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Abstract

Introduction. Safety of navigation and development of underwater mineral deposits require the accurate detection of
various underwater objects. The literature discusses the issues of tracking their motion and trajectory. Sonar methods are
proposed to maintain high accuracy of underwater object positioning. High accuracy of the bearing of stereo sensors with
an ultrashort base is noted. However, this equipment is sensitive to the sampling rate of the signals, which causes
“sampling noise”. There are no publicly available publications dedicated to the solution to this problem. The presented
study is designed to fill this gap. This work is aimed to study the possibility of obtaining data clarifying information about
the bearing of underwater objects through using the phase information about echoed probing signals and an additional
procedure for resampling the source data.

Materials and Methods. The location of the object was determined using the experimental complex for studying
hydroacoustic sensors created by V.A. Shirokov and V.N. Milich at the Udmurt Federal Research Center, the Ural Branch
of the Russian Academy of Sciences. A stereo sensor with a small base (30 mm) was used compared to the distance to
the object (=800-900 mm). Digital filtering methods and mathematical apparatus of correlation analysis of return
hydroacoustic signals obtained by the phase method were used for data processing.

Results. The results of comparing two methods for determining the bearing on an object are presented: by the difference
in the time of arrival of the pulse-leading edges and by the maximum of the cross-correlation function (CCF). The change
in bearing as the object moves, is graphically shown. The use of the leading edge of the signal caused small outliers of
values along the entire bearing curve (less than 0.12 rad). At the maximum CCF, emissions were recorded only in some
areas, but they were quite significant (about 0.17 rad). It showed how to select points corresponding to a smoother and
more valid object trajectory, and how to work with erroneous points. The presented method of error correction can be
implemented programmatically. With a quasi-harmonious signal, rare measurements of the original signal are interpolated
by frequent calculated values. Thanks to this virtual increase in the sampling rate (oversampling), intermediate indicators
can be recorded in the digitized source data. Interpolation of the signal values by a cubic spline allowed us to obtain 20
points for 1 period of the signal instead of 5 points in the original version. In this case, the trajectory formed with the
maximum CCF is more correct.

Discussion and Conclusion. The direction-finding problem can be solved with the accuracy required for practical
application. Taking into account the factor of smoothness and continuity of the object's trajectory makes it possible to
qualitatively correct the selection of the maximum of the cross-correlation function of the stereo sensor signals. The
proposed methods have great potential for the development of underwater vision systems.

Keywords: determination of the location of an object in a hydraulic environment, phase direction finding, pulse-leading
edges, cross-correlation function, sampling noise
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OpueuHaJleoe amnupudeckoe uccnedosamue
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uHpopmanuu 1upPepeHIHATBLHOIO CTEPEOIaTYNKA

B.A. Illnpoxos"=', A.U. Baxxenosa = ><, B.H. Mujiuu

YamypTckuil GpenepabHbIil HCCIeT0BATEILCKUI IEHTP Y pallbCKOro OTAeeHus Poccuiickoit akajgeMun Hayk, T. VbkeBck,

Poccuiickas @enepanus

D4 aigul bazh@udman.ru

AHHOTaNUs

Bgeoenue. be3onacHOCTb CyIOXOJCTBa U pa3pabOTOK IOABOIHBIX MECTOPOXKICHUI MOJE3HBIX MCKOMAEMBIX TPeOyroT
TOYHOTO OOHApYKEHUS PAa3INYHBIX IOABOJHEIX 00BEKTOB. B muTepaType paccMaTpuBalOTCs BOIIPOCH OTCIIEKUBAHUS HX
TIepeMEIICHIH 1 TPaeKTOpHH ABMKeHHS. [Ipeamararorcss MeToAbl THAPOIOKANH, 00ECIEYNBAIOIINE BEICOKYIO TOYHOCTh
TTO3UIIHOHUPOBAHMS MOJABOAHBIX 00BEKTOB. OTMEUEHA BBICOKAS TOYHOCTH IEJIEHTa CTEPEOJaTINKOB C YIbTPAKOPOTKON
6azoif. OmHako Takoe 0OOpYyIOBaHWE UYYBCTBHTEIHFHO K YacTOTE JUCKPETHU3AIMM CUTHAJIOB, YTO BBI3BIBACT «IIyM
JMCKPETU3alu». B OTKpBITOM MOCTYyIE HEeT IMyOnuKamui, IMOCBAIIEHHBIX PEeIeH o 3Toi npobnemsl. [IpeacraBnennoe
HCCIIeIOBaHNE ITPU3BAHO BOCIIOJIHUTH JAaHHBIH mpoben. Llens paboTsl — u3ydeHHe BOZMOXXHOCTH MOIYyYCHHS JaHHBIX,
YTOUHSIONMX HWH(OPMALMIO O TMeNeHre MOABOAHBIX OOBEKTOB 3a CHET HCIOJIb30BaHMs (Da3oBoil HMH(poOpManuu
OTpa)XEHHBIX 30HANPYIONINX CUTHAJIOB U JJOMIOJIHUTEIBHON POLEyPHI IEPEANCKPETH3AIH HCXOAHBIX JaHHBIX.
Mamepuanst u memoost. MecTononoxeHue 00beKTa ONpeelsUIU ¢ TOMOILBI0 SKCIEPHUMEHTAIBHOIO KOMITIEKca JUIs
HCCIIEIOBAaHUS THUIPOAKyCTHUECKUX NaT4uKoB, co3naHHoro B.A. IlupoxoBeiM u B.H. Mwummu B YiamypTckom
(denepasbHOM HCCICIOBATENBCKOM IIEHTPE YpalbCKOro OThelieHust Poccuiickoit akagemun Hayk. Mcmosb3oBaiau
cTepeofaTyuk ¢ Manoil 6a3oit (30 MM) O cpaBHEHHIO ¢ paccTtostHHeM 10 obbekra (=800-900 mm). [ns ob6paboTku
JIAaHHBIX TPUMEHSIM MeToAsl IHU(GPOBOH (UIBTpAallMM M MaTeMAaTHYECKHH ammaparT KOPPEISLHOHHOTO aHalN3a
OTPaXCHHBIX THAPOAKYCTHIECKNX CUTHAJIIOB, MOTYYEHHBIX (Da30BBIM METOIOM.

Peszynomamut uccnedoganus. I1pencTaBieHsl UTOTH COTIOCTABICHHS ABYX CIIOCOOOB ONpEIeIeHHs MeNICHra Ha O0BEKT:
110 Pa3HOCTH BPEMEHH NPHUXOAA MEepeIHUX (POHTOB UMITYJIHCOB M IO MAaKCUMyMy KPOCC-KOPPEISIIMOHHON (YHKIMU
(KK®). I'padmueckn moka3aHO M3MEHEHHE IENICHra IpH ABWXKEHUH 00bekTa. Vcmosp3oBanue mepeaHero (ponra
curHaia oOycioBHIIO HeOObIINE BEIOPOCH 3HAUCHUH BIOJIb BCel KpHuBoi nesenra (Menee 0,12 pan). [Ipn makcumyme
KK® BbIOpOCH (PUKCHPOBAIUCH JIMIIB B HEKOTOPBIX 00JACTSIX, HO OBUTH JOBOJIEHO 3HaYnTeNbHBIMU (0KoJ0 0,17 pan).
[TokazaHo, kaKk BBIOpATh TOUKH, COOTBETCTBYIOIIME OoJIee II1aIKOI U BAJIMITHON TPaeKTOPHU 00bEKTa, U Kak paboTaTh ¢
OIMOOYHBIMU TOYKaMu. [IpeacraBieHHBI METOA YCTpaHEHHs OLIMOKM MOXXHO pealn3oBarh nporpammuo. Ilpu
KBa3UrapMOHUYHOM CHUTI'HAJIE PEAKUEC HU3MEPCHUA HCXOJHOI'0 CUTHajla MHTCPIOJIUPYIOTCA YaCThIMHU BBIYMCICHHBIMH
3Ha4YeHUusMHU. braromaps TakoMy BUPTYaJIbHOMY YBETHUEHHMIO YacTOTHI JUCKPETU3AIMU (TIEpeIUCKPETU3AIIH) MOXKHO
(UKCHPOBaTh MPOMEKYTOUYHbIE MOKA3aTEIH B OLU(PPOBAHHBIX MCXOAHBIX HAHHBIX. VIHTEpHONAIMS 3HAUYCHUH CUTHANIA
KyOMYEeCKUM CIUTafHOM IMO3BOJIIIIA MONMydnTh 20 Touek Ha 1 mepno/1 CUrHajia BMECTO 5 TOUEK B HCXOIHOM BapuaHTte. B
9TOM cifydae 0oJiee KOppEeKTHA TPAeKTOPHs, copMupoBaHHas ¢ MakcuMyMoM KK®.

Oébcyyncoenue u 3akniouenue. 3aaady TEICHTAMA MOXHO PEIIUTh C TOYHOCTHIO, HEOOXOANMON AJISI TPAKTUIECKOTO
IIpUMeHEHHs. Y4eT (axkTopa IIaJKOCTH W HEHNPEPHIBHOCTH TPAEKTOPHU JBIKEHUS OOBEKTa MO3BOJISIET KAYECTBEHHO
KOPPEKTUPOBaTh BHIOOP MaKCHMyMa KpOCC-KOPPEJSIIMOHHON (YHKIMH CHUTHAJIOB cTepeojaTduka. llpemnoskeHHbIe
METO/BI 00J1a1a0T OOJIBIINM MTOTEHIINAIIOM JUISl pa3padOTKH CHCTEM IOABOIHOTO BHICHHUS.

KiawueBble cjioBa: OIPEACIICHNE MCCTOIIOJIOKCHUA 00BbeKTa B ruapocpeac, rnejacHranus (l)a3OBI)IM METOAOM, ICPECIHNC
(l)pOHTLI HUMITYJIbCOB, KPOCC-KOPPEIAIIUMOHHAA (l)yHKL[I/ISI, IyM AUCKPETU3alNU

baaromapaocTu. ABTOpHI BhIpakaloT OnarogapHocTh oTianuHbiM uHXeHepam H.H. 3BepeBy u A.C. lamy3uny 3a
TIOMOIIb B CO3JIaHUM TEXHUYECKUX CPelCTB. MccnemnoBanus, BHIIOJHEHHBIC OJarojaps ux padore, cTajal OCHOBOH It
HanuCcaHus 3TOU CTAaThHU.

Jas uurupoanus. Hupoxos B.A., baxenosa A.U., Mumma B.H. OcobeHHOCTH OTIpe/iesieH s TIeJIeHTa Ha TT0ABOIHbIH
00BEKT C HCHoNB30BaHHEM (a3oBoil mHMopMarmu auddepeHnnanbHOro crepeonatdanka. Advanced Engineering
Research (Rostov-on-Don). 2024;24(2):198-206. https://doi.org/10.23947/2687-1653-2024-24-2-198-206
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Introduction. Safety of navigation and work in underwater mineral deposits require high-quality detection of
underwater objects and tracking their movements [1]. Hydroacoustic sensors are used in underwater surveillance
systems. They capture the signal reflected from the object and provide for the calculation of its location using the
trilateration method [2]. In this process, each sensor provides information about the time interval of the probing signal
reflected from the object. In the case of using several sensors [3], it becomes possible to solve the problem of spatial
resection and determine the coordinates of the observed object [4]. To increase the accuracy of measurements, it seems
promising to use stereo sensors with an ultrashort base as a receiver [5], which allow obtaining phase information [6]
and determining the bearing on an object [7]. The possibilities of using sonar data on remote underwater targets, as
well as on the bearing of underwater objects [8] through the use of phase [9] or frequency [10] information of reflected
probing signals have been studied.

At the same time, it is known that the signal sampling procedure causes errors in determining the parameters of the
trajectory of underwater objects [11]. This applies to both distance measurements and bearing determination procedures.
Digitization of the analog sensor signal, which is required for further digital processing, introduces the so-called
“sampling error”. The error caused by the signal amplitude quantization is estimated by the number of quantization levels
of the analog-to-digital converter. The error caused by time sampling is proportional to the range of the quantization time
interval and the stress rate. Therefore, the sampling frequency of the signal is sought to be as high as possible above the
upper frequency of the signal itself. However, increasing the sampling rate in a number of cases is limited by the
capabilities of recording equipment: processor, analog-to-digital converter, data transmission channels, data storage
devices. The limited possibilities of sampling in time when performing trajectory measurements do not allow for accurate
recording of the extreme values of the trajectory (range and bearing). As a result, the accuracy of measurement results
decreases, and outliers appear on the fixed trajectories. To eliminate this disadvantage, it is necessary to study the potential
of oversampling the digitized sonar signal. There are no publicly available publications dedicated to solving this problem.
The materials of this article fill in the existing gap.

The objective of the presented study is to evaluate the possibilities of determining the bearing on an object using phase
information, and to develop a phase method of bearing using the resampling of a digitized sonar signal.

Materials and Methods. An algorithm for determining coordinates using the direction-finding phase method is
considered. The results of its testing for an object moving along a circular trajectory in an experimental pool are presented.

Setting up an experiment. During the experiments, an experimental assembly created by V.A. Shirokov and
V.N. Milich at the Udmurt Federal Research Center of the Ural Branch of the RAS was used to determine the
location of an object in the hydroenvironment with the direction finding by the phase method [12]. This is a
laboratory measuring complex with a linear aqua medium in the form of an extended cylindrical tank (hydro
waveguide) and a basin equipped with a system for generating test sonar signals. The installation elements used in
the experiments are described in detail below.

1. Hydroacoustic signal emitter with known coordinates S (Fig. 1). An amplitude-modulated signal is used in the work [13].

A

v

Fig. 1. Location of the receiving sensors (stereo sensor with two receivers s¢1 and s72) and emitter (S) in the plane of experimental
tank (xy). Here, d — stereo sensor base; D(O; st) — distance between the stereo sensor and the object;
o — bearing on the object; plate (x’y’) is formed by the plane of the stereo sensor and normal # to it
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2. Reflecting object. In the experiment, an extended cylindrical object is used as a test object — a copper wire whose
diameter (0.15 mm) is significantly less than the acoustic wave length (1.5 mm). In the presented work, the problem is
solved on a plane; therefore, for the compilation of computational procedures for calculating coordinates, this object can
be considered a point.

3. Stereo sensor that converts a sonar signal into an electrical one. The coordinates of each of the two receivers of the
stereo sensor are known (see s¢1, s£2 in Fig. 1).

4. Hardware-software complex that performs amplification, digitization and processing of sensor signals.

The measurement result is a recording file of the received two-channel signal.

Algorithm for processing measurement results. Using a stereo sensor with a small base (30 mm) compared to the
distance to the object (= 800-900 mm) allows us to apply simplified formulas.

Now then, we calculate the coordinates of the object under study in the system x’)', formed by the plane of the stereo
sensor and the normal to it. To do this, we use the algorithm that includes five stages.

1. Preprocessing:

— removal of the blind zone (the first N counts);

— signal filtering.

High-frequency filtering is used in the work.

2. Selecting informative fragments imp1, imp2 (in two channels) containing pulses reflected from the object under
study. To do this, thresholding is performed according to amplitude A4 of the signal. The threshold is assumed to be equal
to pxmax(4) (p = 0.5).

This processing allows for determining the leading edge of the pulse (Beginlndex), reflected from the object. Sections
[Beginindex—0.5%LenSignal; Beginlndex+LenSignal] are cut from two signal channels. Here, LenSignal — length of the
input signal. As a result, we get two signals imp1 and imp2 with a length of 1.5%LenSignal. Each of them contains the
pulse reflected from the object.

3. Calculation of distance D(O; st) between the object and the stereo sensor.

— Determination of the distance traveled by the pulse from the emitter to the object and from the object to the reception
sensor, using formula D(S,0,sf)=BeginlndexxdtxC. Here, C = 1475 m/s — acoustic wave velocity, df = 0.2x10-6 s —
sampling interval.

— Calculation of value

D(S,0,st)-D(S,st)

D(O,st) = 5 1)
4. Determination of bearing o on object [14]:
o = arcsin (—7» i >;dt i j ) 2)

where A — wavelength; /' — signal frequency; df — sampling interval; m — difference in the arrival of the reflected
pulse to two stereo sensors (in counts); d — base of the stereo sensor (in the presented study A = 1.5 mm, F =1 MHz,
dt=0.2 ps, d =30 mm).

5. Calculation of the coordinates of the analyzed object in the system formed by the plane of the stereo sensor and its
normal (Fig. 1), according to the formulas: x’ = D(O, sf) xcos(a); y' = D(O, st) xsin(a).

Determining the bearing on an object. Assume the condition of the smallness of the stereo base compared to the
distance from the sensor to the object. In this case, the stereo sensor allows us to determine the bearing on the object using
information about the phase difference of the received pulses previously reflected from the object, as well as the difference
in the time of arrival of the leading edges of the pulses received by the stereo sensor (Fig. 2).

A,V imnl

Th A
Th2 \

I/IH(I)OpMaTI/IKa, BBIYMCIINTCIIbHAA TCXHUKA U YIPABJICHUEC

Fig. 2. Determination of difference in the moments of arrival of stereo signals ds, which are indicated by solid imp1(¢) and
dotted imp2(t) lines. Th1, Th2 — thresholds for the first and second stereo pair signals, respectively; df — sampling interval;
A — signal value in volts;  — time
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To implement this approach, the following procedures are performed.

1. Identification of the moments of arrival of the leading edges of stereo signals using thresholding [15] with threshold
p*xmax(A). In this paper, coefficient p is assumed to be 0.5 [16].

2. Calculation of difference ds (number of intervals df) between the leading edges of the pulses registered in two
receivers of the stereo sensor.

3. Calculation of bearing o by formula (1). We take value d for m.

With this method of calculating the phase shift, the leading edge of the signal is the main indicator of the pulse reflected
from the object. The internal structure of the signal is not taken into account, which may be crucial for the correct
determination of the bearing on the object. We take into account the similarity of the received signals and consider another
approach to calculating the bearing — based on the cross-correlation function (CCF) of stereo signals. It is logical to
determine the phase shift by the CCF maximum. The elements of the bearing calculation algorithm using CCF are
described below.

1. Calculation of the CCF pulses arrived at two receivers of one stereo sensor: » = xcorr(impl, imp2). The value of
function xcorr at the shift of m of the second signal relative to the first is calculated as follows:

N=m-1
impl,.,, x imp2,, m>0,
XCOITp1 imp2 (m)= —
XCOT T2 jyp1 (—11), 11 < 0.

2

Here, N— length imp1 and imp2, —N<m<N.

2. Determination of the maximum CCF and the corresponding shift dc (in counts).

3. Calculation of bearing a from formula (1) taking into account that value dc is taken as m.

Research Results

Testing the bearing determination methods. The presented methods for determining the bearing on an object (by
the difference in the time of arrival of the pulse-leading edges and by the CCF maximum) were tested for an object moving
along a circular trajectory in the experimental pool. A harmonic signal with a duration of 7 periods and a frequency of 1
MHz was used. Digitized stereo signals were recorded at 256 points of the object's trajectory. The digitization frequency
was 5 MHz.

Figure 3 shows the change in bearing values as the object moves around the circle for the two proposed approaches
(difference of the leading edges, CCF maximum).
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g Fig. 3. Deviation of bearing a on the object making a circular motion. Indicators were obtained using two approaches
= (red marker — difference in the time of arrival of the leading edges of stereo signals, blue marker — CCF maximum).

MN — measurement number, 0. — bearing on the object
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When using the signal-leading edge (Fig. 3, red marker), small outliers of values are observed almost along the entire
curve of the bearing on the object. When using the CCF maximum (Fig. 3, blue marker), only in some areas there are
outliers of bearing values, but they are quite large. Perhaps this is due to the peculiarities of the object's movement in the
area where the probing and reflected signals cross the zone of turbulence caused by the object's movement. When finding
the phase shift of stereo signals using the CCF maximum, additional errors occur, which is then reflected in the calculated
trajectory of the object. Also, outliers in the calculated bearing values may be due to an insufficiently high sampling rate.
The values of these errors are significantly higher than the emission values observed for the method using the pulse-
leading edge.

Figure 4 a presents the trajectories of the object, calculated using the global CCF maximum and its neighboring
local maxima.

>
¥’, mm A RYEIN

mxdt, s

100

r VA

>
mxdt, s

—-100

a) ©)

Fig. 4. Analysis of the trajectories of the circular motion of the object:
a — trajectories calculated using the global CCF maximum (black marker),
local nearest right CCF maximum (orange marker), local nearest left CCF maximum (green marker);
b — example of CCF, whose global maximum corresponds to the correct value of the coordinates of the object;
¢ — example of CCF, in which the left local CCF maximum corresponds to the correct value of the coordinates of the object

Using aprior information about the smoothness of the movement of the experimental object, it is possible to select
points that correspond to a smoother and more valid trajectory. This approach is used in other works [17]. In Figure 4 a,
at x ’€[800;870], » >0, the correct values are on the curve for the trajectory calculated from the left local CCF maximum.
There are also erroneous points. If they are replaced by the points of the trajectory obtained as a result of using the right
local CCF maximum, the correct value of the trajectory point can be calculated (x =800, y’<0 in Fig. 4 @). This graphical
method of error correction can be implemented programmatically.

Thus, at some points of the trajectory, the correct phase shift of the stereo signals required for calculating the bearing
may correspond not to the global CCF maximum, but to one of the neighboring local extremes (Fig. 4 b, ¢). This shift of
the CCF maxima may be due to an insufficiently high sampling rate of the signals. This also explains the stepwise nature
of the resulting trajectory.

Taking into account the quasi-harmonicity of the signal, it is proposed to use interpolation of rare measurements of
the original signal with frequent calculated values. This virtual increase in the sampling rate (oversampling) makes it
possible to fix intermediate values in the digitized source data. Interpolation of the signal values by a cubic spline allowed
us to obtain 20 points for 1 period of the signal instead of 5 points in the original version. Figure 5 shows the calculated
trajectories of the object, formed with preliminary resampling of the signals.
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Fig. 5. Calculated object motion trajectories obtained for stereo signals with a virtually increased sampling rate:
blue marker — difference in the time of arrival of the signal-leading edges is used;
red marker — CCF maximum is used

The red line is the object’s trajectory, obtained using the CCF maximum to calculate the bearing from pre-interpolated
data. It seems to be more correct compared to a similar trajectory obtained using the difference in the leading edges of
reflected pulses (blue line).

Discussion and Conclusion. Analysis of the features of determining the bearing on an underwater object using the
mutual phase information of the differential stereo sensor signals makes it possible to draw the following conclusions.

— The difference in the arrival time of the pulse-leading edges recorded by the stereo sensor allows us to obtain bearing
values indicating the direction of the object. The quality of the result depends on the accepted threshold value (used in
determining the pulse-leading edge) and the variability of the amplitudes of the received signals.

— The application of the approach using the maximum of the cross-correlation function at an insufficient sampling
rate of the initial signals leads to significant outliers in the calculated trajectory (Fig. 3).

— Resampling of signals through interpolation of the original quasi-harmonic signals using the CCF maximum for the
calculation of the bearing and coordinates of the object provides obtaining a smooth trajectory (Fig. 5), corresponding to
the smooth movement of the object in a circle. This approach requires significantly higher computational costs compared
to the others discussed in this article. This may affect the speed of real-time signal processing.

Thus, the investigated possibilities of refining the phase direction finding method (resampling of digitized signals and
using the CCF maximum) make it possible to effectively assess the trajectory of an underwater object.

The conditions for obtaining a smooth correct trajectory of the tracked object are described. The oversampling of
interpolated quasi-harmonic stereo signals digitized with insufficient sampling rate serves this goal. At the same time, the
bearing calculation method is used with the maximum of the cross-correlation function of the stereo sensor signals.

The data in Figure 5 confirm that the direction-finding problem can be solved with the accuracy required for practical
application. Taking into account the factor of smoothness and continuity of the object's trajectory allows for the unique
adjustment of the selection of the maximum of the cross-correlation function of the stereo sensor signals (Fig. 4).

The proposed methods are of great importance for the development of underwater vision systems.
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