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The article shows the relevance of the problem of development and analysis of algorithms for tracking
small-sized UAVs according to video surveillance. A Kalman-type correlation algorithm for tracking of a
small-sized UAV in the presence of spatially uncorrelated interference, which is the most common in practice,
is synthesized. In the obtained algorithm, the UAV motion parameters are estimated independently along
the axes of a rectangular coordinate system. Positioning accuracy analysis using the correlation algorithm, as
well as the correlation algorithm for tracking UAVs based on the Kalman filter, was carried out by statistical

modeling in the Matlab programming environment.
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Introduction

Despite the initial prerogative of using unmanned
aerial vehicles (UAVs) mainly for military purposes,
small (about 50 centimeters long) UAV technologies are
now increasingly used in many sectors of the economy,
as well as to meet the needs of commercial and private
consumers [1,2].

On the other hand, the development and spread of
small UAVs have led to a new class of menace [3]: espi-
onage, terrorism, transportation of prohibited goods,
air traffic complications, property damage. Today in
the leading countries of the world the solution of
problems of neutralization of menace from the use of
small UAVs and the creation of appropriate protection
systems is brought to the level of national security
[4, 5]. Therefore, important tasks are to track UAVs
and control the activities allowed for them.

The low visibility of small UAVs necessitates the
use of integrated surveillance systems [6,7], an integral
part of which is a video surveillance system. Therefore,
the urgent task is to develop and analyze algorithms for
tracking small UAVs according to video surveillance.

The correlation method [8-10] is used to detect
objects in images, which is highly effective due to the
indirect use not only of the brightness characteristics
of objects, but also their shape and position. At the
same time, the most common interference in practi-
ce, which distorts the image, is spatially uncorrelated
additive noise [11]. According to the observation data

of various electronic systems, the Kalman filter is wi-
dely used for tracking purposes [12,13]. In [14, 15],
a tracking system is presented that uses correlation
filters and Kalman prediction to determine the posi-
tion of an object in each frame of a video sequence.
They consider the issues of improving the discrimi-
nation coefficient between objects and suppression of
a complex background. Therefore, the relevant task is
to analyze the influence of uncorrelated noise on the
efficiency of tracking a small UAV by Kalman-type
correlation algorithm.

1 Algorithm of  correlation

tracking of Kalman-type on
small UAV

Consider the following model that allows you to
monitor changes in the real target to be tracked. The
target in the image (Fig. 1) is a set of connected points,
the geometric center of which has coordinates z., ye.
Place the target in a rectangular area in which it fits
with a margin. The amount of “margin” should be
chosen from the maximum possible range of resizing
the target on adjacent image processing cycles. Because
the target configuration may change, the point taken as
the center of the target and the size of the rectangular
area may change during detection and tracking.
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Fig. 1. Object model

The rectangular area is a model of the object of
observation, so the tracking task is to track the center
of the rectangular area of the current image, which is
the real target, using a Kalman-type correlation algo-
rithm for positioning images and tracking. An object
model in the form of a rectangular area in correlation
positioning algorithms is called a reference image. It
is determined on the previous cycles of the Kalman
filtering algorithm.

One of the main tasks of tracking is the formation
of the gate — the search area of the set of measuring
coordinates of the target, i.e. in this area the possible
options for the position of the target are considered.
The area of the gate has the form of a rectangle in
Fig. 2, and its dimensions are determined depending
on the size of the object of observation that get into
this area. The center of the search gate is located at
the point of the predicted position of the target in the
current image (Fig. 2), so the coordinates of its center
coincide with the coordinates of the center x.,y. of
the reference image. Figure 2 also shows the dashed
line of the boundaries of the object of observation in
the current frame.
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Fig. 2. Illustration of the gate, reference and current
image

The correlation algorithm is used to determine the
offset of the center of the object of observation relative
to the center of the gate (reference image) [11, 16].
The correlation function is calculated when comparing

a fragment of the current image in the gate and the
reference image. In the absence of interfering factors,
the correlation function assumes the maximum value
if the image fragment in the gate contains the object
to be tracked. This allows you to determine the offset
Az and Ay of the target relative to the reference
image, because the gate fragment contains the image
of the object and is most similar to the reference
image. As a result of the influence of background, noise,
interference, changes in geometric shape and size, the
displacement of the target is determined with a certain
€rTor.

The calculated offsets of the center of the object
of observation relative to the center of the gate are
described by the following expressions:

Ax (k) =Ax(k)+v, (k); )
Ay (k) =Ay(k)+vy (k),

where Axzr(k), Ayar(k) — measured offsets of the
center of the object of observation relative to the center
of the reference image in the k-th step; Axz(k), Ay(k)
— true offsets of the center of the object of observati-
on relative to the reference image in the k-th step;
vz (k), vy(k) — errors in measuring the displacement of
the center of the object of observation relative to the
reference image on the k-th step, which are Gaussian
with zero mathematical expectation and correlation
matrix R(k).

The next step in solving the problem of tracking the
target is to determine the parameters of the movement
of the object. When measuring the coordinates of the
target, a rectangular coordinate system (CS) is used, so
a rectangular CS is also used to describe the movement
of a small UAV. The model of motion of the UAV image
center in a rectangular CS in the form of a discrete
dynamic system has the form:

u(k)=Fu(k—1) + Guw(k), 2)

where u?'(k) = (x(k),@(k),y(k),9(k)) — state vector
including position coordinates z(k),y(k) and the rate
of change of position #(k), y(k) on the corresponding
axes of the rectangular CS; w(k) — excitation noise with
a correlation matrix

deiag(ogw, agy);

1 7T 0 0 Tl 0
p_ |01 0 0f ot T 0 3)
oo 1T T 0 o,
0 0 0 1 0 JayT

F — system transition matrix; G — known matrix in
the current step; T — data rate; o2, agy — dispersions
accelerate the movement of the target on each axis,
defined as follows:

2 2
2 _ Omz, 2 _ %my

ar 3’ Oay 3

(4)

where @z, Gmy — modules of the maximum value of
acceleration of the target on each axis.
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In the obtained model (2), the change of the target
motion parameters along each axis of the rectangular
CS is described by a second-order dynamic system [17],
the state vector of which contains the coordinates of
the position and the rate of change of position. The
equations for observing a small UAV in the current
frame are as follows:

m(k)=zc(k)+Azn (k)=
=z.(k)+Ax(k)+v. (k) =z (k)+v, (k); 5)
yum (k) =ye(k)+Ayn (k) =
=Yy (k) +Ay(k +Uy(k):y(k)+vy(k)-

where x,/(k), ypm (k) measured coordinates of the
target in a rectangular CS.

The equations of observation in vector-matrix form
have the following form:

unm (k) =Hu(k)+v(k), (6)

where un(k) = (za(k), yam(k)) — the observation
vector, including the measured coordinates of the
target in the rectangular CS;

v(k)=(vz(k), vy(k)) — vector of measurement errors
with a correlation matrix R(k) having the form:

(7)

zy

H — observation matrix having the form:

100 0
H_{0010}

Theoretically, the components of the correlation
matrix of measurement errors R(k) are quite diffi-
cult to determine, because they depend on many
factors: the size and statistical characteristics of the

target image, the properties of the noise in the image,
background, and so on. Components can be determi-
ned experimentally for different conditions and used
depending on the case, based on the characteristics of
the current image.

Expressions (2) and (6) specify the model of moti-
on of the target and the equation of observation in
the Cartesian coordinate system of the frame. The
discrete Kalman filter synthesized by equations (2), (6)
is described by the expressions [12,13]

u* (k) =Fa(k—1); (8)
(k) =u" (k) +K(k)(up (k) —Hu (k));  (9)
P*(k)=FP(k—1)F' +GQGT; (10)
K(k)=P*(k)H” (HP*(k)HT+R(k)) ;  (11)
P(k)=P*(k)—K(k)HP*(k), (12)

where u*(k), a(k) — vectors of forecast and estimati-
on of parameters of movement of the purpose at the
moment, of time; P*(k), P(k) — correlation matrices
of forecast and estimation errors, respectively; K(k) —
Kalman filter gain.

To run the Kalman discrete filter, you must speci-
fy the initial conditions. In the presence of two
measurements at the same time £ =0 and k£ =1 the
vector of the initial estimate has the form
O e

(13)

The correlation matrix of errors of the initial esti-

mate is equal to

[02(1) i o%,(1) e
05%1) 05(1);203,(0) + 02T 2, Uiy(l)JTrUiy(O)

P(1) = (0 UT(I) (1) UT(D (14)
oinﬂ) aiyu);aiy(m aiT(l) 05(1);205(0> +02,T?

In practice, to simplify the filtering algorithm, the
cross-correlation between measurement errors in the
rectangular CS o2, (k) is neglected by setting to zero.
As a result, the fourth-order Kalman filter is divided
into two second-order filters and independent filtering
is performed on the coordinates = and y.

The coordinates of the gate center are calculated at
the forecast stage and are equal to
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2 Analysis of the accuracy of
UAV positioning in the current
frame

As noted above, theoretically standard deviation
(SD) measurement errors o,(k), o,(k) are difficult
to determine. Analysis of positioning accuracy using
a correlation algorithm was performed by statistical
modeling in the Matlab environment. Fig. 3 shows the
original test images of UAVs of different sizes. They are
obtained on the basis of images in JPEG format, which
were normalized to the interval [0,1] and presented in
floating-point format. These images are used to analyze
the accuracy of positioning when moving the UAV in
the cases when the reference image is ideal, as well as
distorted by noise. As interference the discrete white
Gaussian noise with dispersion o2 was used.

The gate with the reference image had the shape
of a rectangle, in the center of which was the image
of a UAV. Its sides were three times larger than the
sides of the UAV test image. The observed image had
the same dimensions as the strobe. But in each test,
the test image of the UAV in it was located equally

likely. The mutual correlation function was calculated
using spectral transformations [3] based on the discrete
Fourier transform.

Fig. 4 presents the results of calculating the
normalized mutual correlation function of the reference
and current image of 10 by 6 pixels, distorted by noise
with o, = 0.1.

The presence of noise leads to a decrease in the
correlation coefficient of the images, as well as to the
appearance of additional local extremes. The presence
of local extrema leads to possible errors (erroneous
decisions) in determining the offset of the current image
relative to the reference image.

The Monte Carlo method was used to evaluate
SD ox and oy and UAV positioning errors along the
X and Y axes in 1000 implementations. The study
was performed at different SD of noise o,. In order
to compare the positioning accuracy for different test
images, the normalized SD Gx and &y and UAV positi-
oning errors were calculated according to the formulas
(16)

ox =20x/lx, &y =20y/ly,

where [y, ly — the sizes of the observed images on the
corresponding axes.
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Fig. 3. Reference image (a) 25 by 15 pixels, (b) 18 by 12 pixels, (c) 10 by 6 pixels
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Fig. 4. Normalized mutual correlation function of noisy images

The simulation results are shown in Fig. 5. Curves
2,4,6 characterize situations when the reference image
is ideal and curves 1,3,5 are provided for images
distorted by noise. As follows from the curves,

the correlation method provides subpixel positioning
accuracy. The noise level of the reference image leads to
the appearance of the noise component of the position-
ing error, which increases significantly with increasing
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SD of noise 0, and decreasing image size (energy of
the signal component). The obtained results make it
possible to determine the conditions for acceptable
determination of UAV position and probable condi-

O-X 07

tions when UAV support is disrupted, which in turn
allows us to determine the conditions for effective use
of correlation algorithms for unmanned aerial vehicle
support in video surveillance systems.

Fig. 5. The results of experiments for images (a) SD on z, (b) SD on y
(1 - without the noise of the reference for 25 by 15 pixels, 2 - with the noise of the reference for 25 by 15 pixels,
3 - without the noise of the reference for 18 by 12 pixels, 4 - with the noise of the reference for 18 by 12 pixels,
5 - without the noise of the reference for 10 by 6 pixels, 6 - with the noise of the reference for 10 by 6 pixels)

3 Analysis of the efficiency of
the Kalman-type correlation
algorithm for UAVs tracking

The analysis of the correlation algorithm for UAV
tracking based on the Kalman filter was also performed
using the Monte Carlo method. The MATLAB
program simulated the movement of the target in a
rectangular coordinate system with the initial position
z1 = 100 pixels, y; = 100 pixels and speed & = 10
pixels/tact, y = 10 pixels/tact. The intensity of the

maneuver is set to o, = 1 pixel/tact?. The number of
samples of trajectories N=20. The rate of information
T=1 tact. Errors for measuring the rectangular coordi-
nates of the target by the correlation method were set
ox =0y =1 pixel. The number of implementations of
the Monte Carlo method is equal to M=1000.

To analyze the features of the filtering algorithm,
a test image of UAV with size 10 by 6 pixel was used,
the accuracy of positioning of which by the correlati-
on method significantly depends on the noise power
in the image. In the experiment SD of noise in the
image is 0,,= 0.1. Figure 6 a, ¢ shows the mathematical
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expectations mj,m; (curves 1), SD target position

prediction errors o}, 0, (curves 2) obtained by the
Monte Carlo method and SD target position predi-
ction errors calculated by the filter /p}, |/pj (curves
3). Fig. 6,b, d shows the mathematical expectations
1, M, (curves 1), SD errors in estimating the position

of the target 6,6, (curves 2), obtained by the Monte
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Carlo method and SD errors in forecasting the position
of the target, calculated by the filter \/p,, \/Py (curves
3). The actual SD of errors in estimating the coordi-
nates of the target does not exceed the theoretical SD
of estimation errors, which ensures the efficiency of the
Kalman filtering algorithm.
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Fig. 6. Dependences of mathematical expectation and SD of forecast errors and estimates UAV coordinates on
the X and Y axes

Using the Monte Carlo method, the probability of
failure Py of UAV tracking was calculated depending
on the SD of noise in the image. The reference image
was also distorted by noise. The decision to disrupt
maintenance is made provided that the test image goes
beyond the maintenance gate.

7

1 T

In Fig. 7 shows the probabilities of UAV tracking
failure P; obtained using the Monte Carlo method, and
Fig. 8 shows the mathematical expectations m; of the
number of UAV tracking tact depending on the SD of
noise o, for the three test images.
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Fig. 7. Tracking failure probabilities for images a) 25 by 15, b) 18 by 12, ¢) 10 by 6 pixels
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Fig. 8. Mathematical expectations of the number of tact for images a) 25 by 15, b) 18 by 12, ¢) 10 by 6 pixels

The considered algorithm provides high efficiency
of UAV tracking in the presence of uncorrelated
interference with SD o,, < 0.25...0.45 depending on
the image size (energy of the signal component), which
is due to the optimal properties of the correlation recei-
ver, which maximizes the signal-to-noise ratio at its
output. This is allows us to effectively use the Kalman-
type correlation algorithm for tracking in practice.

Conclusions

The correlation method provides subpixel position-
ing accuracy ox < 1 pixel, oy < 1 pixel. The noise
of the reference image leads to a significant increase in
the noise component of the positioning error compared
to the noiseless standard, with a decrease in image size
and an increase in SD of noise.

The cross-correlation of errors in measuring UAV
coordinates by the correlation method is, as a rule,
unknown in practice. Neglecting the cross-correlation
between measurement errors makes it possible to
simplify the tracking algorithm and to evaluate
independently the parameters of UAV motion using
the lowest order Kalman filters along the axes of a
rectangular CS.

In the considered model the Kalman-type correlati-
on algorithm of UAV tracking provides steady support
of UAV in the presence of uncorrelated interference
with SD o, < 0.25...0.45 depending on the sizes
of the image (energy of a signal component) that is
caused by optimum properties of the correlation recei-
ver which maximizes its output signal-to-noise ratio.
This is allows us to effectively use the Kalman-type
correlation algorithm for tracking in practice.
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Amnamiz edeKTUBHOCTI KOpeJIdIiitHOTro
AJITOPUTMY CTEXKEHHS KaJMaHiBCbKOIO
tuny 3a majgopo3mipaum BIIJIA npu Ha-
SBHOCTI HEKOPEJIhOBAHUX 3aBaJI

TI'epacumenxo A .O., XKyx C. 4.

Y crarTi MOKAa3aHO AKTYAJIbHICTH 33139l PO3pOOKH i
aHAJIi3y AJITOPUTMIB CTEKEHHS 33 MAJIOPO3MipHUM 6e3iIo-
THEM jitansauM anaparoMm (BITJTA) 3a manumu Bigeocmo-
crepexkenb. Haiibibin mommpeHoo 3aBaioi0 Ha MPAKTHII,
[0 CIIOTBOPIOE 300pa’KeHHs, € IPOCTOPOBO HEKOPEIHOBA-
"l aguTwBHWA mwyMm. s BusBienHs 00’€KTiB HA 30-
OPaXKEeHHAX 3aCTOCOBYETHCS KOPEIAMIHIN aJIrOPUTM, AKAK
Ma€ BHUCOKY €(EeKTHUBHICTH B CHJIy HEIPSIMOI0 BUKODPUCTAH-
H He TIIbKHA XapaKTEePUCTUK SICKPABOCTI 00’€KTIB, aje i ix
dopmu Ta II0JI0KEHHS.

Mogenmio 06’€KTy CIOCTEpEKEHHSI € IPSIMOKYTHA
006J1acTh, B AKill 3HAXOIUTHCA Iidhb. 331293 CTEKEHHS 3BO-
OUTHCHA [0 MO3UMIOHYBAHHS [Tl B CTPODI CyIIPOBOIKEHHS
HA TIOTOYHOMY 300parkeHHI 3 BUKOPUCTAHHSIM KOPEJIAIIHO-
O aJIrOPUTMY i OIHIOBAHHS MMAapaMeTpiB i1 pPyXy Ha OCHOBI
aJIropuTMy KajaMaHiBCbKOI dimprpamii. B currezoBanomy
asroputmi GimbTparii OIHIOBAHHS MapaMeTpiB pyXy IO

0CSIM NPAMOKYTHOI CHCTEMU KOODIWHAT BHKOHYETHCS He3a-
nexno dinprpamn Kanvana apyroro mopsiaxy.

Anani3 TOYHOCTI TIO3WIIOHYBAHHS 3 BUKOPWCTAHHAM
KOPEJISAIIIIHOT0 aJITOPUTMY, & TAKOXK KODPEeJIAIiHHOrO ajro-
purmy crexxenns 3a BIIJTA wa ocuosi dinbrpy Kanmana
BUKOHAHO TIJISTXOM CTATHCTUYIHOTO MOJIEJIIOBAHHS y Cepe-
nosumi Matlab. Kopensriiiauit meton 3abe3meuye cyoOi-
KCeJIbHY TOYHICTD [TO3UIIIOHYBAHHS. 3aIlYMJIEHICTH €TaaI0H-
HOTO 300pa’keHHsl MPU3BOANTH [0 IOSIBM TIYMOBOI CKJIa-
0BOI IIOXMOKY ITO3WUIIOHYBAHHS, KA 3HATHO 3POCTAE I[IPU
3MEHIIEeHHI PO3MipiB 300pakeHHs 1 30LIbIIEHH] CepeIHbO-
xBagpaTuanoro Bimxmnenus (CKB) mymy ma 306pakenHi.
B po3risinyTrX MOIEIbHMX IIPUKIIAIAX KOPEJISIiiHumi aj-
TOPUTM CTEXeHHs KajMmaHiBcbkoro rtuily 3a BILJIA 3a6es-
neuye criiike cynposomxkenust BITJTA nmpu nagBHOCTI HEKO-
pesboBanoi 3aBaau 3 CKB o,, < 0.25. . .45 B 3a/1€:KHOCTI Bif
po3mipis 306pakenns (eHeprii CHrHAJIBHOI CKJ/IAI0BOI), 10
00yMOBJIEHO ONTHUMAJILHIMY BJIACTUBOCTSIMY KOPEJISIITHO-
ro npuiiMada, KUl MaKCHUMI3y€e BiJHOUIEHHS CHIHAJI/IIyM
Ha itoro Buxoi. Ile o3BosIsie€ e(heKTUBHO BUKOPUCTOBYBATH
KOPEJISIIIHII AJITOPUTM CTEXKEHHsI KaJMaHIBCHKOTO THITY
Ha IPAKTUIl IIPX HAABHOCTI JAHUX 3aBaJl.

Ka104061 ca06a: GE3MIOTHAN JTiTaIbHUN anapat; Kope-
JAUIHUN a/IPOPpUTM; eTajoHHe 300paxKenHs; diiabrp KaJi-
MaHa; TOYHICTH TIO3UITIOHYBAHHS; HMOBIPHICTH 3PHUBY CYy-
TIPOBOIKEHHS

Anamn3 edpdpekTUBHOCTH KOPPESSAINOH-
HOTO aJropuTMa CJieyKeHusd KaJIMaHOB-
ckoro tuma 3a maJsopasmepubiM BIIJIA
OpN HAJIWYNHN HEKOPPEJIWPOBAHHBIX IO-
Mex

TI'epacumenro A. O., Kyx C. 4.

ITokazana akTya/JIbHOCTD 3aJa4H Pa3PaOOTKHU 1 aHAIH3A
AJITOPUTMOB CJIE2KEHUS 33 MAaJjIOPa3MEPHBIM OeCINIOTHBIM
gerarenbHbiM  anmapatoM (BILJIA) mo ganHBIM BHIEO-
Habmonerwit. CUHTE3MPOBAH KOPPEJIAIIMOHHBIN AJITOPUTM
CJIeXKeHUsl KAJIMAaHOBCKOIO Tulla 3a Majopa3Mmepubim BITJTA
NP HAJMYHN TPOCTPAHCTBEHHO HEKOPPEJIMPOBAHHBIX II0-
MeX, KOTODbI€ SIBJISIOTCS HanboJjiee pacnpoCTpaHeHHBIMY HA
npaxkTuke. B Ioy9eHHOM asropuTMe OLeHUBAaHHUE IIapaMe-
TpoB aprkenust BIIJTA BBINOTHSAETCS HE3ABUCUMO TI0 OCAM
NPSAMOYTOJBHON CHCTEMBI KOODIMHAT. AHAIM3 TOYHOCTH
NO3UIMOHUPOBAHUS C KCIOJb30BAHUEM KODPPEIAINOHHOIO
JITOPUTMA, a TAaKyKe KOPPEIAINOHHOTO aJIFOPUTMA CJIe¥Ke-
aus 3a BIIJTA nHa ocHOBe duibrpa KanmaHa BBIIOIHEH
IIyTeM CTATUCTAYECKOIO MOJEINPOBAHUS B CPEJEe IIPOrpaM-
MupoBanust Matlab.

Karoweeoie cnoca: GeCHMIOTHBIN JIeTATEIbHBIN allma-
paT; KOPPEJIANMOHHBIN aJIfOPUTM; JTAJIOHHOE HU300parke-
aue; Guaprp Kanvana; TO9HOCTH ITO3UIMOHUPOBAHN; Be-
POATHOCTH CPBIBA COIIPOBOXKIEHUSA
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