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Abstract. To increase the efficiency of detecting moving objects in radiolocation, additional features are used, associated
with the characteristics of trajectories. The authors assumed that trajectories are correlated, that allows extrapolation of the coor-
dinate values taking into account their increments over the scanning period. The detection procedure consists of two stages. At
the first, detection is carried out by the classical threshold method with a low threshold level, which provides a high probability
of detection with high values of the probability of false alarms. At the same time uncertainty in the selection of object trajectory
embedded in false trajectories arises. Due to the statistical independence of the coordinates of the false trajectories in compari-
son with the correlated coordinates of the object, the average duration of the first of them is less than the average duration of the
second ones. This difference is used to solve the detection problem at the second stage based on the time-selection method. The
obtained results allow estimation of the degree of gain in the probability of detection when using the proposed method.
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OBHAPYKEHHUE CUTHAJIOB JIBUKYI[UXCS OFBEKTOB HA OCHOBE METOJIA BPEMEHHOM
CEJIEKLIMH

Annortanus. J{ns noseimenus 3(G(GEKTHBHOCTH OOHAPYKEHHS ABIIKYIIUXCS OOBEKTOB B PAJHOJIOKAI[NH HCIIOIB3Y-
IOTCSI IOTIOTHUTEIbHBIE MTPU3HAKH, CBSI3aHHBIC C YUETOM XapaKTePUCTHK TPAeKTOPHH IBIKEHHS. ABTOpaMH IPHHUMACTCS
MPEATION0KEHHE 0 KOPPENNPOBAHHOCTH TPAEKTOPH, O3BOIAIONIEE SKCTPATIONUPOBATh 3HAUEHHSI KOOPANHAT C yUYEeTOM UX
IpUpalieHui 3a nepuon ckaHuposanus. [Ipouenypa oOHapyKEHHsT COCTOMT M3 JABYX dTanoB. Ha mepBoM ocyiiecTBisieTcs
oOHapyKeHHe KJIaCCHYECKHM ITOPOTOBBIM METO/IOM C HU3KHM YPOBHEM HOpOra, 00ecIedynBaIOIIM BEICOKYIO BEPOSITHOCTD
MPaBUIBHOIO OOHAPY>KCHHSI TP BBICOKHMX 3HAUCHHSX BEPOSTHOCTH JIOXKHBIX TpeBor. [Ipy 5TOM BO3HMKaeT HEONpeneseH-
HOCTbH B BBIACTICHUH TPAEKTOPHH 00bEKTa Ha ()OHE JTOKHBIX TpaeKTOpHil. M3-3a cTaTHCTHYECKOI HE3aBHCUMOCTH KOOPINHAT
JIOKHBIX TPAEKTOPHUI O CPABHEHHIO C KOPPEIHPOBAHHBIMU KOOPAMHATAMHU O0BEKTA CPEAHAS AMUTEIBHOCTD IEPBBIX 3 HUX
MEHbIIIe CPeHEH JIUTENbHOCTU BTOPBIX. DTO OTIIMYUE UCHIONb3YeTCs AJIsl peLIeHHs 3a1a4l OOHApy KEHUs Ha BTOPOM 3Tare
Ha OCHOBE MeToJa BpeMeHHOH cenekuuu. [lonyueHHble pe3ynbraThl I03BOJSAIOT CYAUTh O CTEIIEHU BBIUIPBILIA B BEPOSITHO-
CTH 0OHAPY KEHUS ITPH MCIOJIE30BaHUH IIPEIIIATaeMOT0 METOA.

KuioueBble c/10Ba: pajinOIOKAIlIOHHAS CTaHIHS, OOHApYyXXEHHUE, CENEKIUsl TPAEKTOPHH, BEPOSITHOCTD IIPaBHIIEHOTO
00OHapyKEHHsI, BEPOSITHOCTD JIOXKHBIX TPEBOT
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Introduction. In radar, detection and tracking of moving objects is carried out consecutively, and
the algorithms are based on the theory of statistical solutions [1]. At the detection stage, the Neyman—
Pearson criterion is customarily used, whereby the false alarm probability F'is set, resulting in achieving
the maximum probability of true detection D of an object’s signal. To come up with a unique solution,
low probabilities are selected, F ~ 1077 + 107>, when, in order to obtain high levels of D, sizable signal
power to noise power ratios (SNR) have to be ensured, p ~ 30 + 40 [2]. Low probability levels D result in
protracted interruptions of information about the coordinates of an object due to fading of signals, which
may tangibly increase errors during the tracking phase.

In the early days of the development of the theory of radio location, it was suggested to solve the
problem of detection and tracking jointly, which makes it possible to additionally use the trajectory
characteristics of the object [3, 4]. The resultant algorithms turned out to be rather complicated, poorly
suitable for practical uses. Lately, this idea has been resorted to the “track before detect” method which,
essentially, consists in a recurrent sequence of formation of an a posteriori probability density function
(PDF) of the presence of an object’s signal, taking into account the statistical characteristics of its mo-
tion [2, 5, 6]. This approach enables achieving a greater true detection probability, however, it is rather
taxing on calculations. When using this approach, it is customary to employ the particle filtering [7]
method for multipoint approximation of the PDF.

Formulating the task. In this work, it is suggested to use the empirical approach for cooperative
detection and measurement, which implies resolving the detection task in two stages. During the first
stage, classical detection of a signal by means of threshold is used, except in this case, instead of setting
the false alarm probability F' as the source datum, a high value of the signal true detection probability
is selected, D ~ 0.8 + 0.9. This is enabled through a low level of the detection threshold, which results
in high false alarm probabilities F ~ 1072 = 107!, During the second stage, based on the time selection
method, minimizing the false alarm probability to the required level is achieved; however, the true de-
tection probability also decreases, even though not as notably. In the time selection method suggested,
information about the characteristics of the object motion is used, which makes it possible to achieve
a greater pace in the decrease of /' than the pace of D diminishing and, as a result, come up with a pre-
mium in comparison with the classical detection method.

Measurements in radar can be performed by scanning, periodically in time, the space by the range,
range rate and angular coordinates. First, fast scanning of the object’s coordinates is carried out with v
interval, throughout which one can assume their values can be considered as constant. Next, it is reiter-
ated with 7y >> v, period, the time within which the coordinates may change due to motion of the object.
Scanning can be effected separately for each coordinate, or jointly.

A continuous, in terms of time, output signal of a receiver within the limits of v interval is viewed
as a mix of noise and useful signal, which is processed by a threshold device (quantizer) convert-
ing the continuous signal into a binary one. Further, we assume that the quantized signal resolu-
tion bins are much smaller than the interval vy,
which is why the binary signals on the coordinate
) ] axis x can be viewed as point ones, including the
X object’s signals.

X~ High probabilities of true detection are pro-
0 S~ - 4 Xk vided by a low level of the quantization threshold,
S~ =7 whereby, at the expense of increasing the probabil-
] ities of false alarms, there emerge noisy point sig-
nals that, in binary representation, will be indis-
tinguishable from the useful signals, which leads

2 r k-1 k t  to ambiguity of detection. For a one-dimensional

Figure 1. Positions of random point signals in one- case, the result of the procedure of formation of
dimensional scanning point signals are presented in Figure 1.

Ty

Xmax

Xmin



Becui Hanpisnanbuail akagomii nayk benapyci. Cepbist disika-oxuiunbix vasyk. 2021. T. 66, Ne3. C. 335-342 337

In the Figure, the horizontal axis is an axis of continuous time ¢ with the periods 7;. The discrete mo-
ments of time k = 1, 2, 3... are beginnings of the scanning intervals vy, which, on the condition vy <K T, are
considered as points on axis ¢. Values of the coordinates x of the random binary points are plotted on the
vertical axis within the limits of x,,i, t0 Xuax. The trajectory of the object is shown by a dashed line where
its crossings by vertical lines show the positions of the points of signals of the object x,;. Since the proba-
bility D of the object’s signal exceeding the quantization threshold is lesser than one, it testifies to dropouts
of the object points due to fading of the useful signal. An example of such situation is shown in Figure 1 at
the moment ¢ = . At any k-th period, a random number of noise points emerges, as shown in the Figure.

The authors have used the assumption that the trajectory of an object represents a time-correlated
function, whereas the positions of the noise points are statistically independent. The essence of the pro-
posed time selection method consists in that, based on the results of measurements of the points’ coordi-
nates, the trajectories of all the point signals are formed, both those of the object and the noise ones. By
virtue of the assumption about the correlated nature of the coordinates of the object’s signal points, the
average duration of sections of the object’s trajectory between the moments of fading of the useful sig-
nals may exceed, under certain conditions, that of the noise signals. Based on this, time selection of the
object trajectory relative to noise trajectories is performed, and a decision about the detection is adopted.

Trajectory shaping resultant from measurements. Let us consider the model of a trajectory of
motion of an object with the coordinates xg, k=1, 2,... Its main property is correlation in time, i.e. statis-
tical dependence between the values of the coordinates at different moments of time. In this paper, cor-
relation has been determined as follows: it was assumed that, at discrete moments of time, increments of
the coordinates x,; — x;_; cannot be greater than the assigned ones and are within the limits of the incre-
ment interval A,. Note that it was considered that the values of increments in this domain are statistically
independent random magnitudes with an even probability distribution law. In this case, the model of the
trajectory x,; can be presented as a first-order stochastic equation:

Xgge = Xgp_1 + 1y, 1

where 7, is a discrete white noise with an even distribution law within the domain A;. Such a model can
be made more complicated by assuming that the value xy will depend not only on the previous value
Xgi _ 1, but also on the rate of change of the coordinates x| — xz_». A second-order equation of such
a model will be determined by the correlation

Xgp = Xgp1 T [xsk—l - xsk—Z] T =C X | T Cp Xy Ty, ()]

where ¢; = 2, ¢, = —1. Similarly, it is possible to take into account other, higher levels of increment,
resulting in the R-th order stochastic equation:

R
Xgp = 20 C Xy + 1y =Ky + 1y, A3)
r=1

where X, _; can be viewed as a forecast of the value of the coordinate per the scanning interval. The va-
lues A, and X, _; are the principal trajectory characteristics of the model of motion of the object.

Shaping the trajectory of motion resultant from measurements is performed as follows. At the mo-
ment of time %, a scanning strobe A is set relative to the positions of every point x;, whereby the domain
of this strobe may or may not contain the points from the next moment of time & + 1. If such points do
occur, trajectories are plotted from each value of x; up to the corresponding elements of each point locat-
ed within the strobe. In this manner, the trajectory of an object or of noise trajectories is initiated. At the
ensuing moments of time, the procedure is reiterated for all the points, and here the following basic cas-
es are possible.

In case the initial point is a noise one and the point in the next strobe again happens to be noise, a noise
trajectory will be initiated, which will be interrupted if no points emerge in the subsequent strobe.

When an object’s point follows the noise one in the strobe, the noise trajectory will switch over to the
trajectory of the object. If the duration of the noise trajectory is shorter than that of the object’s trajecto-
ry, it will not significantly affect further shaping of the object trajectory.

When both a noise point and an object point or several noise points emerge in the strobe after the
noise point, then several trajectories will be shaped.
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Thus, as a result of shaping trajectories at the detection stage, segments of both noise and object
trajectories will show up in the domain of the coordinates changing. The basis of the method under con-
sideration is to ensure that the average duration of a noise trajectory be shorter than the average duration
of the object trajectory, which is achieved by taking into account the trajectory characteristics. The way
to achieve this objective is by using time selection of the trajectories.

Time selection of the trajectories. Time selection is the second stage of detection, which consists in
that only the trajectories reach the selector output whose duration is longer than /. Since, resultant from
measurements, the prognosticated values Xs—1 in (3) may be obtained with a random error, the dimen-
sions of the tracking strobe A have to be greater than the dimensions of the coordinate increments A..
Those are determined by the number of resolution bins they contain. In case the error of the forecast
exceeds the size A with the probability P, the probability of true detection of a signal in the strobe for the
model of the object motion under consideration dwindles and becomes equal to Dy = D(1 — P). Further,
we assume that the values of the object signals, strobe-to-strobe, are statistically independent (fast fluc-
tuations). The probability of statistically independent object points emerging in a row in 3 successive
strobes is equal to D(? . Departing from this, the PDF for the duration of 3 uninterrupted trajectory seg-
ments at the output of the selector wy(3) can be obtained in the form of the Bernoulli equation

w,(9)=(1-Dy)Dy™, O]
where the normalization condition is taken into account ) w,(8)=1. The average duration of continu-
9=1
ous sections of the object trajectories at the quantizer output is [8]
* 1
=> Yw (9)= . 5
T om®=—p )

The average duration of the intervals of intermission between the trajectory sections is found by sub-
stituting the value D, with (1 — D) in the expression (5), and is equal to

1
T=—1. 6)
Dy
Using the formulas (5) and (6), the probability D, can be expressed as follows:
Dy=—-, (7
T+7T

which corresponds to the relative average duration of the trajectory continuous sections.
Following the selection, the number of points along a continuous section of the trajectory decreases
and is equal to the value f(3, /), expressed as follows:

0 for 1<3</;
93—/ for 3=1+1,

where / is an integer non-negative value. The average duration of the section, following the selection t.
is found using the formula

£(9,1) = { ®)

@ D} 1-D!
t.(D)= 9,)w. (9) = —2 =1— 0. 9
A= 2 F @D ) ==t ! ©)
The average duration of a continuous section of the trajectory decreases by the value
1-D;
S5.(H= 0,
(=)

By the same value will increase the average duration of intervals between continuous sections, which
will become equal to

l_D(l)+1

?‘V(I)Z?jLST(I):T—l))'
(0 (0

(10)



Becui Hanpisnanbuail akagpmii nayk benapyci. Cepbist disika-oxuiunbix Hasyk. 2021. T. 66, Ne3. C. 335-342 339

If the probability of a noise point appearing in a resolution bin is equal to F, the probability of at least
one noise point appearing in the strobe A corresponds to 1 — (1 — F)*, which represents the false alarm
probability in the strobe without taking into account the selection. The PDF of the durations of contin-
uous sections of the noise trajectory at the selector output shall look as (taking into account the norma-
lizing)

9-1
wﬂ&zﬂ—FﬁP—O—Fﬁ} : (1)
The average duration of those sections is equal to
X 1
o= 9w, (9)= . (12)
921 1-F)~

The value of the average duration of intervals between continuous sections can be obtained by substitut-
ing the value (1 — F)* with 1 — (1 — F)® in the formula (11). As a result, we obtain the expression

_
1-a-F)*

By analogy with formula (7) we find the ratio for the probability of false alarms in the strobe in the ab-
sence of selection:

o= (13)

1-(1-F)*=—2_, (14)
¢o+e
At the selector output, the number of remaining points of a continuous section of the noise trajectory
is determined by the function (8). As a result, their average duration will decrease compared to (12) and
become equal to

[ !
o [1—(1—F)A] 1—[1—(1—F)A]
l: 81 82 = — A
o, (1) gyl,ﬁm() _F)p ® _F)p (15)

The average duration of the continuous sections of the noise trajectory will decrease by the value of
I
1—@—@—F%]
-t

The average duration of intervals between continuous sections will increase by the same value, which
will become equal to

8,() =

1—@—@—F%T
a—Ff@—a—Ff]

Further, the functions t4(/), T, (/), ¢s(/), (/) are used to find the true detection and false alarm probabil-
ities in the strobe at the selector output.

Detection probabilities at the selector output. The true detection probability in the tracking strobe
Dy(!), by analogy with the formula (7), shall denote the relative value of the average duration of continu-
ous sections of the object’s trajectory

0,(=0+8,()= (16)

py=—2B

‘ T, () +7,()
Once we substitute values from the formulas (9) and (10) into this correlation, we obtain the expression
D,()=Dy" =(DA-P)* 1=0,1,2... (17)

In order to find the false alarm probability Fi(/), by analogy with the formula (14), we obtain the
formula

Fy=—20
o, (D) +o,(D)
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By substituting into it the values from (15) and (16), we obtain the correlation

F(=[1-(-F) ]”l . (18)

The expressions (17) and (18) define the nature of the change in signal detection probabilities in the
tracking strobe when using the time selection method.

Comparing with the classic detection method. In the absence of selection, the probabilities of
detection in the strobe are found from the formulas (17) and (18) for / = 0. Of interest is a comparative
assessment of the detection probabilities when using the classical method and the time selection method.

For the true detection probabilities, their ratio is found from the formula (17) and is equal to

Dy ()

a(l)= YO D} =(D(1-P)). (19)

For the false alarm probabilities, their ratio is found from the formula (18):

£ () A
By =2 =[1-a-F)*]. (20)
R Lm0
The values o(/) and B(/) depend on the SNR p through the probabilities D and F.
Let us consider the case when the PDF of the mix of the object’s signal and noise at the input of the
quantizer conforms to the Rayleigh law of distribution. It is known [1] that there is a connection between
the true detection probabilities D, the false alarm probability F and the SNR p, expressed as follows

F=D"P. 1)

We shall assign the dependencies (19) and (20) on the selection interval / and SNR p for the concrete
values: D = 0.8, P =0, A =4, p = 15. Note that, in accordance with (21), the value of the false alarm
probability is £ =2.8-1072. For the SNR p = 5; 10; 15; 20 the graphs of the functions (19) and (20) are
presented in Figure 2.

al)
1.0

0.8} @

06

04}

02}

Figure 2. Functions of probabilities of detection with the time selection method compared with the classical method:
a — correct detection a(/), b — false alarms B(/)

The course of these functions shows the degree of change in the detection probabilities when using
the time selection method, i.e., taking into account the characteristics of the object trajectory as com-
pared with the classical detection method.

Modeling results. For modeling, the trajectories were selected, corresponding to the model of mo-
tion assigned by the equation (1) with the interval of increments A = 4. For the first trajectory, the initial
value is set at the moment of time £ = 1 and is equal to O, for the second one at the moment £ = 10 and is
equal to 20. The remaining parameters are taken from the preceding example with the interval of selec-
tion /=2 and the SNR p = 15.
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Figure 3 shows the positions of random point signals of objects and noise at discrete moments of
time £ = 1,...,50 at the output of the quantizer.
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Figure 3. Random point signals at the output of the quantizer

In order to illustrate the nature of the trajectories of the objects, their points are connected by solid
lines. In their absence, the points of objects and noises are indistinguishable. Interruptions between the
sections of the trajectories correspond to the true detection probabilities D = 0.8. Figure 4 shows the re-
sults of processing of this data using the time selection method.
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Figure 4. The results of processing data from Figure 3 by time-selection method

Resultant from the selection, the false alarm probabilities have decreased from the level
Fy(0) = 2.8-1072 down to Fy(2) = 1.3-107°. From Figure 4, one can see that in the realization given,
the trajectories of objects stand out which increase due to a decrease in the true detection probability
D = 0.8 down to Dy(2) = 0.64. In some places, trajectories of the objects bifurcate by the onset of noise
trajectories, but they are quickly cut off or merge with the object trajectories. In addition, there are five
residual noise points and one noise trajectory with a duration of one period in the realization. The num-
ber of noise trajectories can be reduced by increasing the selection interval, however, this will increase
the duration of interruptions in the trajectory.

At the next stage of tracking, the interruptions in the trajectories are filled through their extrapola-
tion. The development of a filter-extrapolator algorithm is the subject of further research.
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Conclusion. Detection, taking into account the characteristics of the trajectory of motion of an ob-
ject, enables obtaining better performance in the detection of moving objects compared to the classical
method. This is expressed, in particular, in the fact that with the same probabilities of true detection and
signal-to-noise ratio, it is possible to ensure lower false alarms probabilities. This is achieved by using,
at the second stage of detection, the method of time selection taking into account characteristics of the
trajectory of the object. The problem is solved for the case of statistically independent fluctuations of the
object’s signal (fast fluctuations) and statistically independent positions on the coordinate axis of false
alarm signals. It is of interest to further develop the method for probability distributions of a wider class.
Since, at the output of the selector, the true detection probability is lesser than one, there are discontinu-
ities in the measurements of the object coordinates. It is advisable to conduct research on filtering and
extrapolation of the rupturing processes with respect to the detection method reviewed.
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(yn. I1. BpoBku, 15/5, ka6. 420, 220072, Musck, Pecriybnnka
benapycs). E-mail: info@radiotechnika.by

Haymoe Anexcandp Onecosuy — KaHIUAAT PU3HKO-Ma-
TeMaTHYECKHUX HayK, 3aBeIyIOMNii JabopaTopueil paguoTo-
morpaduu, MHCTUTYT npukianHoit ¢pusukn HarnoHansHOi
akanemuu Hayk benapycu (yn. Akagemuueckas, 16, 220072,
Munck, PecnyGimka bemapycs). https://orcid.org/0000-
0002-4624-9261. E-mail: naumov(@iaph.bas-net.by



