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AJITOPUTM YTOYHEHHS YIJI0B NOBOPOTA M HAKJIOHA KaMepPhbl
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B cés3u ¢ mpyonocmsaimu, 603HUKAIOWUMYU NPU UCNONb306AHULU CUCIEM CHYMHUKOBOU HABUSAYUU HA A3-
poopomax 6 Hacmosiwee 8pemsi, U HeOOCMAMOYHOU MOYHOCIbIO UHEPYUATLHBIX HABUCAYUOHHBIX CUCHEM,
0151 NPOBEOCHUSI MPACKMOPHLIX USMEPEHULl 6HOBb CMANU UCHONb308AMbCI ONMUYECKUE USMEPUINETbHbLE
komnaekcol. OOHAKo cywecmeyloujue usmepumesibHble KOMNIEKCol 001a0aom psaoom Hedocmamkos. Llenvio
O0anHOU pabomvl SGISIEMCSL ONUCAHUE CROCOOA NOBBIUEHUS MOYHOCIU MPACKMOPHBIX USMEPEHUL, NOJLYYeH-
HbIX Y2IOMEPHbIM MemoOoM. B cmamve paccmampusaromes ocHogHble aneopummbl, npuMeHsiouuecst npu
nposedenul MmpaeKmMopHbIX UMepeHUull 8 Hacmosujee epemsi u ux neoocmamxu. Ilpeonacaemces aneopumm
ROKAOPOBOU NOCIENOAEMHOU 0OPABOMKU 3ANUCAHHO20 8UO0EO C KAMED ONMUKO-IJIeKMPOHHO20 UMEPUMEb-
HO20 Komniaekca. Tlpusooumces onucanue peanuzayuu 0AGHHO20 ANOPUMMA ¢ Y4émom ocobennocmeil spapu-
YECKUX NPOSPAMMHBIX uHmepeticos 0as obpabomku 86o0a noavsosamens areopumma. llpednosicenmviil
aneopumm no3gojisem nocie npogedeHus. MPAaekmopHbIX UsMepeHutl, 0e3 0ePaHudeHull No 6PeMeHl, Ymoy-
HUMb y2ibl NOBOPOMA U HAKIOHA NAAM@POPMbL 8 KadHcObll MOMeHm epemeru. TIpeonodcennvlii areopumm
10360Jisem NOGbICUMb MOYHOCHb KAK YJice NPOBEOEHHBIX, MAK U NPOGOOUMbBIX 8 OYOyueM MpaeKmopHbIX
U3MepeHUtl NPu UCHBIMAHUSAX JIeMamenbHblX annapamos. IIpeonojicennulil aneopumm maxoice MOjicem uc-
nONb306AMbCsL OISl NOLYHEHUsL NOMEHYUWTILHBIX Yll08 NOBOPOMA U HAKIOHA KAMepPbl NPU Peaiu3ayuu yeno-
MEPHO-NEeNEeH2AYUOHHO20 KOMNIAEKCA C NPUMEHEHUEM HEeNOOBUNCHBIX UUPOKOY2O0IbHbIX ONMUYECKUX KaMep.
Hanpumep, npu usmepenuu ouaspamm nanpagienHocmu OOpmMoesblx anmeHH CaMOAEma ¢ NOMOUbIO K6aopo-
Konmepa-uzmepumensi 0Jisi OnPeOeieHUs: €20 NOJONCEHUsL 8 NPOCIMPAHCIMEBE 8 KANCObLI MOMEHM BPEMEHIL.

B cmamwve maxoice npusodsimest 0cHo6HbIE JOCMOUHCIBA U HEOOCMAMKU ANOPUMMA, BHOCIMCS Npeo-
JIOJICEHUST NO €20 YCOBEPUIEHCINBOBAHUIO, NPEONALAIONCSL B03MOICHBLE 0OIACMU €20 NPUMEHEHUsL.

Knioueswvie crosa: mpaekmopHbvlie U3MepeHUsl, neﬂEHZClquHHbllz M€m0(), yeﬂomeprnZ M€m0(), onmuve-
CKUue uamepeHus, nocCenonemuas o6pa60ml<a, onpedeﬂeﬁue Koop()uHam JemamenbHoco annapama, cnym-
HUKOBble HaeUu2ayUoOHHble CUCNEMbl.
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Due to the difficulties that arise when using satellite navigation systems at airfields at present, and the
insufficient accuracy of inertial navigation systems, optical measuring systems have again begun to be used
fo carry out trajectory measurements. However, existing measuring systems have a number of disadvan-
tages. The purpose of this work is to describe a method for increasing the accuracy of trajectory measure-
ments obtained by the goniometric method. The article reviews the main algorithms currvently used in tra-
jectory measurements and their shortcomings. An algorithm for frame-by-frame post-flight processing of
recorded video from cameras of an optical-electronic measuring complex is proposed. A description of the
implementation of this algorithm is given, taking into account the specifics of graphical software interfaces
for processing user of the algorithm’s input. The proposed algorithm allows, after carrying out trajectory
measurements, without time restrictions, to correct pan and tilt of the platform at each moment in time. The
proposed algorithm makes it possible to increase the accuracy of trajectory measurements when testing
aircraft, both already carried out and future ones. The proposed algorithm can also be used to obtain
would-be pan and tilt of the camera when implementing a goniometric direction-finding complex using
fixed wide-angle optical cameras. For example, when measuring the radiation patterns of an aircraft's on-
board antennas using a quadcopter-meter to determine its position in space at each moment in time. The
article also presents the main advantages and disadvantages of the algorithm, makes proposals for its im-
provement, and suggests possible areas of its application.

Keywords: trajectory measurements, direction finding method, goniometric method, optical measure-
ments, post-flight processing, determination of aircraft coordinates, satellite navigation systems.

Introduction

The main method to determine the position of an aircraft in space is to use satellite navigation sys-
tems [1]. Currently their use to conduct trajectory measurements on the territory of airfields is impos-
sible due to a number of reasons [2]. Inertial navigation systems, currently used instead of satellite
ones, accumulate significant errors during long flights [3]. In addition, carrying out this type of meas-
urement is necessary to install additional equipment directly on the aircraft, which is not always possi-
ble for legal or technical reasons, for example, when using small-sized unmanned aerial vehicles with
limited payload [4].

One of the options to solve this problem is the use of optical systems [5—7], such as cine-
theodolites [8], to calculate the position of the aircraft based on azimuth and elevation angles from two
measuring points [9] (two-point direction finding method, shown in Fig. 1).

Target

s
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Puc. 1. CyTI) YIJIIOMEPHOT'O WU MEJICHTallUOHHOT'O crocoba ONpeACIICHUA KOOpAUHAT

Fig. 1. Direction finding model

However, accurately tracking the movement of an aircraft is practically impossible. When manu-
ally tracking a target, the tracking result is mainly under the impact of operator errors. For example, an
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operator cannot perfectly keep a fast moving object in the center of the frame due to the relatively high
human reaction time. Also, the operator may make mistakes due to human factor.

Using computer vision algorithms simplifies the task somewhat, but does not solve the problem
completely. Brightness-contrast algorithms of computer vision are extremely sensitive to weather con-
ditions and extraneous objects in the frame [10]. More advanced algorithms based on machine learn-
ing can solve this problem quite effectively, but they require more computing power and a large train-
ing sample for each individual aircraft model to be tracked. Therefore, the development of such algo-
rithms to conduct small-scale tests is economically unprofitable.

In addition, even with an error-free computer vision algorithm, it is fundamentally impossible to
solve the problem of the pan-tilt mechanism having a limited rotation speed. Moreover, using the max-
imum rotation speed cannot be always realized, even if the pan-tilt mechanism allows it. The camera
installed on it can be quite heavy [11], and if the speed changes abruptly, the pan-tilt mechanism can
fail.

A solution could be a frame-by-frame post-flight processing algorithm, where the operator, not lim-
ited by time frames and physical characteristics of the measuring complex, can indicate the position of
the aircraft with pixel accuracy [12] and specify the angles of rotation and tilt of the camera relative to
the center of the frame [13].

Algorithm description

The essence of post-flight processing is as follows.

A post-flight processing operator reviews the recorded flight video footage. The operator moves to
the frame (Fig. 2) corresponding to the required moment in time, points the cursor at a specific point
on the aircraft, along which it was decided to conduct trajectory measurements, and by pressing the
mouse button starts the operation of the algorithm, which will correct the aircraft sight angles.

L L I R L L B A B
1 2 3 4

Puc. 2. IlpumepHast cxema KaJipa IpH MocienoyéTHoi 00padoTke

Fig. 2. Frame structure during post-flight processing

Since the operator's monitor resolution, frame display area size and aspect ratio may change during
the post-flight processing, unlike the original video, it is necessary to take this fact into account and
not be tied to the pixel resolution, but to work relative to the horizontal and vertical viewing angles.

The APIs that provide the current position of the mouse cursor return it relative to the upper-left
corner of the display area [14]. But since the target sighting angles for each frame are set relative to its
center, it is necessary to transform the coordinates of the mouse cursor. The position of the mouse cur-
sor relative to the center of the frame can be calculated using the following formula:
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w
Xeenter = xtopleft - E’

h

Yeenter = 2 Y topleft >

where x,,.; and y,,., — the position of the mouse pointer relative to the upper left corner of the

frame; w and & — the total number of pixels in the frame in width and height respectively.

Now we need to move from a linear representation in pixels to an angular representation in degrees
or radians. To do this, we divide the frame into quadrants. We will take the axes denoting the width
and height of the frame to be equal to one angle of the solution horizontally and vertically, respec-
tively. Consequently, points along these axes will have coordinates in the range from —0.5 to +0.5.
Therefore, we eliminate the need to know the resolution of the original video to calculate the pixel
value in angular measure. The coefficients of linear displacement of the target relative to the frame
center can be calculated using the following formula:

Xcenter — mel‘?ﬁ _l

Weoef =

b

w w 2

h — Ycenter — l _ ytopleft '
coeff h 5 h_

The angular displacement of the target relative to the center of the frame can be obtained by multi-
plying the lens aperture angles by the corresponding coefficients obtained earlier:

aq]fset = hFOV x Wcocfﬁ”

enfﬁet =Vror X hcneﬁ’ ’

where g, and vy, —horizontal and vertical lens aperture angles, respectively.

Now, to obtain the more accurate angles of pan and tilt of the camera on the aircraft, it is necessary
to add the obtained angular offset to the angles of the frame center.

a, arg et = Aeenter + aojﬁet >

€ arget — Center T eofﬁet .

Conclusion

The considered algorithm can be used when conducting trajectory measurements to improve the
accuracy [15] of aircraft position calculations. Figure 3 presents an example of a post-flight processing
program that uses this algorithm. Moreover, this algorithm can be used in systems with fixed wide-
angle cameras as the main method to determine the viewing angles of an aircraft. Such a system can be
used to measure the radiation patterns of aircraft onboard antennas. However, when using wide-angle
cameras, lens distortion is necessarily taken into account.

The main disadvantage of this algorithm is the need to manually specify the position of an aircraft
for each frame, which makes its use for long flights labor-intensive. A way to solve this problem may
be to sample only key frames at a certain time interval (for example, 2 times per second) depending on
the requirements indicated in the technical specifications. Alternatively, more resource-intensive com-
puter vision algorithms can also be used to automate the frame-by-frame processing process. They
cannot be used in real time, but are suitable when there are no time constraints on processing a single
frame, since we are talking about post-flight processing of the recorded video.

436



Part 1. Informatics, computer technology and management

X Pexumd0d 112556 — a X
aiin Tpagun

(H10-7) 07,09 2023 112556 mp4 _ _ MC-460CH (H0-9 (TY13) 07.09 2023 112556.mp4

Taiiw-kon  Aswmyr 1 (wcx) Bosssiusennie 1(uex) Asumyr 1 (ucnp) Bossuiwenve 1 (wenp) Asumyr 2 (wex) Aswmy 2 (ncop) A (nox) x(uex) y(Mex)  z(wex)  Delta (wex) Wnpora (uenp) flonrora (ucnp) Buicora (ucnp) x (wcnp)
314 41312828125 251133 00126635 25175 00132565 230326 00106503 230218 0.0108538 555349 38,1852 23282 SSOL13 966527 699147 508985 555354 381345 233563 543097
315 4131332421875 251288 00126011 251312 00132963 230352 0010267 2393 0.00976826 555353 381845 2083 SM191 947054 27049 681569 55.53% ELRL) 2087 540659
316 41313828125 25147 00123322 251491 00128242 23004 00103439 23034 0.0108029 555357 321839 29618 538405 935385 0018628 480068 555359 38133 21209 5417
317 4131431640625 251584 0018206 251614 00125685 239476 000948387 2393%9 0.00915548 555358 38,1837 25645 536595 805811 228617 689549 55,5361 381832 26138 378
318 413148203125 251753 00115623 251777 00110241 23954 000973171 230109 00100438 555361 321832 25103 52047 80072 135546 39973 555363 381329 26588 529153

319 4131530850375 251908 00111648 251934 00113957 230577 000861808 23052 0.00826811 55,5364 38,1826 20407 52695 844234 16766 794239 555366 38182 219675 523482

321 41316

00103468 252255 00108362 000846075 0,008 555368 381817 217088 45 811628 0707964 437051 5368 381816 218452 51059
22 413168125 25228 0.00997206 252429 0010465 000793417 23005 0.00819169 555372 38181 214077 513544 782029 -463568 516081 55537 381813 21635 516593
323 4131731640625 252563 0.00935618 252588 000993404 23002 0.00758676 230891 0.00752806 55,5371 32181 21618 514054 7573% 395693 387298 55373 38,1208 21275 512015
324 41317.81640625 25266 0.00889812 252751 000994577 240003 000727356 23091 0.00895077 55.5371 38,10 200575 SI3759 736991 81230 310479 555376 381802 210706 506255
325 4131832421875 252848 0.00863452 252893 000967676 240085 000711627 24004 0.00758955 5537 32,1304 28114 09554 722709 813711 260673 555376 381 67 5056.82
326 413188203125 253156 0.00879712 253109 000037618 240118 000686678 240069 0.007659 55,5381 381702 206935 400774 TIATI2 14848 ASHA1T 555381 381763 21044 408672
327 4131930078125 253309 0.00865689 25327 00090764 240185 0.00659648 240234 00072723 555382 321789 205643 495925 699081 0503337 52514 55538 381792 208716 989,14
i P P N 7 e S P P i e I o P2 O - S - T 73 m

Puc. 3. [locnenonérnas 06paboTka TpaeKTOPHBIX U3Mepennit MC-21

Fig. 3. Post-flight processing of Yakovlev MC-21

The main advantage of this algorithm is the ability to obtain the highest possible accuracy when
conducting trajectory measurements with cine-theodolites, since frame-by-frame processing makes it
possible to consistently obtain angles of the same point on the aircraft.
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