aircraft Nel

Stage 1 2 3 4 5
Airspeed V,, m/s 195 | 195 | 195 | 195 | 195

Vertical speed V, ,m/s | 12 | 12 | 12 | 9 9

ha

Table 3. The efficiency parameters of optimal conflict-

free flight trajectory
Parameters Value
Deviation from the planned flight time, s 5,4
Deviation from the assigned flight level at 0
control point, m
Additional fuel consumption, % 0,8
Number of flight profile changes 6




ISSN 1813-1166 print / ISSN 2306-1472 online. Proceedings of the National Aviation University. 2016. N 3(68): 35—45

42

2000
1800
1600 |- —

11000
9500F — — — -

=
=

Fig. 1. The aircraft trajectories: a — in three-dimensional space; b — in horizontal plane; 1 — planed trajectory for the
aircraft Nel; 2 — planed trajectory for the aircraft Ne2; 3 — control point on the route; 4 — optimal conflict-free trajectory

for the aircraft Nel; 5 — states at the stages.
Fig. 2. The dependences of aircraft altitudes from time: 1 — altitude of aircraft Nel during flight by planned trajectory; 2

— altitude of aircraft No2 during flight by planned trajectory; 3 — altitude of aircraft Nel during conflict resolution.

Fig. 3. The dependence of distances between aircraft from time: a — horizontal distance d; b — vertical distance Ak; 1 —

during flight by planed trajectories; 2 — during conflict resolution; 3 — separation minimum.
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The results of computer simulation show that

optimal conflict-free trajectory T ensures the
conflict avoidance and complies with defined
optimality criteria.

6. Conclusions

The method of multi-objective resolution of conflict
between two aircraft in three-dimensional space has
been developed. Described method provides the
synthesis of conflict-free flight trajectory according
to criteria of flight regularity, flight economy and the
complexity of maneuvering. The synthesis of Pareto-
optimal trajectories is carried out using the multi-
objective dynamic programming. The selection of
optimal conflict-free trajectory from the set of
Pareto-optimal trajectories is carried out using the
convolution of optimality criteria.

The advantages of the method are:

— heading, speed and altitude change maneuvers
are used for conflict avoidance;

— the simulation of trajectories is performed using
the special model of controlled aircraft motion;

— the multi-objective optimization of conflict-free
trajectories is applied;

— the sequential synthesis of conflict-free flight
trajectories is performed wusing the dynamic
programming that enhances the computational
efficiency.

Proposed method can be used for development of
advanced conflict resolution tools for automated
ATC systems.
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MeTtoa OaraTokpuTepiajJbHOr0 po3B’sI3aHHA KOH(JIIKTHOI cuTyanii Mixk ABOMAa MNOBITPSHUMH CyIHAMH Y
TPUBUMIPHOMY IIPOCTOPi HA OCHOBI IMHAMIYHOI0 POrPAMYBAHHA

JepxxaBHe MiANPUEMCTBO OOCIYroBYBaHHS HOBITpsiHOTO pyxy Ykpainu (Ykpaepopyx), Aepomopt, M. Bopucmins, Kuichka o0,
VYxkpaina, 08307

Hamionansauit aBianiitauii yHiBepcuret, mpocn. Kocmonasta Komapoga, 1, M. Kuis, Ykpaina, 03058

E-mail: dvasyliev@nau.edu.ua

Mera: ['nmoGanbHI TeHIEHIII 3pOCTAaHHS IHTEHCHBHOCTI IOBITPSHOTO PYyXy OOYMOBIIOIOTH 30UIBIIEHHS KiBKOCTI
KOH(QIIKTHUX CHTYyalill MiXK MOBITPSHAMHA CyAaMHU. AKTYaIBHOIO TIPOOJIEMOI0 € po3po0Ka HOBUX METOJIB PO3B’A3aHHS
KOH(QITIKTHUX CHUTYaIliH, SKi IOBHHHI 320e3MeuyBaTH CHHTE3 OC3KOHMIIKTHUX TPAEKTOPIH Y TPUBHUMIPHOMY TIPOCTOPI Y
BIIIOBITHOCTI O Pi3HUX KpUTEpiiB ePeKTHBHOCTI MONboTiB. Metomam: Po3pobieHo Meron OGaraToKpHTEpialbHOTO
pO3B’si3aHHST KOH(QIIIKTHOT CUTyalii MiXK [BOMa MOBITPSHUMU CYJHAMH 13 3aCTOCYBaHHSIM MaHEBPYBaHHS 3MIHOIO
Kypcy, IBHAKOCTI Ta BUCOTH MONBbOTY. OMUCAHNI METOJ] HA OCHOBI TMHAMIYHOTO MPOrpaMyBaHHS 3a0e3neuye CHHTE3
ONITUMAJIbHOI OE3KOH(IIIKTHOT TpaekTopii BIAMOBIAHO /0 KPUTEPIiB pEryssipHOCTI, €KOHOMIYHOCTI MOJBOTIB Ta
CKJIaJIHOCTI MaHeBpyBaHHs. HaBeieHo piBHSHHS OaraToKpuTepiaabHOro AMHAMIYHOTO MPOTPaMyBaHHS JUIS BU3HAYECHHS
MHOXXMHH [lapeTo-onTuMaibHUX OLIHOK Oe3KOH(IIKTHHX TPAEeKTOpii y HemepepBHiil Ta quckperHii ¢opmi. CuHTe3
[Mapero-onTuManbHUX OE3KOH(IIIKTHUX TPAEKTOPIH 31IHCHIOETHCS 13 3aCTOCYBAaHHSIM MPSIMOI MPOLENYPH JTUCKPETHOTO
0araToKpUTepiaJIbHOrO JIMHAMIYHOTO TNpOrpaMyBaHHS. MOJICNIOBAaHHS TPAEKTOPIH MOJBOTY BUKOHYETHCSA 13
BHUKOPHCTaHHSM CIEUiabHOI MOAENI KEPOBaHOTO pPyXy MOBITPSHOTO cydaHa. BuOip onrtumanbHOT Ge3KOHQUIIKTHOT
TpaekTopii 3 MHOXHMHHU [lapeTo-onTHManbHIX BUKOHYETHCS 13 3aCTOCYBAaHHSM 3TOPTKHM KPHUTEPIiB oNTUMaibHOCTI. B
paMKax MeETOJy BH3HAYE€HO HACTYIHI NpOLENYpU: NPOTHO3YBaHHSA IOPYIIEHb MIHIMyMiB CLICIOHYBaHHS;
IUCKpETH3allii CTaHiB Ta KepyBaHb, IHTEPIIONALIi OMIHOK e(EeKTHBHOCTI TPAEKTOpill 3a BCTAHOBICHHMH KPHUTEPiIMHU
onTuManbHocTi. Pe3ysabTaTtu: JlOCHIIPKEHHS 3alPOIIOHOBAHOTO METOLY BHKOHAHO IIUIIXOM KOMII FOTEPHOIO
MOJICITIOBAHHS, PE3YJIbTAaTH SIKOTO ITOKAa3ald, IMI0 PO3paxOBaHA ONTHMalbHA OE3KOH(GIIKTHA TPAaeKTOpis 3abe3medye
yCyHEHHs KOH(MIIKTHOI CHTYyallil Ta BiANOBIJa€ BCTAHOBJICHUM KPUTEPisiM onTUManbHOCTI. O6roBopenHsi: OCHOBHUMHU
nepeBaraMM METOJly €: 3aCTOCYBaHHS MaHEBpIB IO 3MiHI Kypcy, MIBUAKOCTI Ta BHCOTH IIOJILOTY IJISI YCYHEHHS
KOH(IIKTY;  OaraTokpuTepiajibHa ONTHMI3auis Oe3KOH(IIKTHHUX  TPAaeKTOpid; 3aCTOCYBaHHS  JUHAMIYHOTO
nporpaMyBaHHS, 10 MiJBHIYE OOYUCIIIOBAIbHY €(DEKTHBHICTh. 3alIPONOHOBAHUN METOJ MOXKEe OyTH BHKOPHUCTAHUI
IIpy po3podui 3aco0iB po3B’s3aHHSA KOHMIIKTHUX CHUTyalid JUIs aBTOMaTH30BaHMWX CHCTEM YIIPABIIiHHS MOBITPSHUM
pyxom.

KirouoBi ciioBa: OaraTokpuTepiaiabHa onTHMI3alis; Oe3reka MoIbOTiB; ANHAMIYHE IIPOrpaMyBaHHsI; TOBITPSHE CYIHO;
PO3B’sI3aHHS KOH(IIIKTHOI CUTYAIli{; yIIPaBIiHHS HOBITPIHAM PyXOM

JI.B. BacuibeB

MeTo MHOrOKpPUTEpPHAJBLHOI0 pa3pelieHHsi KOHQIMKTHOH CUTYyalUMH MeKIY ABYMSI BO3AYLIHBIMH CyJaMH B
TpeXMepHOM NPOCTPAHCTBE HA OCHOBE IMHAMHYECKOr0 MPOrpaMMHUPOBAHUS

TlocynapctBeHHOE mpeAnpuaTue 0OCITyKUBaHUS BO3AYIIHOTO IBIXKCHUS YKpawHbl (YKpaspopyx), Aspomnopr, r. Bopucmons,
Kuesckas o611., Ykpanna, 08307

HauumonanbHblil aBualinoHHBIN yHUBepcuTeT, poci. Kocmonasta Komaposa, 1, Kues, Ykpauna, 03058

E-mail: dvasyliev@nau.edu.ua

Hens: [nobGanbHBIE TEHASHLUMHM POCTa WHTEHCHMBHOCTH BO3IYIIHOTO JBIDKCHHS OOYCIIOBJIMBAIOT YBEIUYCHHUE
KOJIMYECTBAa KOH(MIMKTHBIX CUTYyalMii MEXAY BO3AYIIHBIMH CyAaMu. AKTyalbHOH IpoOiemoil sBisercs pa3paboTka
HOBBIX METOJOB peELIeHHs KOH(MIMKTHBIX CHUTyallMid, KOTOpbIe IOJDKHBI oOecleynBaTh CHUHTE3 OECKOH(IMKTHBIX
TPAaeKTOpPUIl B TPEXMEPHOM MPOCTPAHCTBE B COOTBETCTBMH C PA3HBIMH KPUTEPUSIMH 3(P(PEKTHBHOCTH IOJETOB.
Metoapi: Pa3paboraH MeTOA MHOTOKPUTEPHAIBHOIO pa3pelieHHs KOH(DJIMKTHOW CHTyallud MEXAy IByMs
BO3AYHIHBIMHU CydaMu C NOPUMCHCHUEM MAHCBPHUPOBAHUA 110 HM3MEHCHUIO KypCa, CKOPOCTU M BBICOTHI IIOJICTA.
OnucaHHBI METOJ Ha OCHOBE JAMHAMUYECKOrO IPOrpaMMHpOBaHHs OOECIEUMBAET CHUHTE3 ONTHMAJILHOMN
06ecKOH(INKTHOI TPaeKTOPUH B COOTBETCTBUM C KPUTEPHUSMH PETYJISIPHOCTH, IKOHOMHUYHOCTHU IIOJIETOB M CIIOKHOCTH
MaHeBpHpoBaHus. [IpuBeneHBl ypaBHEHHMS MHOTOKPUTEPHAIBHOTO JWHAMHUYECKOTO IPOrPaMMHPOBAHUS — JUIs
orpezieneHust MHOXecTBa [lapeTo-onTManbHbIX OLIEHOK OECKOH(IIMKTHBIX TPAEKTOPHUI B HENPEPHIBHON M TUCKPETHOMN
¢opme. Cunate3 [lapero-onTUManbHBIX OCCKOH(IMKTHBIX TPACKTOPUH OCYIIECTBISIETCS C MPUMEHEHHEM IPSIMOI
NPOLENYPHl JUCKPETHOTO MHOTOKPHTEPHAILHOTO IHHAMHYECKOTO MPOrpaMMHUpOBaHuA. MoJIenpoBaHHe TPaeKTOPHUi
TI0JIETa BBINOJHAETCS C MCIOIb30BAaHUEM CIIELMAIBHOW MOJIENH YIPaBIseMOro IBI)KEHUS BO3AYIIHOTO cyqHa. Bridop
ONTUMAJBHON OeCKOH(DIMKTHOW TPAaeKTOPHU M3 MHOXeCTBa [lapeTo-OnTHMalbHBIX BBINOJIHAETCS C IPUMEHEHHEM
CBEPTKH KPHUTEPHEB ONTHMAJIBbHOCTH. B paMkax Meronga ompeleneHbl Clemylolue HpOLeayphl: MPOTHO3HPOBAHHS
HapyUIeHUH MUHUMYMOB D3ILIEJIOHUPOBAHUS; AMCKPETU3allUU COCTOSIHMM U YIPABJICHUM, WMHTEPHOJISILMM OLICHOK
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3G (QEKTUBHOCTH TPAaEKTOPHUH MO YCTAHOBJIEHHBIM KPHUTEPHSIM ONTUMaJbHOCTH. PesyawbtaTthi: VccnenoBanue
MPEUI0KEHHOI0 METOJIa BBHIIONHEHO IIYTEM KOMIIBIOTEPHOTO MOJENMPOBAHMS, PE3yJbTaThl KOTOPOrO MOKAa3ald, YTO
paccunMTaHHas ONTHUMAaJbHAS OECKOH(IIMKTHAS TPACKTOpPHA OOECIeunBacT yCTpaHEHHE KOH(IMKTHOW CHUTyallH H
COOTBETCTBYET YCTAHOBJICHHBIM KPHUTEPHsIM onTHMaibHOCTH. OOcyxkaeHne: OCHOBHBIMU NPEHMYIIECTBAMH METOMA
SIBIISIFOTCSI: IPUMEHEHNE MAaHEBPOB I10 U3MEHEHMIO Kypca, CKOPOCTH M BBICOTHI IOJIETA ISl yCTPAHEHHsS KOHQIIUKTA;
MHOTOKPUTEpHAJIbHAS ONITUMHU3ALHS 6eCKOH(IINKTHBIX TpaeKTopuii; IIPUMEHEHHE JUHAMHYIECKOTO
MIPOrPaMMHPOBAHNUS, MOBBIIIAIOMIETO BBIYHCIUTENbHYIO 3(G(EKTUBHOCTb. [Ipe/yioKEeHHBI METON MOMKET ObITh
WCIIONIb30BAaH MPH pa3paboTKe CPEACTB pa3pelieHus] KOH(QIMKTHBIX CHTYallMid Ui aBTOMATH3MPOBAaHHBIX CHCTEM
yIOpaBIEHUS BO3YIIHBIM IBUKEHUEM.

KaloueBble cjoBa: 0e30MacHOCTb — TIOJIETOB;  BO3IYLIHOE  CyJHO; JAMHAMHUYECKOE  IPOrpaMMHpPOBAHUE;
MHOTOKpHUTEpHAIbHAsI ONITHMU3ALINS; pa3pelleHne KOHQIMKTHOW CUTYalMH; YIIPaBJISHNE BO3AYIIHBIM JIBHKCHUEM.

Vasyliev Denys (1987). PhD (Eng).

Instructor of Training and Certification Centre of Ukrainian State Air Traffic Services Enterprise (UKSATSE), Boryspil,
Ukraine.

Associate Professor of Air Navigation Systems Department of National Aviation University, Kyiv, Ukraine.

PhD (Eng) on specialty “Navigation and Air Traffic Control” (2014)

Education: National Aviation University, Kyiv, Ukraine (2010).

Research area: situation analysis and decision-making in air traffic management.

Publications: 37.

E-mail: dvasyliev@nau.edu.ua




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments true
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts false
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e9ad88d2891cf76845370524d53705237300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc9ad854c18cea76845370524d5370523786557406300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <FEFF9ad854c18cea306a30d730ea30d730ec30b951fa529b7528002000410064006f0062006500200050004400460020658766f8306e4f5c6210306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103055308c305f0020005000440046002030d530a130a430eb306f3001004100630072006f0062006100740020304a30883073002000410064006f00620065002000520065006100640065007200200035002e003000204ee5964d3067958b304f30533068304c3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020ace0d488c9c80020c2dcd5d80020c778c1c4c5d00020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken die zijn geoptimaliseerd voor prepress-afdrukken van hoge kwaliteit. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents best suited for high-quality prepress printing.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
    /UKR ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /ConvertToCMYK
      /DestinationProfileName ()
      /DestinationProfileSelector /DocumentCMYK
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles false
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


