
ABSTRACT
In the current world of increasing density of un-

manned aerial vehicle operations in the airspace, there is 
an enhanced emphasis on their safety due to the potential 
for mid-air collision, either with another aircraft or with 
each other. At the same time, unmanned aerial vehicles 
are also being used in the context of introducing smart 
technologies into maintenance processes, where there 
is also a need to prevent a potentially possible conflict 
when two drones come close together. The paper intro-
duces a mathematical model for tactical prediction of a 
conflict between a pair of drones. The tactical predic-
tion of drone conflict is intended to alert the drone op-
erator to an immediate potentially dangerous situation. 
The mathematical simulation in this paper extrapolates 
the 3D trajectory in the direction of the relative velocity 
vector of the convergence over the advance time. If the 
extrapolated trajectory has at least one point in common 
with the conflict space of the other drone, the conflict is 
signalled to the drone operator. This model can then be 
used in practice to simulate flight operations in shared 
airspace or to develop the currently required rules in se-
lected situations.
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1.	 INTRODUCTION
Airspace management and the possibilities of 

its efficient and safe operation are a very broad is-
sue, which also includes the solution of the prob-
lem of fragmented space regarding its penetration. 
At the same time, it is important to recognise that 
the provision of air traffic management services is 
influenced by several factors which are linked to the 
following problems:

–– 	collision avoidance between aircraft and un-
manned aerial vehicles (UAV),

–– 	preventing aircraft and UAVs from colliding 
with obstacles on the operational area,

–– 	maintaining orderly and expeditious flow of air 
traffic,

–– 	provision of information suitable for the safe, 
economical and efficient operation of flights.
Airspace management systems shall be based 

on automated information and computer systems 
which, in conjunction with tracking systems, shall 
be capable of displaying safety warnings and alerts, 
including collision hazard warnings, minimum safe 
altitude warnings, obstacle warnings, as well as 
prohibited and restricted area entry warnings. At the 
University of Žilina, we have been working for a 
long time on the use of smart technologies to stream-
line processes of aircraft maintenance, where we 
use UAVs for this purpose [1–3]. As the smart tech-
nologies and their use will allow us to simplify the 
processes, an important part and factor is always the 
time the aircraft spends in maintenance that should 
be as short as possible. For the above stated reason, 
after the introduction of the planned procedures and 
technologies, it is assumed that the inspection of 
two aircraft will be carried out simultaneously by 
two drones. This means that it is necessary to en-
sure that they do not converge and collide with each 
other [1–3]. For the above stated reason, this paper 
focuses on the conflict prediction of two drones 
and builds on previous research that has addressed 
the conflict prediction of two aircraft. In concor-
dance with continuing research based on the anal-
ogy method with the application of Ground Colli-
sion Avoidance Systems (GCAS) prediction, these 
systems can be divided into tactical and strategic 
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them with the results of our own research [5–9]. The 
use of optical identification based conformal track-
ing sensor detection is addressed in the study by 
Wang [10]. Based on the aforementioned research 
of scientific sources described in [11–13], this re-
search focuses on determining the possibilities of 
defining drone conflict prediction.

2.	 METHODS AND METHODOLOGY 
Tactical drone conflict prediction is intended to 

alert operators of an immediate potentially danger-
ous situation. It consists of a program that extrap-
olates drone trajectories based on positional infor-
mation for some time ahead, evaluates potential 
conflicts and signals these to the operator. Current 
tracking technique implies that continuous evalua-
tion of potential conflict situations is possible, but 
the conflict must be analysed at certain time inter-
vals and based on data collected at those intervals.

As part of the analysis, it is necessary to process 
all available information regarding positions, ve-
locities, intended movements, measurement errors, 
drone navigation equipment, drone performance as 

systems [4]. Tactical systems (Short Term Con-
flict Alert - STCA) signal a collision hazard after 
identification by the tracking system, and strategic 
systems (Strategic Conflict Avoidance, SCA) signal 
a collision hazard of the entering aircraft with air-
craft in controlled airspace before the aircraft enters 
controlled airspace. Through substitution, a conflict 
between a pair of unmanned aircraft or a conflict 
between an unmanned aircraft and another subject 
is subsequently resolved. The process of solving the 
collision hazard of a pair of aircraft is illustrated in 
the flow chart in Figure 1.

This paper presents a theoretical solution and 
design of a model for tactical conflict prediction 
of two drones. To achieve the research objectives, 
it is necessary to develop a custom model and the 
corresponding algorithm. D'Amato [5] provided a 
basic perspective on the issue of integrating UAV 
operations into civilian airspace. Following Hu [6] 
and Jover [7], it is evident that the problem to be 
addressed in this research has not yet been identified 
or comprehensively solved, which allows us to pur-
sue this research further, focusing on exploring the 
conclusions of Lee [8] and Wan [9], and comparing 
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Figure 1 – Flow diagram of the collision hazard signalling and monitoring of a pair of drones
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the tactical prediction system does not know the 
drone’s intended movements, there must inevitably 
be false conflict signalling (a very early conflict sig-
nalling could be negated by a subsequent intended 
manoeuvre in a safe direction), which could lead to 
the drone operator ignoring the actual collision at 
the end [16].

Also, calculation errors increase with time 
(short-term changes in velocity vector, equipment 
errors, etc.). Thus, a trade-off between adequate 
protection and false signalling has to be established. 
Furthermore, it is necessary to set a different value 
for the time advance in the vicinity of the airport 
(TMA, CTR), where the traffic density is higher and 
the spacing is smaller than in the controlled area. 
Hence, there is a requirement for graded conflict 
signalling time advance values for different alti-
tudes and for different traffic intensities [1, 2].

Let us denote HM(t) and HL(t) as the hor-
izontal position vectors of the two drones and 
|V(t)| as the difference of their heights. Then  
H(t)=HM(t)-HL(t) and V(t)=VM(t)-VL(t) is the ef-
fective position of drone M with respect to drone L. 
If VM is the minimum vertical and HM is the min-
imum horizontal miss distance, then the safe miss 
condition must meet:

( ) ( )V Ht tVM or HM$ $ 	 (1)

while ,t p0! ^ where p is the value of the conflict 
signalling time advance.

The position vector H(t) is a function of:
–– 	extrapolated drone position based on the drone’s 

current position and velocity,
–– 	position and velocity measurement errors or ve-

locity calculation errors,
–– 	the ability of the remote pilot or remote operator 

to change the flight path during the time advance 
period p,

–– 	random deviation from the flight path.
Therefore, H(t) can be defined as:

( ) ( ) ( ) ( )t t t tH H m Oe= + + 	 (2)

where:
He(t)	–	extrapolated difference of the position 
				    vectors of drones L and M at time t, 
m(t)	 –	measurement error of the drone position 
				    and velocity, 
O(t)	 –	deviations from the extrapolated trajectory  
				    caused deliberately by the pilot or operator  
				    and random deviations due to technical  
				    reasons.

well as other information and calculate worst-case 
scenarios from it. The basis of the analysis is the 
mathematical and logical processing of the data to 
determine future worst-case scenarios. The term 
worst-case should be understood as describing the 
most unfavourable combination of factors deter-
mining the position of two drones (or N-1 drones).

The paper “A theory of the Tactical Conflict Pre-
diction of a Pair of Aircraft” describes that it is nec-
essary to determine the safe passing distance of two 
objects, the minimum passing distance and the spac-
ing [4]. Subsequently, to define an area around the 
drone that must not be disturbed by another drone. 
For mathematical processing, this space needs to be 
defined in the vertical and horizontal direction [14].

The horizontal distance shall be greater than 
minimum horizontal distance (HM) or minimum 
vertical distance (VM). Based on this, the extrapo-
lated horizontal and extrapolated vertical distances 
must be increased by the error of the drone’s posi-
tion and velocity measurements, by the operator’s 
ability to change the flight path during the conflict 
identification period and by random deviations from 
the flight path [15].

For the purpose of the experiment, we assume 
linear and unaccelerated motion of drones X and 
Y over the time interval ,,p0^  and available in-
formation on position including altitude as well 
as horizontal and vertical velocity. To simplify the 
solution, we did not consider the error of the posi-
tion and velocity measurements. The conflict sig-
nalling time advance (p) must be a number that is 
large enough to give the operator enough time to 
avoid a collision. The minimum of the time advance 
p depends on:

–– 	the time required to predict a conflict (tracking 
system performance), it may even be extended as 
a result of tracking programs and the calculation 
of the relative speed of one drone to another,

–– the operator’s response time to conflict signalling, 
which also depends on the quality of the connec-
tion between the operator and the drone,

–– operator response time,
–– the time required to establish the evasive manoeuvre,
–– the time required to execute the evasive manoeuvre.

The minimum time advance is given by the sum 
of the above mentioned times. It is more problem-
atic to determine the maximum value of the time 
advance. The greater the period, the more time 
for evasive manoeuvre and thus the prerequisite 
for greater safety is created. On the other hand, if 
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Let Mp=M+p·R be the position of the drone M 
at time p assuming a constant relative velocity vec-
tor R during time p. If the segment MpM shares at 
least one point with the conflict space, then the point 
M lies in the conflict space and a possible conflict 
should be signalled [3]. The analytical expression 
of the buffer space defined in this way does not 
need to be derived, as in the mathematical models 
of D’Amato [5] and Hu [6] because it is sufficient to 
know the analytical expression of the conflict space 
– the rotational ellipsoid whose equation is:

a
x

a
y

c
z1

2

2

2

2

2

2$ + + 	 (9)

We will call this model the EM model. [4, 5]

c

a
b L

Figure 2 – Conflict space – rotational ellipsoid

4.	 ALGORITHM FOR SIGNALLING A 
POSSIBLE CONFLICT 
Based on the model, we can then construct an 

algorithm for signalling a possible conflict using 
the EM conflict space model of drone L. The divi-
sion of the time space of the interval ,p0^  by the 
division points 0,p1,p2,...,pn-1,pn=p, where pi=i·p/n,  
i=1,2,...,n p n

p
0 =  has been created. The number n is 

a natural number and is chosen so that it is not unnec-
essarily large. Usually, it is sufficient to choose n=2,  
n=3 or n=4. Division of the line segment MMp by 
the division points M,Mp1

,Mp2
,...,Mpn-1

,Mpn
=Mp  

corresponds to this division. Then it is neces-
sary to successively determine whether the point  
Mp,Mpn-1

,Mpn-2
,..., lies in the conflict space, i.e. 

whether its coordinates satisfy the Inequality 9. 
As soon as this inequality is satisfied by any of the 
points Mp,Mpn-1

,Mpn-2
,..., the possible conflict is sig-

nalled and there is no need to continue the detection 
for the other points. The algorithm generation pro-
cedure is illustrated in Figure 3.

In order to design a mathematical model for 
conflict prediction, a Cartesian coordinate system, 
k.s. [0;u;v;w], needs to be chosen in space, the (u,v) 

Since we cannot assume the direction of the vec-
tors m(t) and O(t), the safe misses of the drones are:

( ) ( ) ( ) ,t t t t pH m O 0HM withe $ !+ + ^ 	 (3)

We considered a linearly non-accelerated motion 
of two drones over the time interval ,,p0^  where 
the position and altitude of the drones are available, 
including their horizontal and vertical velocities. 
Then:

( ) ( ) ( ) , ,t t t pH H H`0 0 0e $ != + ^ 	 (4)

where:
H(0)		 –	measured relative position (distance of the 
					     two drones), 
H`(0)	 –	measured relative velocity,
by substituting into Equation 3

( ) ( ) ( ) ( )
( ) ( )

t t
t t

H H H` mD
mD` O

0 0 0
0

HMe $

$

$= + +
+ +

	 (5)

Similarly, Ve(t) is the extrapolated height differ-
ence at time t.

( ) ( ) ( ) ,t t t t pV mV OV 0VM wheree $ !+ + ^ 	 (6)

( ) ( ) ( ) , ,t t t pV V V`0 0 0e $ != + ^ 	 (7)

( ) ( ) ( ) ( )
( ) ( )

t t
t t

V V V` mV
mV` O

0 0 0
0

VMe $

$

$= + +
+ +

	 (8)

where:
V(0)		 –	measured height difference between 
					     drones L and M, 
V`(0)	 –	measured relative vertical velocity of 
					     drones L and M.

3.	 MATHEMATICAL MODEL 
If the conflict distances were the same in the 

horizontal and vertical directions, then the conflict 
space would be represented by a sphere. In the case 
where the conflict distances in the horizontal and 
vertical planes are not the same, e.g. when a larg-
er safe distance in horizontal forward motion is re-
quired, then the conflict space is defined as an ellip-
soid. We assume the conflict space of the drone L 
to be an ellipsoid. The rotational ellipsoid is shown 
in Figure 2 and the assumption is made that drone M 
flies at speed VM and drone L flies at speed VL. We 
consider drone L as a stationary drone and drone 
M is moving relative to it with relative velocity 
R=VM–VL.
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of the point coordinates of drone L and M obtained 
in k.s. [0;u;v;w] allows working in k.s. [L;x;y;z], 
L point coordinates=[0;0;0]. Further work will be 
done in k.s. [L;x;y;z].

Let R=[xR;yR;zR] and the drone M=[xM,yM,zM] be 
in k.s. [L;x;y;z].

The input are the coordinates of the drones L and 
M in k.s. [0;u;v;w] periodically updated at interval 
t0=ti+1-ti in the scanning sequences of the tracking 
system.

The output is an indication of a potential conflict 
between L and M drones, if it exists.

Li and Mi are the positions of drones L 
and M at ti, i=1,2,3,..., and Li=[uLi

;vLi
;wLi

] and  
M

i
=[uMi

;vMi
;wMi

] in ti, Li+1=[uLi+1
;vLi+1

;wLi+1
] and  

Mi+1[uMi+1
;vMi+1

;wMi+1
] position in ti+1.

Then the speed of the drone L is

, ,t
L L

t u u v v w w1V i i
L L L L L L0

1
0L i i i i i i1 1 1= =- - - -+

+ + +^ h 	 (11)

and drone M

, ,t t u u v v w w1M MV )
i i

M M M M M M0
1

0M i i i i i i1 1 1= = - - -+
+ + +^ h 	 (12)

We take these velocities to be the instantaneous 
velocities of drones L and M at time instant ti+1. The 
relative velocity vector Ri+1 of drones L and M at 
time ti+1 is then Ri+1=VM–VL, its components are 
(uRi+1

;vRi+1
;wRi+1

), where:

u t u u u u x

v t y

w t z

v v v v

w w w w

1

1

1

R M M L L R

R M M L L R

R M M L L R

0

0

0

i i i i i i

i i i i i i

i i i i i i

1 1 1 1

1 1 1 1

1 1 1 1

= =

= - - - =

= - - - =

- - -+ + + +

+ + + +

+ + + +

^

^

^

h

h

h
	 (13)

These components of the vector Ri+1 in k.s.  
[0;u;v;w], if we shift k.s. to k.s. [Li+1;x;y;z], and the 
coordinates of the vector Ri+1 do not change and 
Equation 13 holds (Li+1 because it refers to the time 
instant ti+1). According to the transformation Equa-
tions 10:
x u u
y
z

v v
w w

M M L

M M L

M M L

i i i

i i i

i i i

1 1 1

1 1 1

1 1 1

=
= -
= -

-+ + +

+ + +

+ + +

	 (14)

The values from Equations 13 and 14 are substituted 
into the equation of the rotational ellipsoid. If these 
values satisfy Inequality 9 then drone M is located in 
conflict space and it is a threat.

5.	 DISCUSSION
The result of the research is the algorithm for sig-

nalling a possible conflict that provides a solution by 
which a conflicting operation of a pair of drones can 

plane is horizontal and the tracking system is at the 
centre of the coordinate system (see Figure 3). The 
input data are the coordinates of the drones L and 
M in the coordinate system [0;u;v;w] sensed by the 
tracking system at certain time intervals dt.

In this k.s. system the drone L has coordinates 
[uL;vL;wL]. Let us shift the k.s. [u;v;w] by the vector 
L (L[uL;vL;wL]) and the result is k.s. [L;x;y;z] cen-
tred at L (see Figure 4).

 

z

y

x

w

v

u0

L

Figure 4 – Transformation of coordinate, k.s. [0;u;v;w] 
tracking system

The transformation equations of this displace-
ment are:
X U U
Y V V
Z W W

L

L

L

= -
=
=

-
-

	 (10)

Drone coordinates L and M obtained at a giv-
en time instant in k.s. [0;u;v;w] will be transformed 
into k.s. [L;x;y;z] using Equations 10. Transformation 

M

R
→

L

Mp1

Mpn-1

Mpn-1

Mp

Figure 3 – Visual representation of the algorithm for 
signalling a possible conflict
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L is the rotating ellipsoid. Drone L is located in the 
centre of the conflict space. In the model, the path 
of drone M is extrapolated in the direction of the 
relative convergence velocity vector for the dura-
tion of time advance p. If the extrapolated path has 
at least one point in common with the conflict space 
of drone L, a conflict is signalled at the output of 
our algorithm.

This conflict prediction model can be used in 
automated information processing, usually already 
in its primary processing. For simplicity, we used a 
simple calculation of the drone L and M velocities 
from only two measured positions. In reality, the 
velocity is computed from multiple position entries 
or is transmitted in a data message, weighing the 
measured and computed velocity. Usually, different 
types of filters are used to compute the drone posi-
tion and velocity and determine the quality of indi-
vidual plots, which is referred to as the bias.

In practice, in most cases it is preferable to change 
the altitude or horizontal direction. Changing the 
speed should be the last resort. Similar approach 
has been identified in the study “Integration of a 
4D-trajectory follower to improve multi-UAV con-
flict management within the U-space context” which 
considered the problem of conflict management for 
multiple UAVs in the context of U-space in 4D tra-
jectory-based operations (4D-TBO) [20]. The pres-
ent model provides an advantage in applications that 
use a more efficient anti-collision system model in 
unmanned aerial vehicle decision making processes. 
In the process of future research, it is necessary to 
think about the vertical distances of airways due to 
manoeuvrability, or with horizontal zones beyond 
the designated airspace providing sufficient space for 
horizontal flight change due to anti-collision trajec-
tory correction. These aspects act as a disadvantage 
of applying the method in practice, as in enclosed or 
confined spaces there is a need to include anti-slip 
routes in the design of airspace. At present, the 
FLARM system [21] provides anti-collision protec-
tion for UAVs as well as civilian sports aircraft. In 
studies, this system is a benchmark for the application 
of new anti-collision measures and technical solu-
tions, as it is a standard and a leader in its field. As in 
the case of the FLARM system, the presented math-
ematical model provides the operator with signalling 
of an impending collision, and it is the operator who 
is obliged to ensure the manoeuvre responsible for 
avoiding a collision. The task of future research and 
simulations will therefore be to determine the time of 

be spatially identified. If used to manage conflicts 
between UAVs, this particular algorithm would be 
one of the key aspects in the development of future 
Urban Air Mobility (UAM), aerial work in indus-
trial halls of enterprises, buildings and warehouses 
[17]. Several scientific papers are devoted to ob-
ject pair conflict resolution and algorithm design, 
as mentioned in the introduction. These solutions 
are usually based on the detection of objects in a 
spherical conflict zone, and in the case of objects 
moving in 2D space, a circular conflict space is 
usually considered. We were able to describe the 
prediction algorithm of drone trajectory based on 
the multiple model estimation algorithm from the 
ADS-B conflict detection technique.

In practice, the dynamic models are used to esti-
mate multiple models that compute estimates of the 
current state and flight mode of the drone [18]. The 
motion of the drone can be decoupled into horizontal 
and vertical motion. The dynamic models correspond 
to the different flight modes that commonly occur in 
real flight. The interacting multiple model (IMM) al-
gorithm is used to estimate the position and velocity 
of an aircraft. The IMM is a computationally efficient 
suboptimal estimation algorithm for multiple mod-
els’ estimation. It consists of a bank of Kalman filters 
matched to each mode and provides final estimates 
for all Kalman filters by combining the estimates. 
Our contribution is in expansion of the conflict area 
and creation of a proposal for an ellipsoidal conflict 
zone. In the context of tactical conflict management, 
drones in flight, for example, the author Jover  identi-
fied the PCAN (Prediction-based Conflict-free Adap-
tive Navigation) method [19]. This relatively simple 
navigation technique predicts the occurrence of con-
flict and avoids it by adjusting the velocity vector of 
the drone or group of drones in question. Main dis-
advantage of such technique with respect to our solu-
tion is that not in all cases of aerial work the flight 
speed could be changed.

The basis of the proposed model is the extrap-
olation of the trajectories of the two drones in 3D 
space, based on the assumption of a constant vec-
tor of relative convergence speed during the time 
advance, denoted by p. The input data shall be the 
drone coordinates taken at certain time intervals de-
termined by the refresh rate of the tracking system. 
The conflict space is defined based on the deter-
mined conflict distance in the horizontal direction 
and in the vertical direction, as shown in Figure 1. In 
this mathematical model, the conflict space of drone 
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DETEKCIA A PREDIKCIA KONTAKTU  
DVOJICE BEZPILOTNÝCH LIETADIEL

ABSTRAKT
V súčasnom svete zvyšujúcej sa hustoty prevádzky 

bezpilotných lietajúcich prostriedkov vo vzdušnom prie-
store je čoraz väčší dôraz kladený na ich bezpečnosť 
vzhľadom na možný stret vo vzduchu, či už s lietadlom 
alebo vzájomne. Zároveň sú bezpilotné lietajúce pros-
triedky využívané aj v rámci zavádzania smart tech-
nológií do procesov údržby, kde je tiež potrebné pred-
chádzať potenciálnemu možnému konfliktu pri zblížení 
dvoch dronov. Článok definuje matematický model tak-
tickej predikcie konfliktu dvojice dronov. Taktická predik-
cia konfliktu dronov má upozorniť operátora dronu na 
okamžitú potenciálnu nebezpečnú situáciu. Matematická 
simulácia v tomto článku extrapoluje 3D dráhu v smere 
vektora relatívnej rýchlosti zbližovania po dobu predsti-
hu. Ak má extrapolovaná dráha s konfliktným priestorom 
druhého dronu spoločný aspoň jeden bod, signalizuje 
sa konflikt pre operátora dronu. Tento model je možné 
následne využiť v praxi pri simulácii letovej prevádzky v 
zdieľanom vzdušnom priestore, resp. pri tvorbe aktuálne 
potrebných pravidiel vo vybraných situáciách.

KĽÚČOVÉ SLOVÁ 
konflikt; konfliktný priestor; algoritmus; UAV; predikcia.
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