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Abstract

Introduction. Modern air targets, particularly drones, are becoming less noticeable, while their manoeuvrabil-
ity continues to improve. Trajectory processing algorithms have also been improved in order to provide for ef-
fective tracking of highly manoeuvring targets. The accuracy of filtering trajectory parameters is largely deter-
mined by the reliability of radar information. This has also required an enhanced role for strobe algorithms and
the need to increase the effectiveness of strobe radar marks.

Aim. To develop and investigate the efficiency of a trajectory strobe algorithm based on the target motion
model in a high-speed coordinate system associated with the direction of the target motion and involving the
formation of a strobe in the form of a truncated elliptical sector.

Materials and methods. The study considered the target motion model in the body-fixed frame. This model
was taken as the basis for new trajectory filtering algorithms based on Kalman filtering. Existing methods for
strobing radar marks of the target were considered and a new approach based on filtering in the body-fixed
frame proposed. The new algorithm assumes the formation of a strobe in the form of a truncated elliptical sec-
tor. This form corresponds to the most probable location of the marks of the tracked target. The effectiveness of
the proposed solutions is confirmed by the results of mathematical modelling carried out using MATLAB.

Results. The study produced analytical expressions for the motion model, recurrent filtering and strobe algo-
rithm in the body-fixed frame. A comparative analysis of tracking effectiveness with the same dimensions of the
elliptical and proposed strobes was performed. It was established that the algorithm with strobe formation in
the form of a truncated elliptical sector provides for longer target tracking up to the time of the first loss of the
mark for speed and highly manoeuvring targets, when compared to the elliptical strobe algorithm. In addition,
the average duration of sector strobe tracking does not in practice depend on the initial speed of the target and
provides greater accuracy for small measurement error values (less than 50 m) of the coordinates in compari-
son with the elliptical one.

Conclusion. The described results were achieved by the ability of the strobe in the body-fixed frame to adapt
to the direction of motion and target manoeuvring, allowing high-quality target tracking within a larger speed
range. Such strobe formation will also reduce the likelihood of skip-ping radar marks from the tracked target
and will reduce the number of false marks and marks belonging to other trajectories inside the strobe.
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Pagnonokauusa 1 pagrmoHaBuraums

OpVIFI/IHal'IbHaFI CTaTbA

CTpo6upoBaHue paano/IoKALMOHHbLIX OTMETOK NMPY TPaeKTopHO ¢punbTpauun
B CBSi3aHHbIX KOOpAMHAaTaX

K. K. Bacunbes’, A. B. MaTTunc?, O. B. CaBepKuH'™
"YNbSHOBCKMIA rOCYAapCTBEHHbIV TEXHUYECKNIA YHUBEPCUTET, YIbsIHOBCK, Poccus

2A0 «HIMO "Mapc"», YnbsaHoBCK, Poccust

X saverkin-oleg@mail.ru
AHHOTauuA
BeepeHue. CoBpeMeHHble BO3AyLUHbIE Liean, B 0COBeHHOCTU 6eCnunioTHbIe, CTAHOBATCA MeHee 3aMeTHbIMU, a
X MaHeBpeHHble BO3MOXHOCTW MPOAOMKAIOT COBEPLUEHCTBOBaTLCA. [ns obecrneyeHns 3¢pdekTMBHOro conpo-
BOX/JEHWNSA BbICOKOMaHEBPEHHbIX Lienei akTyaansnpyroTca U anroputMbl TpPaeKToOpHOM 0bpaboTtku. Mockonbky
TOYHOCTb GUABTPALM TPAEKTOPHBLIX MapamMeTpOB BO MHOrOM onpejensieTcs A0CTOBEPHOCTbIO pajuonoKaum-
OHHOW MHPOPMaLMK, BO3pacTaeT Po/ib airoOpUTMOB CTPOBMPOBaAHUA. B CBA3M C 3TMM BO3HMKaeT 3ajada no-
BblLLIeHNS 3G PEKTUBHOCTM CTPOONPOBAHNA PaANOTOKALIMOHHBIX OTMETOK.
Lenb pa6oTbl. PaspaboTka n nccnegoaHme 3GHeKTMBHOCTM anroputMa TPaekTOpHOro CTPObUpoBaHNS, OCHO-
BaHHOIO Ha MoJenun ABMXEeHWS B CKOPOCTHOW CBA3aHHOW C HanpaBneHneM ABVXXEHUS Lien CUCTeMe KOOPANHAT
1 npegnonaratoLiero GopmMrpoBaHume cTpoba B popmMe yceueHHOro 31MNCcongHOro cektopa.
MeTopabl 1 MaTepuanbl. PacCMOTPeHbl MOAENN ABVMXXEHUS Liefieil B CBA3aHHbIX KOOPAMHAaTaX, KOTopble Moso-
XeHbl B OCHOBY HOBbIX a/IFOPUTMOB TPAEKTOPHOrO COMPOBOXAEHWS, 6A3NPYOLLMXCA Ha KaJMaHOBCKOW Gpusib-
Tpauuun. PaccMOTpeHbl CyLecTBYHOLLMEe MeTOAbl CTPObMPOBaHUA PafMONOKALMOHHBIX OTMETOK OT uenn u
npea/ioXeH HOBbIA NMOAXOA Ha OCHOBe GUIbTPaLMM B CBSI3aHHbIX KOopAMHaTax. HoBbI anroputMm npeanonaraert
dopmMmpoBaHMe cTpoba B GopMe yceueHHOro 3AIMNCoOMAHOro cekTopa. Takas popma COOTBeTCTBYeT Hanbonee
BEPOATHOMY MECTOMOJ/IOXEHUI0 OTMETOK OT COMpoBOXAaeMol Lenn. 3G eKkTMBHOCTb NMpeasioXXeHHbIX peLle-
HUIA NOATBEPXAaeTCa pesynbTaTaMy MaTeMaTUYeCKoro MoAeNMPOBaHUS, BbIMOAHEHHOMO B cpese MATLAB.
PesynbTatbl. [puBeseHbl aHaNUTUYECKNE BbIPaXeHUs A1 MOZeNN ABUKEHWS, PeKyppeHTHON duabTpaumm n
anropmTtMa CTPOBMPOBaHMSA B CBA3AHHbIX KOOpPAMHaTax. MNpoBejeH CpaBHUTENbHbI aHanu3 3dpPekTMBHOCTA CO-
NMPOBOXAEHNSA MNP OAMNHAKOBbIX pasmMepax MIMATUYECKOro 1 NPeAIoXeHHOro CTpo60oB. YCTaHOBEHO, YTO A/1s
CKOPOCTHBIX 1 BbICOKOMaHeBPeHHbIX Liesieii anroputM ¢ NocTpoeHnem cTpoba B $opMe yCeUeHHOro 3AMncons-
Horo cektopa obecneunsaeT A0 30 % 6onee ganTeNbHOE COMPOBOXEHVE 40 MEePBOM NOTepU OTMETKM OT Lenw,
4YeM anropuTM C MTMNTUYECKUM CTPOBMpOoBaHMeM. Kpome Toro, cpeAHsis MPOAO/IKMUTENbHOCTL COMPOBOXAEHS
4151 CeKTOPHOro CTpoba MpakTUYeckn He 3aBUCUT OT HayaslbHOW CKOPOCTU ABVXKEHUS Lienn, a Npy 3HaYeHnax rno-
rpeLUHOCTel N3MepeHst KOOPAMHAT MeHee 50 M MMeeT bonbLUee 3HaYeHVe, YeM A1t SNIUMTUYECKOrO.
3akntoveHmne. JoCTUTHYTLIN pe3ynbTaT obecneymBaeTcs CMOCOOHOCTBIO CTPOoba B CBA3aHHbLIX KOOpAMHaTax
NoACTPanBaTLCS MOA HanpaBneHne ABUXKEHUS N MaHEeBPUPOBaHMeE LieNv, YTO MO3BO/SIET OCYLLEeCTBNATL Kaye-
CTBEHHOE COMpPOBOXJeHVe 06beKkTOB B 6o/bLIeM AMana3oHe CKOpocTel. MoCcTpoeHne Takoro ctpoba Takxke
MO3BOANT CHU3UTb BEPOSTHOCTL MPOMYCKa PaANONOKALIMOHHBIX OTMETOK OT COMPOBOXAAeMOo Lenn n obecne-
UYNT YMEHbLLIEHWE YICNA NIOXKHbLIX OTMETOK 1 0TMETOK, MPUHaANexXallmnx ApyrMM TpaekTopusiM, BHYTpU cTpoba.

KntoueBble cnoBa: MyTeBasi CKOPOCTb; KYPC; Yrofl Hak/oHa TPaeKTopuUK; CBsi3aHHasi cMcTeMa KoopAmHaT; Tpa-
eKTopHas GunbTpaLms; pacluMpeHHbIn dunbTp KanmaHa; cTpobrpoBaHmne

Ana uyntmpoBaHua: Bacunbes K. K., Mattuc A. B., CaBepkuH O. B. CTpobrpoBaHmne pagnonoKaunoHHbIX OTMe-
TOK NpY TPAaeKTOpPHOM GunbTpaLmnmn B CBA3aHHbIX KOOpAMHaTax // V13B. By30B Poccrn. PagnoanekTpoHumka.
2019.T. 22, Ne 5. C. 71-79. doi: 10.32603/1993-8985-2019-22-5-71-79

KOH$NNKT nHTepecos. ABTOPbI 3aBASOT 06 OTCYTCTBMM KOHOANKTa MHTEPECoB.

Cratbs noctynuna B pegakumto 08.07.2019; npuHaATa K nybavkaumm nocse pereHsnpoaHus 16.09.2019;
onybnvkoBaHa oHnalrH 29.11.2019

Introduction. The creation of trajectory tracking  cal models, which can be used to accurately approx-
algorithms [1-12] is based on the use of mathemati-  imate the actual movement of a target and the pro-
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cess of its observation. The description of the motion
trajectories should reflect the dynamic properties of
various types of moving objects and provide the pos-
sibility to construct algorithms for processing obser-
vations in real time. These conditions are satisfied
with the generally recognised representation of tra-
jectories with the help of a wide class of vector Mar-
kov sequences. At the same time, the disadvantage of
the known models is the binding of the object accel-
erations to the basic rectangular coordinate system
Oxyz. It is clear that the direction of movement of a
real target and its possible manoeuvres do not neces-
sarily correlate with artificially entered coordinates.
In this connection, it was proposed in [13, 14] to
use a body-fixed frame associated with the motion of a
target to describe the trajectories. The analysis showed
that in this case the efficiency of the trajectory filtering
of manoeuvring targets can be increased [14, 15]. At
the same time, the classical form of an elliptical strobe
can be replaced by an elliptical sector, which corre-
sponds to such coordinates, when filtering in body-
fixed frame. In this regard, the purpose of this article
is to solve the problem of constructing a strobe in the
form of a truncated elliptical sector. The objectives of
the study also include a comparative analysis of the
effectiveness of the use of strobes of various forms.
Features of filtering in body-fixed frame. Let the
rate of change in the position of an object be determined
in a body-fixed frame. In this case, on the i-th meas-
urement, it is necessary to set (Fig. 1) a possible
change in the value of the ground speed v; and two

angles — the course 6;, measured clockwise from the
x-axis, and the angle of inclination of the trajectory
(climb angle) ¢; €(-0.5m; 0.5n), counted from the
projection of the velocity vector on the horizontal
plane Oxy: @; >0, ecu v, >0 (i=1 2,..—is the
measurement number).

The change in these parameters is set by the fol-
lowing autoregression equations:

Vi =Vig + o\ ti&yi;
0i =0j_1 + opliSpi;
@i = i1 + Sty

where o, cg, o, are the standard deviations

(SDs) of the acceleration, the rate of change of
course and the rate of change of the angle of inclina-
tion of the trajectory of the considered class of tar-
gets, respectively; t; — time interval between adja-

cent measurements; &, &gj, &y — standard

Gaussian independent random variables. These equa-
tions can be written in the vector form:

Vbfi = Vbf(i—1) + SviGi

where

Vori = (% 6, ¢i)";
9yi =diag(oti, opti, Oyt );

& = (&vi» Goir Spi )

After specifying the wvelocity vector, there are
two possible approaches to the complete determina-
tion of target motion models for solving the problems
of trajectory simulation, forecasting and filtering.

The first approach consists in the direct introduc-
tion of velocities and angles in body-fixed frame as-
sociated with the movement of the target into the
state vector:

Spfi =%+ Yir Zis Vi, 05, ;)"
where

Xi = Xi1 +1iVxi;
Yi = Yi1 +tVyis
Zi = Zj1 +1jVy;
Vi =Vi_1 +oyti&yi;
i =0j_1 +oplioi;
@i = 91 +VpliSei

1)

MOreover, Vy; =V; Cos0;j COS@j; Vyj =V; sin 6 cosg;;
V,i =Vjsing; are projections of the velocity vector

on the coordinate axes.

Fig. 2 shows typical implementations obtained
using a body-fixed model with two sets of parame-
ters. The analysis of many realisations shows the best
resemblance to the real trajectories of the movement
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Fig. 2. Characteristic trajectories of the targets motion on the plane

of manoeuvring air targets. For the body-fixed model
under consideration, it is very important to set the

parameters oy, op, O, independent of the direc-

tion of the coordinate axes and determined only by
the type of target.

The proposed model differs from the classical
linear model has two significant ways. First of all,
expressions (1) belong to the class of vector nonline-
ar stochastic difference equations:

Spfi =9 [ Spe(i_p) |+ Sviis 1=1 2, s
where ¢; [Sbf(i—l)] is the nonlinear vector function

of the state vector Syg(j_y), defined by (1). There-

fore, the forecast (extrapolation) of the state vector at
the i-th observation step is determined by the formula

Spr.ei = 0i [ébf(i—l)]

and the covariance matrix of errors as

Poi = 0f | Speci—p) |Ri—o®i" [ Sorcip) |+ 9%, @
where

9 [ Sot(i—1) |=d9i [ Spr(i-) |/dSpf (i)

-1
Ra=F [E +CTBi_,11CPe(i_1)} — the covariance

matrix of estimation errors; Q =M{§i§f}, moreo-

ver, E is the identity matrix; C is the observation
transformation matrix; M is the symbol of mean; the
symbol "A" hereinafter marks the results of the eval-
uation of the corresponding quantities.

The estimation is performed according to the well-
known expression for the Kalman filter [14, 15]:

~ ~ _1 ~
Sbri = Sof.ei + RCTB (i —CSpfei ),

where z; is the observation model.

It is assumed that the observations are made
within the Cartesian coordinate system. In this case,
the observation model has the form:

Zj ZCSbﬁ +Nn;j, where n;j =(nxi nyi Nyj )T is the

additive noise with zero mean and covariance matrix

2
Snixi bxyi byzi
2
B = bxyi Shyi byzi '

2
Dyzi byzi Snzi

MOreoVer, Gpyj, Onyi, Ongi IS the standard devia-

tion of observations of the coordinates X, y, z respec-
tively; byyi, by, by, — covariance of the corre-

sponding observations [15].
The transformation matrix in the Cartesian sys-
tem has the form

Since during the operation of radar the position of
the target is usually fixed in spherical coordinates, it is
necessary to perform the corresponding transfor-
mations before starting the trajectory processing [15].

Based on the proposed motion description mod-
el, taking into account the observation model that
depends on the type of radar, various algorithms for
quasilinear recurrent estimation of changing target
coordinates can be constructed. Examples of such
algorithms and the results of their comparative anal-
ysis are given in [14, 15]. It was found that filtering
in body-fixed frame leads to a gain in the accuracy of
estimating the parameters of the target’s movement.

Strobing algorithms. Within a Cartesian coordi-
nate system, a strobe consists of an ellipsoid deter-
mined by the covariance matrices of observation er-
rors and prediction errors of the target position [5, 7].
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0

Fig. 3. Shape of the strobe in the body-fixed frame on the plane

Filtration in body-fixed frame [14, 15] involves
the creation of a strobe in the form of a truncated
elliptical sector (Fig. 3, for the case of two measure-
ments). The dimensions of the strobe are determined
by the level of permissible deviations

ASgi =(AD;, AGj, Agj)" in terms of range, course

and angle of inclination of the trajectory, respectively.

The indicated deviations are calculated when de-
termining the covariance matrix of forecasting errors
(2). To obtain the necessary deviations from the
composition of the obtained matrix, the covariances
of coordinate prediction errors are selected:

Pe11i  Pe12i Pe13i .
Pexi =| Pe21i  Pe22i Pe2si |=CReiC .
Pe31i  Pe32i  Pe33i

The covariance matrix of deviations of the radar
marks from the extrapolated target coordinates in
body-fixed frame is defined as

M {eqmichi | =

A A T
= M{Ti (zi ~CStoei)(zi ~CSpoei) TiT} =
=Ti (Pexi + B )Ti"

where e =(epi, soi &) - the deviations in

body-fixed axes;
T, =

C0S O COSPgj —SiNOgj COSPgj —COS Dy SiN (g

=| sin@gj COS(gj COSOg; COSPaj  —Sin Bgj SIN Pgj
Sin @gj 0 COS Qi

— matrix of rotation of coordinates.

Since the mutual covariance of observations is
not taken into account in the algorithm, the covari-
ance matrix of observation noise has the form

The obtained values of forecasting errors in
body-fixed frame (opj, ogj, cs(pi) determine the

linear dimensions of the strobe:
3pi =YoDi; O6i =YO0i; Spi = YO

which are associated with allowable deviations as
follows:

Opj =AD;;
Bpi :‘(éfb.ei _éfb(i—l))‘Aeﬂ
Soi = ‘(éfb.ei ~St(i2) )‘ Agj,

moreover, the parameter y is selected according to

the given probability of skipping the mark from the
target, as a rule, in the interval 2...3.

As a result, the obtained form and dimensions of
the strobe correspond to the most probable target
location at the next instant of observation time.

Comparative analysis of the effectiveness of
strobing. The study of the proposed strobing algo-
rithm (PSA) was carried out by mathematical model-
ling on a computer in the case of two measurements.
The authors studied the effectiveness of PSA in com-
parison with the well-known strobing algorithm
(ISA) with the same area of the sector and elliptical
strobes, which provides equal probabilities of getting
false marks in them.

To estimate the effectiveness of the application
of ISA and PSA in the MATLAB environment, a
mathematical model was constructed that makes it
possible to:

— simulate various trajectories of airborne objects;

— simulate observations from radars with speci-
fied accuracy characteristics;

— perform trajectory filtering of the observations
using a simple linear Kalman filter and a linear Kal-
man filter with adjustment in body-fixed frame;

— form strobes in the form of an ellipse and a
truncated sector and evaluate the position of the mark
from the target relative to the borders of the strobes;

— display the original trajectory of the target, the
observations received from the simulated radar, and
the results of the processing of radar information;

— display the dependence of the average tracking
time on the size of the strobe for ISA and PSA.

In addition, a program has been developed for

oni O 0 L . . .
B — BX' s 0 visualising the results in Qt Creator in C++ using
: 0 r(')y' algorithms  from the model implemented in
Onzi MATLAB for the:
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Fig. 4. Position and shape of strobes for maneuvering target.
Blue lines limit the strobes of the proposed algorithm; red lines limit the strobes of the known algorithm.
Rlile markers is the strahes centers: red markers is the nosition of the taraet

— imitation and graphic construction of various
trajectories of movement of airborne objects;

— imitation and graphical construction of obser-
vations from radars with specified accuracy charac-
teristics;

— trajectory filtering of the obtained observations
and graphical construction of the restored trajectories
and predicted elevations;

— graphical construction of calculated strobes in
the form of an ellipse and a truncated sector.

Modelling of the marks was carried out in Carte-
sian coordinates with a standard deviation of 10 m
for each coordinate. The radar was located at the
origin. The target moved with a course of 45° at an

initial speed 300 m/s, acceleration of 1m/s? and

rate of change of course 3 °/s. In order to carry out
trajectory filtering, a filter with separate estimation in
body-fixed frame [15] was used; this was configured
to track an object moving with the specified motion
parameters.

Fig. 4 shows that the object performs manoeu-
vring on the course and at the moment of rotation the
elliptical strobe of the ISA loses the mark from the
target. This effect is explained by the dynamics of the
object at the moment of strobing.

Average target tracking time to the first mark
loss Tyeq for the ISA and PSA strobes of the same

size was estimated to evaluate the effectiveness of

the strobing algorithms during the simulation. Both
filters are configured to track the target with the pre-
viously specified motion parameters.

Fig. 5 presents the results obtained by simulating
the movement of the target with parameters that
match the settings of the filters. With a small strobe
size (y<2), the algorithms have close values of the
average tracking duration until the first loss of the
mark from the target. As the value of the coefficient
increases, accompanied by an increase in the size of
the strobes, the average PSA tracking time more and
more exceeds that of the ISA.

Fig. 6 shows the results obtained at y=2.5 for a

target moving at an initial speed 300 m/s for various
values of the error in the measurement of coordinates
(the measurement errors of both coordinates are set
to be equal). The obtained results show that the PSA
has an advantage with the values o, <50 m. For

larger coordinate measurement error values, both

algorithms have a close average tracking time, with

this value decreasing with an increase in the error.
Fig. 7 shows the graphs obtained at y=2.5 for

the target moving with different initial speeds and
coordinate measurement error of 10 m. It can be seen
that with a speed less than 100 m/s, the ISA has an
advantage, but with increasing speed, the average
tracking time tends to a steady-state value. Moreover,
the average PSA time is practically independent of
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Fig. 5 Dependence of the average object tracking time
on the value of the coefficient y for the proposed algorism
(red line) and known algorism (blue line)
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Fig. 7. Dependence of average object tracking time on initial
speed for the proposed algorism (red line) and known
algorism (blue line)
the initial speed and exceeds (on average by 20 s) the

steady-state value of the ISA.

Fig. 8 shows the dependencies Ty (a) for
movement with different acceleration, obtained at a
fixed value of the initial speed vy =300 m/c; y=2.5

and o, =10m. From the obtained graphs, it can be

concluded that with increasing dynamics of the
movement, the value of the average tracking time
decreases for both algorithms, while the PSA is infe-
rior to the ISA.

Conclusion. It has been established that for fast
and highly manoeuvrable targets, the PSA implemented
in the body-fixed frame with the construction of a
strobe in the form of a truncated elliptical sector pro-
vides longer tracking until the first loss of the mark
from the target than the ISA with an elliptical strobe.

Tocts S
90—
Vo =300 m/s
70— y=25
G =0y =0y
30 I I
0 40 80 G, m

Fig. 6. Dependence of the average object tracking time on the
measurement error of coordinates for the proposed algorism
(red line) and known alaorism (blue line)
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50 | |\
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Fig. 8. Dependence of average object tracking time
on acceleration for the proposed algorism (red line) and
known algorism (blue line)

ISA has an advantage in the average length of the track-
ing time only when monitoring low-speed objects, the
nature of which is relatively straightforward. It has also
been established that, for PSA, the average tracking
time, which is only slightly dependent on the initial
speed of the target, is more important for small errors in
the measurement of coordinates than for ISA. Such
results are explained by the fact that the size and form
of the strobe in the PSA are adjusted depending on the
nature of the movement: with intensive manoeuvring,
the sector strobe extends along the course, while with
rectilinear movement with acceleration, it stretches
along the trajectory. As a result, such a strobe covers the
region of the most probable target location better than
the ISA ellipsoid, allowing for high-quality tracking of
objects within a wider range of speeds.
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