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AHHOTALIUSA

B nanHO# cTaThe mpejicTaBieHa CPaBHUTENIbHAS OLIEHKA CTpaTeruil
JI0OOOYYEHHS JIJIsl aBTOMATHYECKOTO pacrio3HaBanus peud (ASR) Ha pas-
JTMYHBIX apMSHCKHUX JUAIEKTaX. AHAINA3 IPOBOJHUTCS C HCIIOIH30BAHIEM
TPEeX COBPEMEHHBIX MHOTOS3BIUHBIX Mojenei: Whisper v2, Whisper v3
u SeamlessM4T. ey uccredosanus — ONICHUTH BIMSIHAE Pa3IMYHBIX
CTpaTeTuii ajanTallid Ha METPUKU OIMMOOK paclo3HaBaHUS peYH Ha
yposHe cioB (WER) u cumBosioB (CER) B ycioBHAX OTpaHHUCHHBIX pe-
CYPCOB U pa3HO00pa3us AUAJIEKTOB.

PaccmatpuBarotest Tpu crpateruu JOOOYUeHHUS: 0OydeHHe Ha JaH-
HBIX OJHOTO JHAaJeKTa, COBMECTHOE NT0OOyUeHHE Ha HECKONBKUX IHa-
JIEKTaX, IByXATAHOE JOOOYUCHHUE.
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Hawnnyummme nokaszarenu ObLTH JOCTUTHYTHI TP UCTIOJIE30BAHUH MO-
nemn Whisper v3 B paMkax apyxatanHoro nmoaxona: WER cocrasun 24,2
%, a CER — 10% B cpexnem no Bcem auanektaM. [IpoBenénnoe uccie-
JIOBaHHUE JIEMOHCTPUPYET, YTO JA000yUEHHBIE MHOTOS3BIYHBIC MOJCIH
MIPEBOCXOAAT CYIIECTBYIOIINE CHCTEMBI PACTIO3HABAHUS apMSHCKOM pe-
YH, YTO MOJTYEPKUBAET BAXKHOCTD 1IEICHATPABICHHOTO JT000yYeHHS JIs
SI3BIKOB C OTPaHUYCHHBIMU PECYPCAMHU, TAKMX KaK apMSTHCKHM.

KuioueBble cjioBa: ABTOMAaTHYECKOE paclio3HABaHUE PEeUH, ajanTa-
WS TAATEKTOB, CTPATETHU JTOOOYUYCHHS, I3bIKH C OTPaHUYCHHBIMHU pe-
CypCaMHu.

BBenenue

ABTOMAaTHYECKOE PACMO3HABAHUE PEYH JOCTHUIJIO 3HAUYUTEIIBHBIX
YCIIEXOB C MOSBICHUEM KPYIHBIX MHOTOSI3bIYHBIX TPAHC(HOPMEPHBIX MOJIe-
neit, takux kak Whisper[1] u SeamlessM4T [2]. Ognako pazHooOpasue
JIMAJIEKTOB BHYTPH SI3bIKOB OCTAETCS OJJHON M3 HauboJiee CI0KHBIX U Hepe-
HICHHBIX MPOOJIEM B O0JIACTH paclio3HaBaHHs peud. B ycloBHsIX orpaHu-
YEHHBIX SI3BIKOBBIX PECYPCOB BapUATHBHOCTH JUAICKTOB MOXET CYIIECT-
BEHHO CHMKaTh TOYHOCTh CUCTEM PACIIO3HABAHUS PeUr, OCOOEHHO MPH Or-
pPaHMYEHHOM MM HEPAaBHOMEPHOM paclpe/ieieHUH 00yJaronuX JaHHBIX.

ApPMSIHCKMH SI3BIK TIPEACTaBISIET cO00M MOKa3aTeNbHbIN IpuMep: OH
BKJIIOYAeT HECKOJIBKO AUATIEKTOB, KOTOPbIE Pa3INyYa0OTCs O (POHOIOTHYEC-
KM ¥ MOP(OJIOTHYECKUM TIPHU3HAKAM, HO HCIIONB3YIOT 00IIyI0 opdorpa-
¢uueckyro cuctemy. Takoe pazHOOOpa3ue oTpakaet 0osee MUPOKHUE TII0-
OanbpHBIE TPOOIIEMBI AaBTOMAaTHIECKOTO PACIIO3HABAHMS PEUH JJIS SI3BIKOB C
OTPaHWYCHHBIMU PECYypCaMH U BHYTPEHHUMH BapHAILIUSIMHU.

Hacrosimiast paboTa HampaBiieHa Ha CpaBHEHHE TPEX KIIFOUEBBIX CTpa-
Teruil 1000yueHus /Ui alanTallii CUCTEM PacO3HABaHUs Peyd K apMsiH-
CKUM JHalleKTaM C PUMEHEHUEM COBPEMEHHBIX MHOTOSI3bIYHBIX MOJIETICH.
Llenv uccnedoeanus 3aKi0vaeTCs B BBIIBICHUU HanOosee 3(h()EeKTUBHBIX
MOJIX0/10B, 00ECIEeUUBAIOMINX BBICOKYI0 TOYHOCTh PACIIO3HABaHMUS pPEUH
P COXPAHEHUH CITOCOOHOCTH MOJIEITH K O0OOIIICHUIO MEXKTY Pa3THYHBIMH
ApPMSHCKUMH TUATICKTAMH.
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O030p cymiecTBYOIIUX pelIeHu

WccnenoBanus B 001acTi aBTOMaTHYECKOI'O paCIIO3HABAHUS apMsIH-
CKOM peun J10 HaCTOSLIEr0 BpEMEHU B OCHOBHOM COCPEIOTOYEHBI HAa COBpE-
MEHHOM BOCTOYHOM apMSIHCKOM SI3bIKE, YJIeJsisl JIMIIb OTPAaHUYEHHOE BHU-
MaHue JUajJeKTaMm.

B nocneanue roasl ObUIO MPEACTaBICHO HECKOIBKO OTKPBITHIX CHC-
TEM apMSHCKOro pacro3HaBaHus peun. ArmSpeech [3] npexncrapisier co-
00l MOJIeTIb Ha OCHOBE peKyppeHTHBIX HelpoHHbIX ceTelt (RNN), 00yuen-
Hyto Ha 15,7 yacax naHHbIx kopryca ArmSpeech. ASPRAM! ocHoBana Ha
apxutektype Wav2Vec 2.0 [4] 1 BKITIOYAET SI3bIKOBYIO MOJIEIb, 00YYEHHYIO
Ha Habopax ganubpx Common Voice 9.0 1 Google FLEURS?. NVIDIA-hy
ASR* — 310 rubpunnas moaens FastConformer [6] ¢ 115 MunnuoHaMu ma-
pameTpoB, oOydeHHast Ha 296 yacax apMsTHCKOTO ay 1o, BKirodass Common
Voice 17.0 u aynnoknuru. HecMoTpst Ha TO, UTO yKa3aHHBIE CUCTEMBI Jie-
MOHCTPHUPYIOT CPaBHUTEIbHBIE Pe3YJIbTAaThI 1JI COBPEMEHHOI'O BOCTOUHO-
T'0 apMSHCKOTO 513bIKa, OHU MPAKTUYECKU HE 00€CTIeYNBAIOT MOAIEPKKY JTH-

QJIEKTHBIX (OPM.
Tabnuya 1.

XapaKkTepUCTHKA CUCTEM PACIIO3HABAHUS APMSAHCKOM peyu:
KJIaccu(pukanus 1Mo TUILY, JJULEH3UH U APXUTEKType

Mopeanb Tun JInuensust ApXHMTEKTypa
ArmSpeech OnHos3b14- C OTKpBITEIM CkBo3Has apxu-
HBII UCXOMIHBIM KozioM | TexTypa (RNN)
ASPRAM OnHOs3BIY- C OTKpPBITBIM CkBO3Has apxu-
HBIIA UCXOJHBIM KOJIOM | TEKTypa
(Wav2Vec 2.0)

! https://huggingface.co/YSU/aspram

2 https://huggingface.co/datasets/mozilla-foundation/common_voice 9 0
3 https://huggingface.co/datasets/google/fleurs

4 https://huggingface.co/nvidia/stt_hy fastconformer_hybrid_large pc
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NVIDIA-hy ASR | OgHos3b14- C OTKpBITBIM I'ubpunnas
HBIH nucxonubM kKojoM | (Transducer—
CTC)
Whisper Large v2 | MHorosizera- | C OTKpBITBIM CkBO3Has apxu-
HBIN UCXOIHBIM KOJIOM | TEKTypa
(Encoder—
Decoder)
Whisper Large v3 | MHorosizeid- | C OTKPBITBIM CkBO3Has apxu-
HBIH HCXOJIHBIM KOJIOM | TeKTypa
(Encoder—
Decoder)
SeamlessM4T v2 | Multilingual | C oTKpBITEIM CKBO3Has apxu-
HCXOJIHBIM KOJIOM | TeKTypa
(Sequence-to-
Unit)

[TapannenbHO ¢ 3TUM KpPYIHbIE MHOTOSI3BIYHBIE OTKPBITHIE MOJEIH,
takue kak Whisper v2°/v3°® u SeamlessM4T’, 1ocTHI/IM BIIEUATIIAIOIIMX Pe-
3yJIbTAaTOB B 3ajJjaue 000OIIeHNs Ha SI3bIKU C OTPaHUYEHHBIMU pECypcami,
BKIItOUasi apMstHCKui. Tem He MeHee, UX 0o0ydarolue KopIyca coiepxar
MUHHMaJIbHOE KOJUYECTBO JUAJCKTHBIX JaHHBIX, @ HCCIIEIOBAHUS CTpaTe-
Ui 1000yUYeHHS JUIs apMSHCKUX JHAJICKTOB paHee He MPOBOIUIINCE.

Hacrosee uccnenoBanre BOCIONHSAET 3TOT NMPOOeE1, IPOBO/IS CpaB-
HUTEJIbHYIO OLIEHKY TPEX CTpaTeruii 1000y4eHUs — OAHOIUATIEKTHOM, MHO-
TOJMAJIGKTHON M JBYXJTalHOM — C HCIOJIb30BaHHEeM Mojeneir Whisper
v2/v3 u SeamlessM4T B kauecTBe 0a30BbIX apXUTEKTYp Ul aHaIU3a -
(EeKTHBHBIX MMOIXOJ0B aJaNTAl[MH CUCTEM PACIO3HABAHMS PEUU K JTHAJICK-

TaM apMAHCKOI'O A3bIKaA.

5 https://huggingface.co/openai/whisper-large-v2
¢ https://huggingface.co/openai/whisper-large-v3
7 https://huggingface.co/facebook/seamless-m4t-v2-large
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XapaKTepUCTUKU YKa3aHHBIX MOJEJIEH, BKIKOYAIOAs UX THIL, JIU-
LIGH3PIOHHBII>'I CTaTyC nu apXI/ITeKTypHBIC OCO6CHHOCTI/I, HpeIlCTaBHeHLI B
Tao6m. 1.

Ha6op nannbix

JIsl SKCIEpUMEHTOB UCIIOJIb30BaJICS KOPITYC, BKJItouarommi 70 va-
COB HEIIIYMHBIX ayJHUOJIAHHBIX BMECTE C COOTBETCTBYIOIIUMH TPAHCKPHII-
IIUSIMH, OXBATHIBAIOIIUX ISTh JHAJICKTOB apPMSIHCKOTO si3bIKa. KaxkpIii mo1-
Koprryc Obl1 paszenéH Ha oOyuyatomyto (80%), Banmuaauuonnyio (10%) u
tecToByt0 (10%) BBIOOPKH, IIPH 3TOM 00ECTIEUNBAIOCh COAIAHCUPOBAHHOE
MPEJCTABICHUE MYKCKUX U )KEHCKUX TOJIOCOB.

Mopesn u cTpaTeruu 1000y4eHust

DKCIIEPUMEHTBI MPOBOJAMINCH C MCIOIB30BAaHUEM TPEX MHOTOS3bIU-
HBIX OTKPBITBIX MOJICIICH aBTOMaTHUECKOT0 pacro3HaBanus peun: Whisper
v2, Whisper v3 u SeamlessM4T.

Beur paccMOTpeHBI TpU CTpaTEruu JOOOYUCHHS:

1. InanexkTHo-cieunduueckoe 1000yueHue.

Kaxxaplii IOJKOPITYC HCIIOJIB30BANICS HE3ABUCUMO IS JO0OyYCHHUS
0a30BOI MOJEINHN C IIENb0 OIEHKM CIIOCOOHOCTH amallTallii K OTAEIHHBIM
JTUaJIeKTaM 0e3 MEeXINaJICKTHOTO BO3/ICHCTBUSI.

2. MHoroanajgeKkTHoe 1000y4eHne.

Bce Habopbl maHHBIX 00BeAMHSIHCH ¢ Koprmycom MEA(Modern
Eastern Armenian) B equHbIi 00y4aromuii HA00p, YTO CIIOCOOCTBOBAJIO IO-
BBIIICHHI0 0000MIatoNIeil CIOCOOHOCTH MOJIENH U CTa0MIBHOCTH 00yde-
Hus. Kaxmas 6a3zoBast MOJIeIb J000yYaiach OJJUH pa3 Ha 3TOM 00bETUHCH-
HOM KOpITyCE.

3. JIByxaTanHoe 1000y4eHue.

Ha nepBom sTane monens noo0ydanach Ha 00BEAUHEHHOM KOPITyCe
BCEX JTUAJIICKTOB, IIOCJIC YeTr0 Ha BTOPOM 3TaIle IPOBOJIUIIACH JTOTIOTHUTEITh-
Hasl aIanTalys IS KaXKI0T0 AUAJIeKTa OTACIbHO. Takoii moaxo/1 mo3BOJIuI
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UCIIONIb30BaTh OOIIME MHOTOSI3bIUHBIC TPEJICTABICHUS U TOCIEIYIONIYIO
JUAIEKTHO-OPUEHTHPOBAHHYIO CIICIIUATH3AIIHIO.

OOy4eHwre MpoI0JHKAIOCH A0 CXOTUMOCTH, OTIPEACIIIEMON CTa0UITH-
3anuel QYHKIUH MOTePh HA MPOTSHKCHUH JBYX IOCIICIOBATEIBHBIX IMOX.
DHKoaepbl monenelr Whisper ocTaBaiich 3aMOPOKEHHBIMU.

I'mnepnapametpsl 00yueHusi: s mojaeneir Whisper — pasmep 6at-
ya = 4, ckopocTb 00yueHus = 1x107%; mist SeamlessM4T — pasmep 6aTya =
8, ckopocTh 00yueHust = 1x107°. Bce skcriepuMeHTHI BBIMOIHSUIUCH HA OJ1-
HOM Tpaduueckom nporeccope NVIDIA A40.

PesyabraTsl

Metpuxku oueHku: [Ipon3BoAUTENBHOCTS MOJIENEN OLIEHUBANACH C
MCIIOJIb30BaHUEM ypOBHS omnOok Ha ypoBHe cioB (WER) u ypoBHs omiu-
60k Ha ypoBHe cuMBOJIOB (CER) m1st coBpeMeHHOT0 3amaiHoapMsHCKOTO
(MWA) Ap1iaxckoro JUaJeKTOB.

PaccmaTtpuBanuce Tpu cueHapus J000ydYeHHUs:

(a) nmanexktTHO-crienuduyeckoe,

(b) MHOTOTMANIEKTHOE,

(c) mByXaTamHoe.

[TonyuyeHHble pe3ynbraThl puBeaeHbl B Tadiu. 2 u 3. B Hux npexc-
TaBJICHBI 3Ha4YCHHS OMMOOK Ha ypoBHE ciioB (WER) u ommbok Ha ypoBHE
cumBoJioB (CER) ms kaxxknoro auanekta. OreHka MpoBOIUIIACE IS TPEX
MHOTrOsI3bIuHbIX Moaeneil: Whisper Large v2, Whisper Large v3 u

SeamlessM4T v2.
Tabauya 2.

IMoka3aTtesiu WER BbIOpaHHBIX Mo/eJ1eil, OlleHEHHBIX
Ha IUAJIEKTHBIX TeCTOBBIX Ha00pax

Mogaeiab Crparerus MWA Apuax

Whisper Large v2 (a) 18.25 36.2

(b) 19.25 39.1
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(c) 16.85 34.9
Whisper Large v3 (a) 75.2 53.9
(b) 18.55 37.2
(c) 16.55 31.8
SeamlessM4T v2 (a) 19.05 38.6
(b) 18.95 45.7
(c) 16.95 39.9
ArmSpeech - 97.9 96.4
ASPRAM - 78.95 86.9
NVIDIA-hy ASR — 64.05 74.1

Kaxk moka3aHno B Tabnunax, cpeiu pacCMOTPEHHBIX MOAXO0B JIBYX)-
TamHas cTparerus (C) AEMOHCTpHUpYeT HamOojee CTaOWIbHBIE U HU3KHE
3HaYEHUs OMIMOOK MO BCEM JIMATIEKTaM, MOATBEPK/1asi MPEUMYIIECTBO JIBY-
XJTAIHOM alanTaliy [ 3a7a4 Paclio3HaBaHUs PEUU B YCIOBUSX OIPaHU-

YEHHBIX PECYPCOB.
Tabauya 3.

Moka3aTenu CER BbIOpaHHBIX MO/1eJieil, OlleHEHHBIX
HA INAJIEKTHBIX TECTOBbIX Ha0opax

Mopean Crparerus MWA Apuax

Whisper Large v2 (a) 7.75 14.5

(b) 8.25 17.0
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(c) 7.25 13.6
Whisper Large v3 (a) 35.8 21.2
(b) 7.95 15.7
(c) 7.25 12.8
SeamlessM4T v2 (a) 8.5 14.3
(b) 8.6 17.1
(c) 7.6 15.7
ArmSpeech — 42.2 473
ASPRAM - 29.25 33.4
NVIDIA-hy ASR - 24.9 31.4

B uenom, Whisper Large v3 noka3zana Haugy4iime pe3yabTaThl, CHH-
3uB cpeaunii WER 10 23,7%, a CER 1o 8,9%, Torna kak SeamlessM4T v2
Tak)Ke MPOJAEMOHCTPHUPOBAIIA 3HAYUTEIBHBIC YITYUIICHUSI.

MHoroauanektHas crparerus (b) obecneunsa OOJBIIYIO YCTOWYH-
BOCTh IO CPAaBHEHMIO C OJHOJIMAJIEKTHBIM OOy4YEHHEM, OJTHAKO MPHUBENIA K
JIETKOMY MEXUATICKTHOMY B3aUMOBIIHSIHHIO, OCOOCHHO B (DOHOJIOTHYECKHU
yIaJICHHBIX BapHaHTaX.

OTH pe3ysbTaThl MOATBEPKIIAIOT, YTO JBYXITAITHAS A AITaIlHsI SBIISICT-
Csl HAJIS)KHBIM U MacIITaOUpyeMbIM METOIOM TMOBBIIICHUSI Ka4eCTBa Pacro3-
HaBaHMS PEUH B TUAICKTATBHO Pa3HOOOPa3HBIX U MAJIOPECYPCHBIX S3bIKaX.

3akao4yeHue

HJISI aganTalny KPyImHbIX MHOT'OA3bIYHBIX MOI[GJICﬁ ABTOMATHUYCCKO-
ro pacno3HaBanusi peun (Whisper Large v2, Whisper Large v3 u
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SeamlessM4T v2) k apMSHCKUM JHajeKTaM ObUIM CpaBHEHBI TPHU CTpaTe-
MU 1000y4YEeHHUS: AUATEKTHO-CIIEIIM(PHUECcKasi, MHOTOJHAJICKTHAs U JBYX-
JTarHasl.

Bo Bcex skcmepuMeHTax JABYXdTalHas CTpATeTHsl TOOOYy4eHHUs Je-
MOHCTPHUPOBaJIa HAWTYUIIHA OaaHC MEXKTy Crienrann3amueii u 06001aro-
el cnocoOHOCTRIO, JocTuras mokasareineit WER = 24,2 % u CER = 10%
npu ucnonb3oBanuu Mmoaenu Whisper Large v3, moka3aBiieii HAaMBBICIIYIO
0011y10 3 (PEKTUBHOCTS.

Pe3ynbpTaThl MOATBEP)KAAIOT, YTO JABYXATallHAas aJanTaius, BKIIO-
Yaoas MpeaBapuTesibHoe 00ydeHne Ha 00beIMHEHHOM MHOTOJMAJICKT-
HOM KOPIyCE € MOCJIEAYIOIIEN JOHACTPOMKOW Ha OTHEIBHBIX JAUAJIEKTaX,
npeacTaBisieT co00i MacTabupyemblil v 3GEKTUBHBIHN MOAXOT IS CHC-
TEM PACIIO3HABAHMUS PEYH B YCIOBHIX OTPAHUYCHHBIX S3BIKOBBIX PECYPCOB.

B nanpHeleM miaHupyeTcsl paclIMpeHne KOpITyca JaHHBIX, HCCIIe-
noBaHue MyiabTU-GPU 1 KpoCC-JIMHTBUCTUYECKUX CLIEHAPHUEB IIEpeHoca, a
TaKk)Ke MHTErpalus aJlaiTUBHBIX METOJOB MPEAo0yUeHUs, YUUTHIBAIOIINX
JTMAJIEKTHBIE BaApUAINH, C LIEJIbIO TabHEHIEro MOBbIIIEHUs YCTOMUYNBOCTH
1 000011aronIel ciocoOHOCTH MOJIETCH.

bnazooapnocmu: Omo uccredosanue 8bINOJIHEHO NPU NOOOEPIHCKe

Komumema no nayxe Pecnyonuxu Apmenus (nayunwiii npoekm No 23AA4-
1B006).
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COMPARATIVE EVALUATION OF FINE-TUNING STRATEGIES FOR
DIALECTAL ARMENIAN SPEECH RECOGNITION

O. Hovhannisyan, A. Hayrapetyan, K. Surmenelyan, A. Sardaryan
Russian-Armenian (Slavonic) University
ABSTRACT

This work presents a comparative evaluation of fine-tuning strategies for
automatic speech recognition (ASR) across various Armenian dialects. The analysis
employs three state-of-the-art multilingual models — Whisper Large v2, Whisper Large
v3, and SeamlessM4T v2—to assess the impact of different adaptation strategies on
Word Error Rate (WER) and Character Error Rate (CER) under low-resource and
dialectally diverse conditions.

Three fine-tuning strategies are examined: dialect-specific training, multi-
dialect joint training, and two-stage hierarchical fine-tuning. The best performance was
achieved with the Whisper Large v3 model using the two-stage fine-tuning approach,
reaching an average WER of 23.7% and CER of 8.9% across all dialects.

The findings demonstrate that fine-tuned multilingual ASR models significantly
outperform existing Armenian speech recognition systems, underscoring the
importance of targeted adaptation for low-resource languages such as Armenian.

Keywords: Automatic Speech Recognition, Dialect Adaptation, Fine-Tuning
Strategies, Low-Resource Languages.
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AUTONOMOUS UAV CONTROL
BASED ON CAMERA VIDEO

V. Melkonyan
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vahagn.melkonyan@student.rau.am

ABSTRACT

This paper presents a vision-based autonomous control system for
unmanned aerial vehicles (UAVs) designed to intercept and track moving
targets using onboard camera data. The proposed approach integrates
real-time visual feedback with a dynamic control mechanism that
continuously adjusts the UAV's trajectory based on the estimated target
position.

Keywords: autonomous control, UAV, vision-based navigation,
visual servoing, real-time control.

Introduction

Interception is a challenging control problem for unmanned aerial
vehicles (UAVs), where the goal is to engage and hit a moving target
accurately. This task requires fast, accurate, and dynamically stable control
rather than simple visual tracking. It is relevant to applications such as aerial
capture, defense, and autonomous pursuit of moving objects. Vision-based
interception enables fully autonomous operation without relying on GPS or
external localization systems. The UAV must estimate the target's position
directly from onboard camera data and continuously adapt its motion in real
time. However, vision introduces inherent uncertainties, including image
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delay, noise, and limited depth perception, which complicate control system
design. In this work, the UAV uses a monocular camera, which simplifies
the hardware but demands a robust and responsive control mechanism
capable of compensating for limited spatial information. This paper focuses
on the control aspect of the interception problem. This work proposes a
vision-based control system that combines proportional navigation (PN)
with visual servoing principles. The controller dynamically adjusts the
UAV's trajectory using the target position estimated from image
coordinates, ensuring smooth and accurate terminal interception. The
approach is validated both in simulation and real-world flight tests,
demonstrating high interception success rates.

Related Work

Recent research has explored various strategies for UAV interception
using onboard vision. For instance, the work in [1] applies an image-based
visual servo (IBVS) approach for high-speed target pursuit, while [2]
utilizes stereo vision and deep learning-based detection for dynamic
interception. Other studies, such as [3], integrate proportional navigation
with visual feedback to enhance accuracy. Despite these advances, most
approaches either rely on complex hardware (e.g., stereo or depth cameras)
or struggle with real-time performance and robustness under varying
lighting and motion conditions.

The challenge remains to design a lightweight, vision-only control
mechanism capable of achieving accurate terminal interception under
uncertainty. Our method addresses this problem by unifying PN guidance
with visual servo feedback derived from monocular camera data.

Proposed Method

The proposed interception controller uses only the tracked bounding
box center from a monocular camera as input and runs both in simulation
(PX4 [4] HITL [5] + ROS2 [6] with Gazebo [7]) and on real hardware. For
target tracking, we employ a hybrid tracker [8] combining MixFormer [9]
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and KCF [10], leveraging MixFormer for robust object re-identification and
KCF for high-speed local updates. The controller operates in three mutually
exclusive cases (close, above, normal) and uses a two-rate control cycle:
tick (outer loop) and subtick (inner loop). These cycles compute and apply
attitude and thrust commands that lead the UAV to physically contact the
target.

A. High-level control flow and cases

Let the tracked bounding box center in image coordinates be (u, v)
and the configured hit point in image coordinates as (up, v,), which is fixed
before flight but can be changed online via MAVLink [11]. After the
operator selects the bounding box (either by manual click or by choosing
from pre-detected objects), the controller evaluates the box position and
selects one of three modes.

Case 1: Object too close (box center low in image)

If v is below a configurable lower threshold, the interceptor reduces
altitude and actively centers the box along the image X-axis. This prevents
excessive downward speed that would make attitude control unstable. When
a critical height is reached, the controller switches to Case 3.

Case 2: Object above the interceptor (box center high in the
image)

If v is above a configurable upper threshold, the UAV climbs to
reduce the pitch command that would otherwise cause backward motion.
The climb continues until the commanded pitch reaches a predefined critical
angle. After reaching this angle, the controller switches to Case 3.

Case 3: Normal interception

When neither Case 1 nor Case 2 holds, the interception process runs
in ticks and subticks. Each tick computes yaw and pitch commands to move
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the bounding box center toward the hit point (uy, vy). During subticks,
PID [12] (Proportional-Integral-Derivative) controllers regulate roll and
thrust to minimize pixel-wise errors between the box center and the hit
point. Those controllers also have an anti-windup mechanism [13] to
prevent the integral term from growing excessively large.

B. Tick and Subtick roles (outer and inner loop)

In each tick of the outer loop, which runs every T frames, the system
calculates the desired yaw and pitch angles needed to move the bounding
box center toward the hit point (up, vy). It then sets the target attitude
setpoints for the inner loop and resets the PID terms to maintain consistent
behavior in that loop.

Within each subtick of the inner loop, which runs every t; frames, the
system runs the PIDg,; and PIDrp,,s controllers using the pixel-space
errors. These controllers generate a roll command, limited by predefined
upper and lower bounds, and a thrust value that stays within the range [0, 1].
The resulting roll and thrust commands are then sent to PX4 as attitude and
thrust setpoints.

This two-rate control approach allows the outer loop to handle coarse
direction planning, while the faster inner loop performs fine, real-time
corrections to keep the system stable and responsive.

C. PID controllers and mapping

The Roll PID controller reduces the rotational alignment error,
which represents the angular difference between the object's center and the
drone's dynamically adjusted horizon line. In other words, it keeps the target
aligned with the horizon as the drone rolls.

The Thrust PID controller minimizes the vertical deviation between
the desired interception pitch line and the target's projected position. This
allows the drone to maintain a steady pitch trajectory toward the target
during engagement, ensuring stable and precise motion.
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Figure 1. The visual servoing control loop. The white lines represent the camera's vertical
axis and its dynamically rotated vertical line. The green box marks the tracked object, with
the yellow dot showing its center. The green dot indicates the projection of the object's
center onto the rolled vertical line, while the red dot depicts the optical interception
direction. The purple line represents the drone's critical pitch angle threshold.

Figure 1 shows the visual servoing geometry used by the controller:

v/ White lines represent the camera's vertical axis and the
dynamically rolled vertical line.

v The green box and yellow dot mark the tracked object and its
center.

v" The green dot is the projection of the object center onto the rolled
vertical line.

v' The red dot indicates the direction of optical interception.

v The yellow line shows the roll error (minimized by PIDg,;;), the
blue line the thrust/pitch error (minimized by PIDg,;;), and the
purple line the critical pitch threshold (for case 1).

Results

This section presents both simulation and real-world results obtained
from the proposed autonomous UAV interception system. The evaluation
aimed to validate system robustness across varying target speeds, visual
conditions, and flight dynamics, using both the PX4-based simulator and
multiple physical drone platforms.



22 Autonomous UAV control based on camera video

A. Simulation

Performance across different target speeds was evaluated using the
PX4 HITL (hardware-in-the-loop) Gazebo environment integrated with
ROS2 and the proposed visual control system. Targets were simulated as
objects moving along predefined trajectories with variable speeds relative
to the UAV. Table 1 summarizes interception performance across four
target speed categories.

The system demonstrated near-perfect interception performance for
stationary and slow targets, maintaining a 100% success rate at 0 m/s and
98% at 5 m/s. A trial was considered successful when the UAV physically
made contact with the target. Performance gradually decreased with
increasing target speed, primarily due to the higher apparent motion and
reduced control time window. At 15 m/s head-on approaches, success
dropped to 78%, mainly due to rapid apparent size growth and high optical
flow, which occasionally led to late control reactions or ground collisions.

Table 1.

Simulation results: interception success rate by target speed
with a fixed 100m distance

Target Speed . ‘ Failures
(m/s) # Scenarios | Success (%) |Avg. Time (s) (qround /
Timeout)
0 49 100 8 0/0
° 49 98 3 /0
1 49 92 16 371
15 49 78 21 5/6
Total 196 9 15 9/7

Overall, the simulation achieved an average success rate of 92%
across all tested scenarios. Failures occurred mostly in high-speed head-on
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cases, where the camera's field of view was quickly saturated and
stabilization control reached its limit.

The HITL simulations closely replicated real flight dynamics,
confirming that the simulated environment reliably predicted actual flight
performance. This setup provided an effective framework for tuning tracker
thresholds, control parameters, and mission logic before deploying on real
UAVs.

B. Real-world testing

Real-world flight experiments were conducted to validate system
performance under practical operational conditions. The primary test
platform was the Reptile X500 quadrotor, with additional verification
flights on Holybro S500 [14] and Holybro X500 [15] frames to confirm
cross-platform compatibility.

Onboard processing was performed using NVIDIA Jetson modules
(Nano [16], Xavier NX [17], and Orin Nano [18]), while video input was
provided via both USB (Runcam [19]) and CSI (Raspberry Pi [20])
cameras. The camera feed was processed in real time to extract bounding
box coordinates and provide feedback to the control loop.

Flights were executed across diverse mission configurations,
including:

v’ Varying initial yaw, pitch, and roll orientations of the UAV

v" Both stationary (size: 2m X 2m X 2m) and moving targets (size:

1m X 1m X 0.5m)

v Ground-based and airborne interception scenarios

v’ Light to moderate wind, with occasional gusts

In total, approximately 150 real-world flights were conducted. All
flights were logged, including MAVLink telemetry, onboard camera video,
and control system debug data. These logs were used for post-flight
analysis, parameter tuning, and qualitative performance evaluation.

Out of the 150 conducted experiments, 136 flights (90.6%) achieved
successful interception, confirming high consistency between simulation
and real-world behavior.
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Conclusion

This paper presented a vision-based autonomous control system for
UAYV interception using monocular camera feedback. The proposed method
integrates proportional navigation with visual servoing and adaptive PID
control to achieve precise target alignment and collision trajectory. Both
simulation and real-world experiments demonstrated over 90% interception
success, validating the system's effectiveness and robustness. Future work
will focus on improving high-speed performance and extending the
approach to multi-target and cooperative interception scenarios.

Acknowledgment. This work was supported by the Science
Committee of RA (Research project No 234A4-1B005).
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ABTOHOMHOE YIIPABJIEHUE BIIJIA HA OCHOBE BUJEO C KAMEPbBI
B.I'. Menkonan
Poccuiicko-Apmanckui (Cnasanckuil) yHueepcumem
AHHOTALNUA

B mannoii paboTe mpencTaBiIeHa CHCTEMa aBTOHOMHOTO YIIPABJICHHsI OSCTIAIIOT-
HbIM JieTaTenbHbIM ammapatoM (BITJIA), ocHoBaHHast Ha 00pabOTKe BUICOJAHHBIX C
OOPTOBOIT KaMephI ¥ TIPEHA3HAUCHHAS JIJIsI IepeXBaTa U COMPOBOXKICHUS JTBUKYIIINX-
cs ueneid. [Ipeanaraemplii MOAX0 UHTETPUPYET BU3YaJIbHYIO OOpaTHYIO CBS3b B pe-
aJbHOM BPEMEHH C AMHAMUYECKUM MEXaHU3MOM YMpaBIECHUS, KOTOPBIA HEMPEPHIBHO
KOppeKkTupyet Tpaekroputo nojiera BIIJIA Ha 0OCHOBe OLIEHEHHOTO MOJ0KEHHUS LIEeIH.

KuaroueBbie ciioBa: aBroHoMHoe yrpaBieHue, bITJIA, maBuranus Ha ocHOBE
KOMITBIOTEPHOTO 3pEHHS, BU3YAIBHBIH KOHTPOJIb, YIPABJICHHE B pealbHOM BPEMEHH.
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CUCTEMA OBHAPY XEHUA
N UHTEJVIEKTYAJIBHOI'O ITIOJABJIEHUSA
KAHAJIOB CBA3U4 BIJVIA

JI.A. Kupaxocan

Poccuiicko-Apmanckui (Crnagsanckuti) ynugepcumem
kirakosyan.lilia@student.rau.am

AHHOTAIUSA

B craTtpe mpencraBieHa HHTEUICKTyalbHas CHCTEMa Pagio MOHHU-
TopuHra u npotuBoneiicteust BITJIA Ha 6a3e mporpaMmmHO-onpesense-
Moro pajuo (ITOP). Cuctema BBIIOIHAET HENIPEPHIBHOE CKAHUPOBAHKE
panuoamnana3oHa, Kiaccupukanuio curaaioB ¢ momoinsio CHC u npu
oOHapyxeHuH ynpapieHus win tenemerpun BIIJIA aBTomatuuecku
aKTHBHPYET MOAYIIb MHOTOYACTOTHOTO MOIABIICHUS. JKCICPUMEHTHI
MOKAa3aJM TOYHOCTH Kiaccupukanuu 97.82% u BBHICOKYIO d((PEKTHB-
HOCTH CEJICKTHBHOT'O TIOJJABJICHNSI.

KuroueBsble coBa: pagro MOHUTOPHUHT, Kinaccudukaus, BITIA,
[TIOP, nonasieHne painoCUTHAIOB.

BBenenune

becniunorueie nerarenvHble anmnaparbl (BITJIA) HaxonasaT mmpokoe
NPUMEHEHNE B TPAXKJAHCKUX M BOCHHBIX c(hepax, BKIIOYas MOHUTOPHUHT,
KapTorpagpupoBaHue, CeIbCKOE X035 CTBO U TOUCKOBO-CIIACATENbHBIE OIle-
pauuu. Bmecte ¢ TeM MX HECAaHKIIMOHMPOBAHHOE MCIIOJIb30BAaHUE CO3/1AeT
Cepbe3HbIe PUCKH /17151 0€30MaCHOCTH M KOH(UACHIMAIBHOCTH, YTO TpeOyeT
pPa3sBUTHA CHUCTEM aBTOMATHYECKOIO OOHApy>KEHUS U HPOTUBOACUCTBHSL.
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OpanM u3 Hambosee MEePCIEeKTUBHBIX PEIICHUH SBISIOTCS MPOrPaMMHO-
omnpexaensembie paguocuctemer (ITOP) [1], obecmeumBaroinye THOKYIO
HACTPOUKY npruéma U 00padOTKH CUTHAJIOB B IIIMPOKOM JHAIIA30HE YacTOT.

CymecTByouiue pelnieHus

Cy1iecTByeT MHOXKECTBO MOAXO0A0B K OOHAPYKEHHUIO U KilaccupurKa-
MU paguoCUrHaNoB, ucnonb3dyeMmbix BIIJIA. B gactHocTH, B paboTtax [2,
3] paccMaTpUBarOTCSt METOIbI TACCUBHOI'O U aKTUBHOT'O PaJiiO MOHUTOPHH-
ra, peanusyemsbie ¢ moMoIbio [IOP. OcHOBHBIMU METOIaMU OOHAPYKECHHUS
SIBIIIFOTCSL  aHANIU3 PAJAMOYACTOTHOW AKTUBHOCTH, HICHTU(DUKALUSA 10
CIEKTPAJIBbHBIM XapaKTEPUCTUKAM CHUTHAIOB. Takue MoaxXo/Abl MO3BOJISIOT
ornepaTUBHO BbIABIATH NpucyTcTBue BIIJIA B KOHTponmpyemoi 30He u
OLICHHMBATh XapaKTEPUCTUKHU KaHaJa yIpaBICHUS.

Hnst xmaccudukanuu BCE€ OOJBIIYI0 aKTyaJIbHOCTh TPHOOPETAIOT
MOJXO0/bl HA OCHOBE METOJOB MAIIMHHOTO oOydeHus [4], [S] BkIrouas
ceeprounble HelipoHHbie cetn (CHC) u ananmu3 cniektporpamm [6]. Takue
MeTOJIbl 0OecreynBaloT 00jiee BRICOKYIO TOYHOCTh HICHTU(DHUKALIUN U yC-
TOMYUBOCTH K IIOMEXAM.

Jl1s moaBiaeHMsI CUTHAJIOB MCIIOJIB3YIOT KJIACCUYECKUE METO/IbI, Ta-
KM€ KaK MTUPOKOIOJIOCHOE | y3KomnoiocHoe riymieHwue [7]. [Tepsoe addek-
TUBHO JUJIs pa3pbiBa KaHasa ynpasieHus BIIJIA, HO sHeproemkoe; BTopoe
MO3BOJISIET N30MPATENbHO MOJABIATH OT/I€bHBIC YaCTOTHI U MEHbIIIE BIIHSI-
€T Ha JIETUTUMHBIE CEPBUCHI, OJJHAKO TPeOyeT TOUHOTO 3HAHUS LEHTPab-
HO yacToThl Leau. CoBpeMEHHbIE MOJIX0/1bl, BKJIFOUAIOIIHNE MPOTOKOJIbHO-
OPUEHTUPOBAHHOE IOJABJIECHUE CUTHAJIOB, MPU KOTOPOM BMEIIATEIbCTBO
CUHXPOHHU3HUPYETCS C XapaKTePHbIMU MAKETaMH WIM KaHajaMu Iepefadyu
JAHHBIX, YTO TIOBBIIAET Y3PPEKTUBHOCTh U CHI)KACT HArPY3Ky Ha CHCTEMY.

IIpeanaraemslii meTox
B nanHoit paGoTe omuchIBaeTCs pa3paOOTaHHBIN aIrOPUTM OOHApPY-

KEHHUs, METO]] Kiaccuukanuu U nojasieHus: curnanoB BIUJIA, Beimod-
HeHHble Ha 0a3e HackRF One [8] u Raspberry Pi 4 [9].
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A. Obnapyscenue paouocuzHanoe

B kadectBe MeToma OOHApYKEHHSI CUTHAJIOB B pa3pabOTaHHOM cuc-
TEME HCIONIb3yeTCs METOJ| 0OHapykeHus dHeprun [10]. DToT moaxos sB-
JISIeTCS TIPOCTHIM, HO A(()EKTUBHBIM M O0ECIeYMBAET HU3KYIO BBIUHUCIIH-
TEJbHYIO CI0XKHOCTh MpU paboTe B peabHOM BpeMeHHU. JleTeKTop SHepruun
aHAIM3UPYET MOTOK JaHHBIX, MOocTynaromux ¢ paauonpuemuuka HackRF
One, cpaBHHBAast N3MEPEHHYIO MOITHOCTH CUTHAJIA C YCTAHOBJIEHHBIM MTOPO-
rOM, ONpeeNsieMbIM YPOBHEM IIIyMa B IOJIOCE MpOIycKaHus. MeTon He
TpeOyeT AeTaabHON MHPOpPMALUU O CTPYKTYpE CHrHajla — JOCTaTOYHO 3a-
JaTh [EHTPAIBHYIO YaCTOTY U IIUPHUHY MOJOCHI.

Options
Title: Not tted yet
Author: iz
Output Language: Python
Generate Options: o G
Run Options: Prompt fo Ext

Variable Variable Variable
10: samp_rate | | 10:freq 1: band
Value: 10M Value: 172M | | Value: SM

FFT

FFT Sl L024k

- :‘“"L':':""‘:02°“'“ PE—— Forward/Reverse: Fonvard

K] Sampl Rat: b Window vindoublacknanha
Center Freq (Ha): 17240

Shift: Yes:

Nam, Threads: |

Vector to Stream H Complex to Mag*2 Energy Detector f |
Fft Size: 1024k

Pha: Im
Stats Frames: 200 i

[ pint | Message Debug
Print DU contents: On
[TStore | Loglevel: Tz nfo (cfaut)

rint pdul

Pucynox 1. Brok-cxema cucmemul 06Hapysicenusi paouoCcuzHaios.

Jlnst peanu3aiii MeTo/1a OOHapYKEeHUsl SHEpruM Obuia pazpadoraHa
omok-cxema (Puc. 1) B cpene GNU Radio [11], obecnieunBatomias mpuem u
aHAM3 PAJVOCUTHAIIOB B peaJlbHOM BpeMeHH. CHCTeMa OCYIIECTBISET
MOCJIE0BATEIFHOE CKAHUPOBAHUE PAIMOYACTOTHOTO auarnazona ot 1 Ml
1o 6 I'T'y ¢ monocoi nponyckanus 20 MI .

OCHOBHBIM 3JIEMEHTOM CHCTEMBI SIBJIICTCS TIPUEMHBIA MOJTYJIb, B3aH-
MonercTBytomumii ¢ yctpoiictBom HackRF One u obecneunBaromuii Ha-
CTPOMKY mapaMeTpoB NMpuémMa, TaKMX KaK 4acToTa M MOJI0ca MPOMyCKaHHs.
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[TonmyuyeHHbIH cUrHaN NpoxXoaAuT npeodpazoBanue Oypbe ¢ OKOHHOM (HyHK-
LUEH A1 CHUYKEHUS UCKAXKEHUH, TT0CIIE YeT0 BBIYUCIISCTCSI MOITHOCTb, YTO
MO3BOJISIET ONPEICTUTh HATMYKNE aKTHBHOCTH B BEIOPAHHOM JIHIaria3oHe.

Jnis peanuzanuy anroputMa OOHApYXeHHsS ObUT CO37aH TO0JIb30Ba-
tenbckuii 0510k Energy Detector ff, unterpupoBannsiii B cpenxy GNU
Radio. On ucnonp3yeT 4acToTy AUCKPETU3ANMH U BEPOSITHOCTH JIOKHOM
TPEBOTH JJIS 41alITAllUU YyBCTBUTEIBHOCTH JIETEKTOPA. AJITOPUTM BBIYHC-
JSIeT CTAaTUCTUYECKUE MapaMeTphbl BXOJHOTO CUTHANA U GOpMUPYET TUHA-
MUYECKHI1 TOpOr OOHAPYKEHHUSI: €CJIM SHEPTHUS MPEBBILIACT MOPOT, TO CUT-
HaJl CUMTaeTcs OOHApPY>KEHHBIM, B MPOTUBHOM Cilydae (UKCHPYETCS OT-
CYTCTBHE aKTMBHOCTHU. Takoii moaxo/ o0ecrieunBaeT HaJie)KHOE BbIICICHUE
aKTUBHBIX PAJIMOCUTHAJIOB NIEPE ATAIIOM KJIACCHU(HKAIIHH.

b. Knaccugurkayusa paouocuznanos

[Tocne obHapyskeHUs aKTUBHOTO PaJMOCHUTHANA BBIMOIHSIETCS JTall
ero kiaccu(uKalyy, OCHOBaHHBIN Ha aHalu3e crekTporpamm [12], moimy-
YEHHBIX METOJIOM KpaTKOBpeMeHHOro mnpeoOpasoBanusi ®ypne (STFT)
[13]. Takoii moaxox Mo3BOJSIET IPEICTABUTh CUTHAJ BO BPEMEHHO-YacTOT-
HOM 00J1aCTH U BBIIEIUTH €r0 XapakTepHble npu3Haku. Kaxnas crnekrpo-
rpaMma uMeeT (PUKCHUPOBAHHYIO AIUTEIBHOCTH 0,25 ¢ M HCmonb3yercs B
KauecTBE BXOJHBIX JIAHHBIX JJIsl MOJIEIH ITyOOKOTro 00y4eHus.

s oOydeHus W TeCTUPOBAHMS aIrOpUTMOB Obula cHOPMHUPOBaHA
0a3a manHbIX, BKiIOYaronas 13 000 criekTporpamMm, OTHOCSIIIUXCS K CEMH
KareropusM. B HaGop BXoJAT cUTHAIBI yiipaBieHus u Tenemetpun BITJIA
(DJI Mavic 3 [14], SIYI FT24 [15], Taranis X9D Plus [16], Holybro [17]),
paaronoMexu, a Takxke curaansl MoOwinbHBIX ceteil LTE, 3G u eSIM. [la-
TaceT pa3/ieiEH Ha 00YYaroIlyr0, BaJIMIAMOHHYIO U TECTOBYIO BEIOOPKH B
npornopuuun 70:20:10.

Jnst xnaccudukanuu TPUMEHSIIUCH COBPEMEHHBIE apXUTEKTYPHI
cBepTouHbIX HelpoHHBIX certeil ResNet-18 [18], EfficientNet-BO [19] u
MobileNetV3-Small [20]. O6yuenue moaeneit mpoBoauiock Ha GPU-cuc-
teme (GeForce RTX 3060) ¢ ucnonp3zoBanueM ontumuzaropa Adam [21] u
GbyHKIMYU oTeph Kpocc-3HTponuu. Kaxaas moaens o0ydyanach B TEUEHHE
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10 smox mpu pa3mepe 6atda 5, 4TO 00ECeUnIo CTAOMIBHYIO CXOUMOCTh
¥ MUHUMM3ALHIO niepeoOyuenus. CpaBHUTENbHBIN aHanu3 nokaszan (Tabm. 1),
ResNetl8 obecrieunBaeT oNTUMaIbHOE COYETAHHE TOYHOCTU U IPPEKTHB-

noctu: F1-score coctaBisieT 0.977, TouHoctb — 97.82%.
Tabauya 1.

Pe3yabTarhl CpaBHUTEILHOT0 aHAJIN3Aa MOJIeJIeil Kiaccu(puKkauuu

Moxems F1 score macro Tounocts % Recall macro
avg avg
Resnet18 0.977 97.82 0.979
EfficientNet-B0 0.992 99.25 0.991
MobileNetV3-Small 0.951 95.48 0.945

B. I'nywenue paouocuznanos

3aKIIIOYUTEIBHBIM 3TAIIOM pa3pab0TaHHON CUCTEMBI SIBJISIETCS SHEP-
rodpQeKTUBHOE IO/AaBJICHUE PAJAMOCUTHAIIOB, BBISIBICHHBIX KakK YIIpaB-
nsiromue uin kanansl tenemerpuu BIUJIA. Llens atoro srana Bo3zaeiicTBue
Ha 11esieBble paanokaHaibl BITJIA ¢ MUHUMAaNbHBIM BAUSTHUEM Ha JIETUTHM-
Hble KOMMYHMKAI[MOHHbIE cepBUCHL. OCO0YI0 CIOKHOCTb IPEJCTaBISIET
LIMPOKOE NPUMEHEHUE B COBPEMEHHBIX ITyJIbTAaX yINPABICHUSI TEXHOJIOIHU
FHSS (frequency-hopping spread spectrum) [22]: 4acTOTHbBIE «IIPBIKKN» U
ObICTpas mepecTpoilika Hecylllel 4acTOThl TPeOYIOT aAaNTUBHBIX U IIMPO-
KOIOJIOCHBIX METOJIOB IPOTUBOIEHCTBHSI, CIOCOOHBIX OTCJIEKUBATh JIMHA-
MUKY CIIEKTpa 1 OIepaTUBHO (POPMUPOBATH IOMEXY C COTIACOBAHHBIMHU Xa-
paKkTEPUCTUKAMM.

B cpene GNU Radio 6butn pa3paboTaHbl 1 3KCIIEPUMEHTAIBHO MPO-
BEPEHBI PA3JIMYHBIE METO/IbI TOAABJICHUS PAIMOCUTHAJIOB, OXBAThIBAIOIIHE
Kak 0a30Bble, TaK U MPOTOKOJIbHO-OPUEHTHUPOBAHHBIE MOJIXO/Ibl: ITUPOKO-
noJjiocHbId myM (Barrage), ToHanbHbIe 1 MHOTOTOHAIBHBIE ToMexH (Tone
u Multi-tone), ckanupyromiee riymenue (Sweep), Multi-tone Sweep, npo-
TOKOJIbHO-CKHUPYIOIIIME, a TaKXKe MPeUIoKEHHbIH B JaHHOU paboTte yco-
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BepiIeHCTBOBaHHbIN MeToa Multi-tone OFDM Sweep. Bece metos! pyHK-
LUOHUPYIOT B Auana3zone yactot ot 1 MI'u no 6 I'T'u npu nosioce nporryc-
kanus g0 20 MI'm.

Metox Multi-tone OFDM Sweep, 00be TUHSIOINI MHOTOTOHAIBHYIO
reHepanmio, corinacopanne ¢ OFDM-ctpykrypoil [23] u auHamMuyeckoe
4acTOTHOE CKaHupoBaHue. Ha ocHOBe aHanmu3a creKkTpa BhIIEISIOTCS Mapa-
METpBI 1IeJIEBOT0 CUTHala, Tocie yero popmupyetcs Habop OFDM-ToHOB,
pa3HECEHHBIX M0 YacTOTE C 33JaHHBIM IIArOM JJIsl YCUJICHUS UHTEPMOY-
AsoHHBIX 3QdekToB [24]. [lanee popmupyemas moMmexa nocieaoBaTeib-
HO IIEpPECTpauBacTCs 1O JAMAIa30Hy, YTO MOBBILIAET BEPOSATHOCTD MOMNaja-
HUS B KOPOTKHE YacTOTHbIE NpbDKKU FHSS-cucrem.

PesyabTarsl
A. Ixcnepumenmanvnuas ycmanoexka

Jlis mpoBeieHus SKCIIEPUMEHTOB MCII0JIb30BaJIaCh KOMIIAKTHAS CHC-
tema Ha 0aze Raspberry Pi 4, HackRF One, ycunurensi curHana, aHTeHH
Tuna Yagi u komMmyTaropa anteHH. Raspberry Pi 4 Model B (Cortex-A72,
1.5ITu, 8 I'b RAM) ynpasnsina SDR-ycTpoiicTBoM, 3amyckana 0J10K-cxe-
Mbl GNU Radio u 3anuceiBana nanseie. s TecTupoBanusi ObI1 coOpaH
JIPOH C CUCTEMOM CBA3M, BKIrovaromed mynsT ynpasieHus SIYI FT24 u
npuémuuk SIYT mini [15].

b. Pe3ynvmamut IKcKpemenmoes

IIpoBeneHbI 3KCIEPUMEHTHI 10 OOHAPY)KEHUIO, KiIacCU(UKAUN U
miymieHuto paauocurHanoB FPV-npona. O6HapykeHrue CUTHAIIOB Ha JTUC-
TaHIUAX 10 80 M MOATBEPAMIIO PabOTOCTIOCOOHOCTh CUCTEMBI. J{is Kitac-
cuuKalny CIIEKTPOrpaMM TECTUPOBAINUCH BCE BBIIICIIEPEUNCIICHHbBIE MO-
nenn Ha Raspberry Pi4; nmydmuM codyeranrem BpeMeHH 00pabOTKH U HUC-
MOJIL30BaHMsI TamsITh 1mokasana ResNetl8, pesynbraTel mokasansl B Taom. 2.
Bo Bpems peanpHOro TectupoBaHusi B jaboparopuu HabI0ganach Kop-
peKTHas KJIacCU(pUKaIUs CUTHAJIOB CO CpeHe TouHOCThIO 96,25%.
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Tabauya 2.

PesyabTaTsl Mopedneii kiaaccupukanuu Ha Raspberry Pi 4

Bpems 00paGoTku HUcnoab3oBanus
Mojaeanb
1 u300paxkenust NaMsTH
Resnet18 0.296 627.34
EfficientNet-B0 0.394 523.018
MobileNetV3-Small 0.316 476.75

beumm MMPOBCACHDBI na6opaTopHLIe U IIOJICBBIC HCIIBITAHHUA MCTOAOB

rinymeHus. B mabopaTopHbIX yCIOBHAX JPOH HAXOIWIICS HAa pacCTOSIHUU 15

M OT ITyJIbTa YTIPABJIECHUS U 2 M OT CUCTEMBI IIIylIeHus. B moneBsIx 3kcme-

PUMCHTAaX paCCTOAHUC MECKAY I'TYHIUTEIICM U MTYJIBTOM COCTABJIAJIO OKOJIO

1 kM, a 10 mpoHa — 20-30 M. beun 3admKkcupoBaHbBI ¥ MPOAHATN3UPOBAHBI
sHauenust RSSI [25], SNR [26] u moTpebaenne sHeprun i Kaxa0ro Me-

TOAA TNIYLIEHUS; U3MEPEHUs NPOBOJWINCH ¢ MHTEpBaJoM 10 MHHYT, pe-
3yJIbTaThl IpUBeieHbl B Talm. 3.

Tabauya 3.

3nauenns RSSI, SNR u norpedJieHne 3Hepruu B moj1eBbIX
U JIa0OPaTOPHBIX YCI0BUIX

3Hauenune RSSI 3nauenne SNR
Meton JIadoparo- Jlaboparo- Torpetae-
P Mone P IMone |HUE SHEPIrUH
pus pust
Barrage 25 70 -29 48 0.8
Tone 75 97 55 82 0.005
Multi-Tone 14 73 -34 51 0.09
Sweep 20 75 -12 61 0.07
Multi-Tone 10 65 43 41 0.12
Sweep
OFDM Sweep 8 70 -40 45 0.06
Multi-tone
OFDM Sweep 3 50 -41 31 0.07
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AHanu3 pe3yJabTaTOB IOKa3all, 4YTO NpU MNPUMEHEHUH METOoJa
Multi-tone OFDM Sweep B 10JIEBBIX YCIOBUSX JOCTHUTACTCS HAMMEHBIIIEE
3naueHue RSSI u nambonbiee 3HaueHue SNR. Ilockonbky 3¢ dexTus-
HOCTb IUTyIIeHUs NoBblaerca npu ysenudeHur SNR u cHmxennn RSSI,
JAHHBIN METOJ] IEMOHCTPUPYET HanOoIbIIyt0 3 dexTuBHOCTD. [Ipu 3TOM
OH TaK)X€ XapaKTepHU3yeTCs OTHOCUTEIbHO HU3KUM IOTPEOICHUEM dHep-
THH, YTO JIEJIAeT €ro ONTHMAaJbHbIM BHIOOPOM Cpeiu MPOTECTUPOBAHHBIX
METO/OB.

3akiIouyeHue

PesynbraTsl paboThl MOATBEPKIAIOT, YTO HPEIJIOKEHHBIE METOJbI
obecnieunBaroT YPPEKTUBHOE U KOHTPOIUPYEMOE BO3JICHCTBHE HA YIIPAB-
JSIFOIME KaHaJIbl OSCIMIIOTHBIX CUCTEM MIPU COOJIIOICHUN YHEPTeTHUECKUX
Y BBIYMCIIUTEIBHBIX OrpannueHnid. Apxurekrypa ResNetl8 nokasana Hau-
JTy4lIRe XapaKTePUCTUKH PU KJIACCU(UKAIMU CIIEKTPOTPaMM B pealbHOM
BPEMEHH, YTO OIPEJIeIISeT ¢ KaKk Hanbosiee 1enecoo0pasHoe peleHne JUIs
MPaKTHYECKOTO MPUMEHEHUS B COCTaBE BCTPOCHHBIX CHCTEM MOHUTOPHHTA
U POTUBOJICUCTBUA.

bnazooapnocmu.: Paboma svinonnena npu noodepacke Komumema no na-
yke Pecnybnuxu Apmenus (ucciedosamensckue npoexmot Ne 234A-1B009).
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SYSTEM FOR DETECTION AND INTELLIGENT
SUPPRESSION OF UAV COMMUNICATION CHANNELS

L. Kirakosyan
Russian-Armenian University

ABSTRACT

The paper presents an intelligent UAV radio monitoring and countermeasure
system based on software-defined radio (SDR). The system performs continuous
spectrum scanning, signal classification using a convolutional neural network (CNN),
and automatically activates a multiband jamming module upon detection of UAV
control or telemetry signals. Experimental results demonstrated a classification
accuracy of 97.82% and high efficiency of selective jamming.

Keywords: radio monitoring, classification, UAV, SDR, radio signal
jamming.
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ABSTRACT

Reliable navigation in GNSS-denied environments remains a major
challenge for small unmanned aerial vehicles. When satellite signals are
lost or degraded, the vehicle must rely entirely on onboard sensing to
maintain control and return safely. This work presents a lightweight
fallback navigation framework that combines inertial dead reckoning and
optical flow-based velocity estimation. Both methods were implemented
and tested in the PX4 Software-in-the-Loop environment with Gazebo,
allowing safe and repeatable evaluation under simulated wind and signal-
loss conditions. Results show that dead reckoning ensures short-term
stability but accumulates large drift over distance, while optical flow
navigation provides meter-level accuracy over multi-kilometer
trajectories. Together, they offer a practical and fully autonomous
alternative to GNSS for small UAVs operating in constrained or
adversarial environments.

Keywords: GNSS-denied navigation, UAV, dead reckoning, optical
flow, PX4, Gazebo simulation.

Introduction

Unmanned aerial vehicles (UAVs) rely primarily on the Global
Navigation Satellite System (GNSS) to obtain absolute position and
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velocity estimates for flight control. However, GNSS signals are easily
degraded or lost in many real-world environments, such as dense urban
areas, forests, or indoor spaces, and can be intentionally disrupted through
jamming or spoofing. When this occurs, a UAV rapidly loses its ability to
maintain global position control and execute autonomous missions.
Ensuring continued operation under such conditions requires fallback
navigation methods that function entirely onboard and without external
references.

Modern open-source autopilots, such as PX4 [1] and ArduPilot [2],
maintain a stable attitude and altitude using inertial and barometric
feedback, but disable position-controlled modes once GNSS data is lost.
The vehicle remains flyable but effectively blind in the horizontal plane. To
restore autonomous behavior, alternative sources of motion information
must replace GNSS in the state estimator. Among available options, dead
reckoning and optical flow-based navigation stand out for their simplicity,
low cost, and real-time feasibility on lightweight UAV hardware. Both
methods can operate within the computational and sensor constraints of
standard flight controllers, providing short to mid-range navigation
capability without any external infrastructure.

This article presents a compact, fully onboard fallback navigation
framework that integrates dead reckoning and optical flow velocity
estimation within open-source autopilot systems. The framework enables
seamless transitions between GNSS-available and GNSS-denied flight,
maintaining control continuity and allowing the UAV to return safely or
continue its mission when satellite positioning fails.

Related Work

A wide range of methods have been explored for GNSS-denied
navigation, generally falling into four categories: inertial dead reckoning,
optical flow navigation, visual-inertial odometry (VIO), and simultaneous
localization and mapping (SLAM).

dead reckoning estimates position by integrating inertial sensor data
— accelerations and angular rates — from the onboard IMU [3], [4]. It offers
very low computational cost but suffers from unbounded drift due to sensor
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bias and noise accumulation. Various improvements, including bias-
compensated Kalman filters and recurrent neural network models [5], have
been proposed to slow error growth, though they remain sensitive to long-
term integration.

Optical flow navigation determines ground-relative velocity by
measuring pixel displacements between consecutive image frames [6].
When combined with altitude data from a barometer or range sensor, it
yields metric-scale velocity that can substitute GNSS velocity inputs in the
estimator. This approach is lightweight and effective at low altitude but
limited by lighting and surface texture.

Visual-inertial odometry and SLAM methods achieve higher
accuracy and long-term consistency by jointly optimizing visual and inertial
constraints [7]-[14]. However, they depend on continuous visual features
and high-performance hardware, restricting real-time onboard use in open-
source flight stacks.

Proposed Method

The proposed fallback navigation framework activates when GNSS
updates are unavailable and replaces global positioning data with internally
estimated motion cues. It relies on two complementary sources of
information: inertial measurements for short-term motion prediction and
optical flow for ground-referenced velocity estimation. These methods
operate independently but can be combined in a layered structure to
maintain continuous control during GNSS loss.

A. Inertial dead reckoning

When GNSS becomes unavailable, a UAV can still estimate its
motion by integrating inertial and heading measurements over time. This
process-known as dead reckoning-relies solely on data from the inertial
measurement unit (IMU), magnetometer, and barometer. The IMU provides
accelerations and angular rates, the magnetometer constrains yaw, and the
barometer supplies altitude. These signals are fused in the autopilot's
Extended Kalman Filter (EKF) [15], which continues to predict the vehicle's
state even without external position updates.
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Because integration errors grow rapidly, conventional dead reckoning
becomes unreliable after only a short distance. To extend its usable range,
the proposed framework augments the estimator with a calibrated speed
model and mission-aware vector tracking.

During nominal (GNSS-available) flight, the UAV performs a short
calibration sequence in which it flies at constant pitch angles while its true
ground speed is recorded. This produces a mapping between commanded
pitch angle and forward velocity. Once GNSS is lost, the UAV can
approximate its displacement by multiplying this stored velocity with
elapsed time, while maintaining heading from the magnetometer.

Two modes of operation are supported:

» Direct Return-to-Launch (DirectRTL): the UAV aligns to the
home azimuth and flies straight using dead-reckoned distance
estimation,;

» Path Return-to-Launch (PathRTL): the UAV retraces its logged
outbound path using stored inter-waypoint vectors, reducing
accumulated drift.

B. Optical Flow-Based Navigation

Optical flow navigation estimates the vehicle's horizontal motion by
observing how surface patterns move within consecutive camera frames. A
downward-looking camera captures the apparent displacement of visual
features as the UAV moves; from these displacements, image-plane
velocities are computed. When the altitude above ground is known, these
angular motions can be converted into metric ground-relative velocities.

This method effectively replaces the need for GNSS-based velocity
or position updates during flight. Because the camera measures motion
directly relative to the ground, it provides drift-free short-term information
that allows the vehicle to stabilize or retrace recent trajectories. optical flow
sensors typically include a small processor and a rangefinder, enabling
onboard calculation of two-dimensional velocity without heavy
computation.

In operation, horizontal velocity derived from optical flow is
combined with barometric altitude and inertial orientation to reconstruct the
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UAV's motion in local coordinates. As long as the ground surface exhibits
sufficient texture and lighting, these measurements remain consistent over
time. Unlike dead reckoning, where integration errors grow rapidly, optical
flow navigation constrains drift to a near-linear rate and can maintain meter-
level accuracy over hundreds of meters of travel.

The method's performance degrades over uniform surfaces, water, or
at high altitude, where ground features become indistinct. Wind and rapid
attitude changes can also distort apparent motion. Nevertheless, within
moderate altitude and lighting conditions, optical flow navigation offers a
lightweight and robust fallback option that extends autonomous flight well
beyond the limits of inertial dead reckoning.

Results
A. Simulation environment

All experiments were conducted in simulation to ensure repeatability
and safety during GNSS-denied flight. The evaluation used the PX4
Software-in-the-Loop (SITL) [16] environment with Gazebo Classic [17]
as the physics simulator. Both dead reckoning and optical flow navigation
modes were implemented using the same control logic and vehicle model.
The simulated quadrotor reproduced the sensor suite of a typical field
platform, including IMU, magnetometer, barometer, and a downward-
facing optical flow sensor with a rangefinder.

GNSS data were disabled after takeoff to emulate the loss of satellite
signals. The vehicle then executed return-to-launch maneuvers at different
distances (0.1km - 3km) and under varying wind conditions (Om/s, 2m/s,
and 5m/s). Each test was repeated twice for consistency. The mean
deviation from the starting point was used as the error metric.

B. Dead reckoning performance

In dead reckoning mode, the UAV estimated its displacement by
integrating calibrated forward velocity and heading over time.

Results showed that the error grows rapidly with both distance and
wind intensity. For short-range returns (< 100m), position error remained
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below 20m even with mild wind, but at larger scales it became dominant,
exceeding 1.5km at 3km flight distance. The key driver of error was heading
drift from the magnetometer, amplified by uncompensated wind effects.

Table 1.

Mean return-to-launch error for dead reckoning simulation tests
in Gazebo SITL

Distance 0.1km 0.5km 1km 3km

Wind speed | Om/s | 2m/s | 5m/s | Omy/s | 2mv/s | Smys | Om/s | 2m/s | Smvs | Omvs | 2m/s Sm/s

5° | 15m | 45m | >50m | 40m | >250m | >250m | 81m | >500m | >500m | 178m | >1.5km | >1.5km

Pitch 10° | 14m | 39m | >50m | 44m | 180m | >250m | 66m | >500m | >500m | 192m | >1.5km | >1.5km
itc

15 | 1I2m | 33m | 48m | 30m | 74m | 150m | 63m | 204m | >500m | 167m | >1.5km | >1.5km

25° | 17m | 22m | 38m | 25m | 33m 106m | 71m | 152m | 400m | 194m| 307m |>1.5km

These results indicate that while dead reckoning ensures
controllability after GNSS loss, it can only support short-range recovery or
bridging until another aiding source becomes available.

C. Optical Flow Performance

When optical flow measurements were enabled, the UAV replaced
inertial velocity estimation with image-based ground-relative motion. This
significantly constrained drift and allowed accurate return trajectories even
over kilometer-scale flights.

Table 2 summarizes mean position errors for both DirectRTL and
PathRTL strategies under identical conditions. The optical flow-based
navigation reduced errors by nearly an order of magnitude compared to dead
reckoning. Even with moderate wind, deviations remained within 5-7% of
the traveled distance.

Table 2.

DirectRTL and PathRTL errors for Optical Flow Navigation

Distance 0.1km 0.5km 1km 3km
Wind speed Onvs | 2m/s | Sm/s | Om/s | 2m/s | Sm/s | Om/s | 2mY/s | Sm/s | Omvs | 2m/s | Sm/s
Direct RTL error | Im | 4m 19m 6m 2lm | 28m | 13m | 43m | 82m | 32m | 74m | 113m

Path RTL error Im | 7m | 26m 8m | 3lm | 47m | 27m | 67m | 94m | 66m | 105m | 146m
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Table 2 summarizes mean position errors for both DirectRTL and
PathRTL strategies under identical conditions. The optical flow-based
navigation reduced errors by nearly an order of magnitude compared to dead
reckoning. Even with moderate wind, deviations remained within 5-7% of
the traveled distance.

The results show near-linear drift growth and consistent convergence
toward the launch point. Path retracing produced slightly larger cumulative
error due to multiple short segments, but provided smoother overall flight
behavior. At higher altitudes or over visually uniform terrain, performance
degraded as the simulated flow sensor lost feature contrast

Conclusion

This study presented a lightweight fallback navigation framework for
unmanned aerial vehicles operating in GNSS-denied conditions. Two
complementary methods—dead reckoning and optical flow navigation—were
implemented and evaluated entirely in simulation using the PX4 SITL
environment with Gazebo.

Dead reckoning, based on inertial and magnetic sensing, provided
short-term controllability but exhibited rapid drift growth with distance and
wind. optical flow navigation, which derives ground-relative velocity from
image motion and altitude, achieved an order-of-magnitude improvement
in accuracy and enabled reliable return-to-launch maneuvers over distances
up to several kilometers. The results confirm that combining these
techniques forms a practical, fully onboard solution for maintaining UAV
autonomy during temporary or extended GNSS outages. Future work will
focus on adaptive fusion between optical and inertial cues, as well as
validation in real-world outdoor flights.

Acknowledgement: This work was supported by the Science Committee of
RA (Research project No 234A4-1B007).
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ABTOHOMHAS HABUT'ALIUS BIIJIA BE3 GNSS
B. Caaxan
Poccuiicko-Apmanckui (Cnagsanckuti) ynugepcumem
AHHOTALUSL

HaznexxHast HaBUTaIus B YCIOBUSAX OTCYTCTBHUSI CUTHAJIOB CITyTHUKOBBIX HABH-
TallMOHHBIX CUCTEM OCTa&TCs CepbE3HOM 3aaueil 11 MaJbIX OECITUIOTHBIX JIETaTeb-
HBIX anmaparoB. [Ipu norepe win yxyamenun curaana GNSS anmnapat J0KeH 1oJ-
HOCTBIO TIOJIaraThCst Ha OOPTOBBIE JATIUKH IJIS IO IEpKaHUS YIIPaBICHUS U Oe3omac-
HOTO BO3BpaieHus. B paboTe mpencraBiieH 00JierYeHHBIN pe3epBHBINA HABHTAIIHOH-
HBII KOMITJIEKC, 00 INHSIONINN HHEPIIHATIBHBIN METO ] CYMCIICHHUS ITyTH U OTIpeeie-
HHUE CKOPOCTH M0 ONTUYECKOMY MOTOKY. O0a MeToa pearn3oBaHbl U MPOTECTHPOBA-
HBI B cpefie mporpaMmHoil cumyssinuu PX4 (SITL) ¢ ucnonp3oBaHreM (H3HUECKOTO
MoaenupoBanus Gazebo, YTO MO3BOJIHIO IPOBOIUTH OE30IACHBIC M BOCIPOHM3BOIN-
MBbI€ UCIIBITAHUS IPYU UMUTALIMK BETPA U IOTEPU CUTHAJIOB. Pe3ynbTaThl MOKa3bIBAIOT,
YTO HMHEPHUATBHOE CYHCICHHE ITyTH OOECIeYWBAcT KPAaTKOBPEMEHHYIO yCTOWYH-
BOCTB, HO OBICTPO HAKAIUTUBAET MOTPEITHOCTD, TOT/1a KK HABUTALIUS IO OIITHIECKOMY
MOTOKY 00eclevYrBaeT METPOBYIO TOYHOCTh Ha MHOTOKHIJIOMETPOBBIX ITHUCTAHIIHSX.
CoOBMECTHOE HUCIOJIb30BaHUE 3TUX MOAXOJOB OOECIIEUMBAET MPAKTHYHYIO M MOJHO-
CTBI0 aBTOHOMHYIO aibTepHaTuBy GNSS mis maneix BITJIA, paGoTarommx B CIOXKHBIX
YCIIOBUSIX.

KiaroueBble ciioBa: Hapuramnus 06e3 GNSS, 0ecuIOTHEIN JIeTaTelbLHBIN ara-
paT, CUHCJICHHUE IyTH, ONTHYEeCKuid ToTOK, PX4, cumynsatop Gazebo.
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AHHOTAIMUA

B crarpe paccMOTpEeHBI UCCIEIOBAaHMS U MIPOCKTHPOBAHNE CUCTEMBI
OINITHYECKOH 00pabOTKH CHTHAJIOB, TOCTYIAIOMNX OT pacIpeie’cHHON
anTeHHOU peretkn B CBU-muanazone. TpaauiimoHHBIE CHCTEMBI 00pa-
OOTKH CHTHAJIOB, TaKHE KaK PaIHOIOKAIIMOHHBIC U PaIHOTICICHT aI[OH-
HBIC CTAHIINH, 00J1a1al0T BEICOKOH AP PEKTUBHOCTHIO, HO IIPH OOHApYKe-
HUU CTAHOBSTCA YSI3BUMBIMU JIJIS aTaK U PaJHOYacTOTHOTO [10/IaBJICHHUS.
[Ipennaraemas xoHuenus 0a3upyeTcs Ha HMCHOJIb30BAHUU BIJIEKTPO-
onTHYecKuXx MoAyisITopoB (DOM), KOTOpbIe MPeoOpa3yroT pajanoyac-
TOTHBIN CHTHAJ B ONTHYECKHUH ISl TIOCIIEAYIOIIEH ITepeIadn depe3 BOJIO-
KOHHO-ONITHYECKHE JINHUU CBS3H. DTO TO3BOJISIET CYIIECTBEHHO CHU3UTD
YSI3BUMOCTh CHCTEMBI, pa3Mellasi OCHOBHYIO ammaparypy o0paboTku
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CUTHAJIOB Ha 3HAYMTENILHOM YJAaJIeHUH OT aHTEHH, o0ecriedyuBas ee 3a-
muTy. B ciyyae aTaku yrpara orpaHUUMBAaETCs JIMIIb AaHTEHHOM, YTO 1O0-
BBIIIIAET OOMIYIO )KUBYYECTh CUCTEMBI B YCIOBHSIX aKTUBHOTO MPOTHBO-
neicTBrs. JloNOTHUTEIBHBIM IPEUMYIIICCTBOM SBIISIETCS MIEPEXO0/] Ha OIl-
TUYECKHE TEXHOJOTHH, 00eCIeUNBAIOIINE HU3KHE MOTEPH CUTHAJIA 110
CPaBHEHUIO C PalMOYaCTOTHBIMH KaOeJsIMH, I/Ie TOTePH JTOCTUTAIOT Jie-
cATKOB 1b Ha Ty ke ATuHY.

KuroueBble cjioBa: ontuueckas 00padoTKa CUTHAIOB, 3IEKTPOOITH-
YEeCKUI MOyJIATOP, BOJIOKOHHO-ONTHYECKUE TUHUU cBsA3U, CBU-auarna-
30H, paclpe/iejiCHHas aHTeHHAs pelieTKa.

BBenenue

CoBpeMeHHbIE CUCTEMBbI 00paOOTKU CUTHAJIOB, TAaKUE KaK PajHoJio-
KallMOHHBIE CTAHIIMU U PAJUOIIEICHIallMOHHBIE CUCTEMBI, IIIUPOKO MTPUMeE-
HSIOTCS B PA3JIMYHBIX OTPACiIsiX, BKJIIOYas 000pOHY, TEIEKOMMYHHUKAIIUU U
yIOpaBlieHUE BO3AYLIHBIM ABMKEHHEM [l]. DTu cucremsbl obecneunBaroT
BBICOKYIO TOUHOCTb M HaJIe)KHOCTh MPU PELICHUH 337a4 OOHApYKEHHUSI, OT-
CJIe)KMBaHUS U nepefadn AJaHHbIX. OHAKO UX YS3BUMOCTh MPU OOHApyxke-
HUM TPECTaBIsIET Cepbe3Hy0 MpolieMy, 0COOEHHO B YCJIOBUSAX NOTEH-
uanbpHbIX atak. OOHapy KeHue u3iryyaTens (aHTEHHbI) JeaeT TaKue CUC-
TEMBI YSI3BUMBIMHU ISl aTaK, HAIIPaBJICHHbBIX HA UX MOJIABJIECHUE WU BbIBE-
JeHue u3 ctpos [2]. OAHUM U3 ePCHEKTUBHBIX MOJX0I0B K PEIICHUIO 3TON
pOOJIEMBI SBJISIETCSI UCIOJIb30BAaHUE ONTUYECKUX TEXHOJIOTMI B OCOOEH-
HOCTH OTNITOBOJIOKHO JIJTS TIepeiadu 1 00pa0doTku curHayioB [3]. B otnuume
OT TPAJUIIMOHHBIX PaJUOYACTOTHBIX CHCTEM, BOJIOKOHHO-ONITHYECKHE JIH-
HUU CBSI3U 00J1a7al0T PSAAOM NMPEUMYIIECTB: HU3KUMU MOTEPSIMH CUTHAJA,
YCTOMUMBOCTBIO K JIEKTPOMArHUTHBIM MIOMEXaM M BO3MO>KHOCTBIO Iepe-
Jlay¥ JTAaHHBIX Ha OOJIBIIKME PACCTOSHUS C BBICOKOM CKOPOCTHIO [4].

Lenbto 1aHHON pabOTHI SABIAETCS UCCIIEAOBAHUE U MPOCKTUPOBAHUE
CHCTEMBI ONTHYECKOH 00pabOTKM CHTHAJIOB, OCTYMAIOMIUX OT pacmpese-
JeHHOM aHTeHHOM pemieTku B CBY-auanasone. [Ipennaraemas cucrema uc-
MOJIB3YET IEKTPOONTHUECKUE MOayaTopsl (DOM) mist mpeobpa3zoBaHUs
PaZvovYacTOTHBIX CUTHAJIOB B ONTHYECKHE U UX IMOCIENYyIOLIeH rnepenayu
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yepe3 BOJIOKOHHO-ONITHYECKUE IMHUM cBsi3u [5]. Takas apxutekTypa obec-
MIEYMBACT HE TOJBKO 3aIIUTYy OCHOBHOW CHCTEMbI 00pPaOOTKH, HO U yIyd-
LIEHHE KauecTBa Iepeaaun CUTrHala 3a CYeT YMEHbIIEHUS IOTEPh U TIOMEX.

CyumecTByO1me CucTeMbl ONITHYECKOI 00padOTKU CUTHAJIOB

B pannonokanmoHHBIX CHCTEMaxX ONTHYECKHUE TEXHOJIOTMH HCIIOJIb-
3YIOTCS JJIsl TIOBBILIEHUS KauecTBa 0O0paboTku curHaioB [2]. Hampumep,
cucteMbl “Radio-over-Fiber (RoF)” mo3BonsioT nepeaaBarh paguodacToT-
HbIE CUTHAJIbl Yepe3 ONTOBOJOKHO ¢ MUHUMAJIbHBIMH HOTEpsMH [6]. DTO
0COOCHHO aKTyaJIbHO JUIsl pa0OTHI C paclpeeIeHHBIMA AHTEHHBIMH PEIIeT-
KaMH, TJIe He00X0IUMO Tepe/IaBaTh CUTHAJ OT yIaJICHHBIX aHTEHH K I[CHT-
pasbHOMY TIporieccopy 00paboTku. CymIeCTBYIOT MPUMEPBI UCTIOIh30Ba-
HUS ONTHUYECKHX TEXHOJOTHH B OOOPOHHBIX NpHIIOKEHUsAX. Hampumep,
CUCTEMBI YIIPABJIICHHUS OCCIHJIOTHBIMU JICTATCILHBIMH  allllapaTaMu
(BITJIA) nconp3yr0T ONTOBOJIOKHO JIJIS Tepeiadyi KOMaH/I U IaHHBIX C BbI-
COKOI HaJIe)KHOCTBIO U YCTOWYMBOCTBIO K TOMeXaM. Takxke B COBPEMEHHBIX
paapHBIX CHCTEMax BOJOKOHHO-ONTHYECKHE JTHHHUU CBS3H MPUMEHSIIOTCS
JUTS TIEpe/layi CUTHAJIOB C MaJIbIM 3aTyXaHuem [4].
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Pucynox 1. Opeanuzayus cucmemvl c6s3u u hepedayu uHghopmayuu
MeAHcOY HeCKOIbKUMU MOUKAMU.
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Hauny4mum npuMepoM sSBISIETCS YKe CYIIeCTBYIOIIAsi CHCTEMA CBsI-
34 M nepenayu nH(HOpMalUy MEXKIy HECKOJIBKHUMH TOYKaMU, KOTOpast UC-
MOJIb3YET BOJIOKOHHO-ONTHYECKYIO JIMHUIO CBSI3U IS MTOCTPOCHHS CETH
(Puc. 1).

B He#t uconb3yroTcs paaroYacTOTHBIC TPHEMOTIePEIaTINKH, a pac-
MPOCTPAHEHUE U MTOCTPOSHHUE CETH OCYIIECTBIISICTCS Yepe3 OonTuKy. [lpeu-
MYIIECTBEHHYIO POJIb B 3TOM CUCTEME UTPAeT JIEKTPOOITHUCCKUN MOJIY-
JSITOP, OCHOBHAS (DYHKIIHMSI KOTOPOTO 3aKJIF0YACTCs B IPE0Opa3oOBaHUM pa-
nrovactotHoro (PY) curuana B ONTHYECKHIA, YTO OTKPHIBAET BO3MOXKHOCTh
ero JanpHeIel nepeayn yepe3 BOJOKOHHO-ONTHYECKHUE TUHUH CBSI3U.

Onextpoontuueckuil moaynsatop (DOM) sBIsieTCsl ONHUM M3 Bak-
HEHIIMX KOMITOHCHTOB CHCTEMBI ONITHYECKON 00paboTku curHaioB. DOM
paboTaeT Ha OCHOBE AIeKkTpoonTuaeckoro dpdekra (3hdexra [Tokkensca),
KOTOPBIH 3aKIII0YAETCsl B U3BMEHEHHUH TI0Ka3aTels PEIOMIICHUS MaTepraia
MOJ1 BO3JICUCTBUEM DJICKTPUUECKOTO TOJIs. ITO U3MEHEHUE TIPUBOJIUT K (pa-
30BOM, AMILTUTYHOM, OJISPU3AIUMOHHON MOTYJISIIMA CBETOBOTO CUTHAJIA.

Bomroeog Dnextpoast

Bxomamuit ceer

B CEICHHH

™ Mogaymposaunsit
CBeT

Pucynox 2. Buo anexmpoonmuueckoco Mooyismopa.

Konctpyknus 90M 3aBHCHUT OT THIIAa MOAYJISIIAN, HO B OOJIBIITMHCTBE
CJIy4aeB BKJIIOUAET HECKOJIBKO KIIFOUEBBIX 3JIEMEHTOB: ONTUYECKHI BOJIHO-
BOJl WJIM KPUCTAJLJI, Yepe3 KOTOPBIM MPOXOIUT CBET, JIEKTPOJIbI, CO3/1a0-
LIYE YIPABJISIOLIEE M10JI€, U MOAYJIUPYIOILYIO CPENY, B KOTOPOH IIPOUCXO-
JIUT U3MEHEHUE ONTUYECKUX CBOMCTB [7]. OcHOBHBIE KOMIIOHEHTHI DOM
BKJIIOUAIOT UCTOYHUK CBETA (J1a3€pHbIN O] MU JPYTrOi KOT€pEHTHBIN 1C-
TOYHHK CBETA, CO3/IAI0NIUNA CTAOUIBbHBIN ONTUYECKUM CUTHAI), SJIEKTPO-
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ontudeckuil kpuctayw (Marepuan ¢ BBICOKMM KOA(Q(PHUIUEHTOM 3JIEKTPO-
ontudeckoro 3¢ ¢dekra, Hanpumep, HHo6aT JuTHs LiNbOs; mnm apceHun
rayis GaAs) U 37eKTpobl (1Sl IPUIIOKEHUS AIEKTPUUYECKOro MoJIs, COo-
OTBETCTBYIOLIETO PaJOYaCTOTHOMY CUTHAIY).

[TpuHun paGoTel MOYJIATOPA COCTOMUT B CIEAYIOLIEM: CBET, IIPOXO-
JAILIHAN 110 BOJIHOBOJTY, pa3eiseTcs Ha JiBa IMydka Y -pa3BeTBuTeneM. Kax-
IbIA U3 pa3/iefIeHHbIX Iy4YKOB IPOXOJUT MEXKAY MIEKTPOJaMH Ha MOBEpPX-
HOCTH KpHUCTaJljIa. DJIEKTPUUECKHUI CUTHAJ BhI3bIBAET U3MEHEHHUE TOKa3a-
TEJIsl IPEJIOMIIEHHS] CBETOBOIO KaHasa. HanpspkeHus IpuiioKeHsl Tak, 4To-
OBl YCKOPUTD JIBH)KEHUE U3JIy4EHUS B OJJHOM IJIEUE U 3aMEJIUTh B IPYTOM,
YTO MO3BOJISIET B JiBa pa3a CHU3UTh TpeOyeMbl€ YIIpaBIISIOIINE HAPSKEHH-
s1. 3aTeM BOJIHBI CKJIa/IbIBAIOTCS Y -COEIMHUTENIEM. DJIEMEHT U3rO0TaBIMBa-
€TCS M3 MaTePUAIIOB C CHIIBHBIM JJICKTPOONTHYECKUM IPPEKTOM — TaKuX,
kak LINbO3, GaAs, InP [7].

IIpensaraemasi cucTeMa Ha OCHOBe
3J1eKTPOONTHYECKOH 00padoTKH

OcHOBHOU 3amaued sABISIETCS TPEoOpa3OBaHUE PaATUOYACTOTHOTO
CUTHAJIa B ONTHYCCKHIA [ 2 (HEKTUBHOHN TIepeiadul IO BOJJOKOHHO-OMTH-
YECKUM JIMHUSM CBSI3U | MOCIeIyoliel nudpoBoii oopadoTku. Ha ocHOBe
YK€ CYIIECTBYIOIIMX IPUMEPOB MpeJIaraeTcs CucTeMa ONnTUYeCKon oopa-
OOTKHM CHUTHAJIOB Ha OCHOBE 3JIEKTPOOINTUYECKUX MOIYyJATOpoB. Cuctema
HarpaBJieHa Ha MOBBIIIEHNE CKPHITHOCTU U O€30MaCHOCTH CTAHIIUM 32 CUET
pa3HeceHus: aHTeHHBI U OJ10ka 00paboTku curHainoB. CaM MoayssTop Oy-
JIET HAXOJIUTHCS TOJI AHTEHHOM, TMOCJIe BXOJHOMN LEMU U MaJIOUTyMSIIET0o
yeunurens (MIIY) (Puc. 3).

[locne mpuema curnanoB ot anteHHbl B CBY-auanasone, curhai
MIPOXOJIUT Yepe3 paarodacTOTHBIA TPAKT, T1Ie QUIBTPYETCS U YCHITHBACTCS
Yyepe3 MaJIOMOIIHBIA yCUIIUTENb. [{71s1 creyroniero mara HaMm Hy>KeH ONTH-
YECKUM UCTOYHHUK U3JIyYeHHUs. [ TOCTUKEHUS BBICOKOW TOYHOCTHU U CTa-

OMIILHOCTH PaOOTHI CHCTEMbI HEOOXOIMM JIa3ep C paclpeIelIeHHOW o0paT-
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Hol cBs3bio (DFB). OH rapanTupyeT HEM3MEHHOCTh JUTMHBI BOJHBI U Yy3-
KYyI0 IIKUpHUHY criekTpa. [Ipr oueHb OONBIINX PACCTOSAHUAX 3aTyXaHUE CUT-
HAJIOB HEU30€XKHO, TaXKe B ONTUYECKHX BOJIOKHAX, IIOATOMY IIPU OOJIBIINX
JAJIBHOCTSX L1eJ1eCO00pa3HO UCIOIB30BATh HPOHEBHIC BOJOKOHHbBIE YCHIIU-
tenu (EDFA) B penmuTTepHbIX MyHKTAaX ONTHYECKOM JuHuu. Hibke Ha puc.

S mpencraBieHa cXeMa CUCTEMBI JJIsl OJJTHOM aHTEHHBI.

»)- (¢
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Pucynox 3. Ilpeonazcaemas cucmema ¢ pacnpedeneHHol aHmMeHHOU PeuemKol.

Muwy

Obosnauenus: KITY — konmponvuwiti nynkm ynpasienus, MIITY — marowymsuui
yeunumenv;, I0M — anekmpoonmudeckutl MOOYIMop.
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Pucynox 4. Ilpeonazaemasn b10k-cxema cucmemul 0jisi OOHOU AHMEHHBI.
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MNonocoson Manowymawumi
PaauouactoTHoe dunrop ycunurens Ontuueckuin
curHan

nsnyyeHuwe

A

AHTeHHa
OnTuueckuit
cnautrep

Nazep

OnTuyeckoe BONOKHO

doroperektop

d
—
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N

OnTuyeckuit
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Pucynox 5. Ilpeonazaemasn cxema cucmemvl 0151 OOHOU AHMEHHbI
Obosnauenusn: AL[II — ananozo-yugposoii npeobpazosamens,
CLK — maxmosbiii cuenan (clock).

biiok-cxeMa 1eMOHCTPUPYET IPUMEHEHUE ONTHYECKUX TEXHOJIOTUN
HCIIOJIb30BAaHUs COBPEMEHHBIX ONTHYECKUX TEXHOJOTHUU IS MOBBIIICHUS
3¢ GeKTUBHOCTH pabOTHl C PajMOYacTOTHBIMM CHUTHajJamMH. HauanbHbIM
3JIEMEHTOM CHCTEMBI SBJISETCS aHTEHHA, KOTOpas MPUHHUMAET paauodac-
TOTHOE M3JyYE€HHE OT YJAJIECHHBIX PaJUOMCTOYHUKOB. Y CUJICHHBI CUTHAJ
MIOCTYMAET Ha AIEKTPOONTUUECKUN MOLYJIATOP, KOTOPBII UTPaeT LIEHTPalb-
HYIO pOJIb B 3TOH cuUCTeME. DIEKTPOONTHUECKUI MOJYIIATOpP NMpeodpasyer
pPaavovYacTOTHBIA CUTHAJI B ONTHUYECKHUM, UCHONb3ys aasep. 1lo cyru, on
HAKJIAJIbIBACT XAPAKTEPUCTUKU DPAJAMOYaCTOTHOIO CHUIHAja Ha CBETOBOM
Jyd, CO37aBas MOAYJIUPOBAHHBIM ONITUYECKUNA CUTHAJ, KOTOPBIA FOTOB JUIs
repeady 1o BOJIOKOHHO-ONTUYECKON JIMHUM CBsA3U. Jlazep, HCIonb3yeMblil
B CHUCTEME, CIIy’)KUT HCTOUYHHMKOM KOI'€pEHTHOI'O CBETa, KOTOPBIM HEOOXO-
UM 7151 paOOoThI AJIEKTPOONITUYECKOT0 MOIyJIsTOpa. YacTto ucnonb3yercs
JuinHa BoHbI 1550 HM [7]. Ha cropoHe npuemMa ONTUYECKUH CUTHAJ yCH-
JMBAETCS C MOMOILBI0 ONTHUYECKOIO0 YCWJIUTENs, Halmpumep, 3pOUeBoro
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yeunurens. [locne ycuneHus curHan nocrymnaer Ha (GoTOIeTeKTOp, KOTO-
PBIN BBITIOTHSET €r0 00paTHOE MPEOOPa30BAHKE B AICKTPUUECKYIO (OpMY,
BOCCTaHABIIMBAsl €ro PaauovYacTOTHBIC XapaKTepucTHKH. [IpeobOpazoBan-
HBII 3JIEKTPUYECKUN CUTHAJI TIepelaeTCsl Ha aHamoro-1udpoBoii mpeodpa-
3oBarenb (ALIT), koTopbrit ol pPOBBIBAET €ro s JaibHEHIIe 00padoT-
ku [8]. Ha aTom stame cucrema obecrneunBaeT TOYHOE NMpeoOpa3oBaHUE
aHaJIOTOBOT0 CUTHaja B LU(poBYI0 GopMy, UTO AeTaeT BO3MOXKHBIM HC-
MOJIb30BaHNE COBPEMEHHBIX METO0B LIU(POBOK 00pabOTKU CUTHAJIOB.

BrIBOABI

[IpencraBnennast 6710k cxema 3PGEKTUBHO COYETACT ONTHUYSCKUE U
PaarovacTOTHBIE TEXHOJIOTHH, TI03BOJISIS IiepeaBaTh 1 00padaTeiBaTh pa-
JIMOYaCTOTHBIC CUTHAJIBI C MUHHUMAJIBHBIMH TIOTEPSIMU U BBICOKOW yCTOWYH-
BOCTBIO K IOMeXaM. lcnonb30BaHME 3JEKTPOONTHYECKOTO MOJYJISTOPA,
BOJIOKOHHO-ONITUYECKHX JIMHUIA CBS3M U ONTHYECKUX yCUIIUTENel obecrie-
YHUBACT Mepeiady CUTHAJIOB Ha OOJIBIIHE PACCTOSHHUS, COXpaHssI X KayecT-
B0. OCHOBHOE MIPEUMYIIIECTBO CHCTEMBI, 3TO Pa3HECEHUE aHTEHHBI U OJIOKa
00pabOTKK Ha 3HAYUTEIIbHBIC PACCTOSHHUS, YTO MOBBIIIACT 3AUIUIICHHOCTh
Y JKUBYYECTh CUCTEMBI B CIlyuae BHEIIHUX BO3/elcTBHA. briaronaps Beico-
KOH NPOIYCKHOHM CIIOCOOHOCTH U MaJIbIM MOTEPSM CHUCTEMA OCOOEHHO aK-
TyanbHa i1t padoTel B CBY-1uana3zone v npu nepegayy IUpOKOIOIOCHBIX
CHTHAJIOB. DTOT MOAXOJ OTKPHIBAET MEPCIEKTHBBI IS MCIIOJIb30BAaHHS B
PaIHoNIOKAIINH, TEJICKOMMYHHKAIUSX U IPYTUX 00JacTAX, TPEOYIOIINX Ha-
JISKHOU U BBICOKOA((EKTUBHOMN Mepeiadn JaHHbIX.
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RESEARCH AND DEVELOPMENT OF THE SYSTEM OPTICAL SIGNAL
PROCESSING FROM A DISTRIBUTED ANTENNA ARRAY IN THE
MICROWAVE RANGE

H. Stepanyan’, H. Hambardzumyan'~’

!Russian-Armenian (Slavonic) University
InstitLtd. YEA Engineering

ABSTRACT

This paper examines the research and design of an optical signal processing
system for a distributed antenna array operating in the microwave range. Traditional
signal processing systems, such as radar and direction-finding stations, are highly
effective but become vulnerable to attacks and suppression once detected. The
proposed concept is based on the use of electro-optical modulators (EOM), which
convert radio frequency signals into optical signals for subsequent transmission via
fiber-optic communication lines. This approach significantly reduces system
vulnerability by enabling the placement of the main signal processing equipment at a
considerable distance from the antennas, ensuring its safety. In the event of an attack,
the loss is limited to the antenna, thus improving the overall survivability of the system
under hostile conditions. Another advantage is the transition to optical technologies,
which ensure lower signal losses compared to radio frequency cables, where losses can
reach tens of dB over the same length.

Keywords: Optical signal processing, electro-optical modulator, fiber-optic
communication lines, microwave range, distributed antenna array.
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ABSTRACT

Human retroelements (REs), which comprise approximately 40% of
the genome, have played a pivotal role in the evolution of key molecular
processes, such as placental development, by introducing novel
regulatory elements near host gene promoters and enhancers. Despite
their genomic abundance and regulatory influence, the functional
trajectories of REs remain poorly understood. Here, leveraging ChIP-seq
profiles of histone modifications (H3K4mel, H3K4me3, H3K9ac,
H3K27ac, H3K27me3, and H3K9me3) from five human cell lines
deposited in the ENCODE database, we systematically ranked the
regulatory impact of REs across 25,075 human genes. Gene sets enriched
for promoter- and enhancer-associated RE-linked regulatory sites were
identified. Consensus gene sets across cell lines were found to be
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associated with pathways involved in cancer progression, specifically
chronic myeloid leukemia and small cell lung cancer, as well as with host
defense responses to infection with human T-cell lymphotropic virus type
1. These findings provide new insights into recent human evolution and
highlight the ongoing influence of selfish genetic elements on genome
regulation and disease susceptibility.

Keywords: retroelements, retrotransposons, genome evolution,
chromatin, histone modifications.

Introduction

Human retroelements (REs, also called retrotransposons), namely
LTRs, SINEs and LINEs, comprise 40% of the genome [1], [2]. They
impact the host genome by providing regulatory sites [3] and novel protein
coding genes, manifesting themselves in various human diseases [4]. For
example, human endogenous retroviruses (LTR) derived protein coding
genes suppress maternal anti fetal immune response in placenta (like
syncytin-1 [5]). All REs transpose via an RNA intermediate and then a DNA
copy is synthesized and inserted into other genomic locus. Therefore, REs
bear transcription factor binding sites enriched with active chromatin marks
(H3K4mel, H3K4me3, H3K29ac etc.) that can rewire the host gene
regulatory networks [6]. On the other hand, REs can be repressed by the
host defense mechanisms, such as CpG methylation, which allows to
mitigate deleterious effects of new genetic elements insertion near essential
genes [7]. In a greater perspective, there is an evolutionary arms race
between mobile selfish genetic elements and host defensive systems [8],
which leads to such complex innovations as adaptive immunity, including
both the microbial (CRISPR-Cas) and the vertebrates one (VDJ-
recombination) [8].

In order to decipher the evolutionary impact of REs on human gene
regulation, in 2018-2019 we analyzed genome profiles of transcription
factors and chromatin modifications in connection with RE loci and their
impact onto the adjacent gene expression. In 2018 we studied 225
transcription factors binding profiles in the K562 cell line and measured
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regulatory impact of human REs, including the evolutionary young ones
(inserted after the radiation of Old World monkeys) [1]. We found that such
molecular processes as PDGF, TGF beta, EGFR, and p38 signaling were
positively regulated by evolutionary young REs [1]. In 2019 we expanded
the analysis, profiling 563 transcription factors binding in 13 cell lines [9],
as well as the enhancer-specific chromatin modification H3K4mel [10] and
simultaneously five chromatin marks (H3K4me3, H3K9ac, H3K27ac,
H3K27me3 and H3K9me3 [11]). We developed the original method called
RetroSpect and showed that such human molecular processes as gene
regulation by microRNAs, olfaction, color vision, fertilization, cellular
immune response, and amino acids and fatty acids metabolism and
detoxification were enriched with RE-specific regulation and hence were
quickly evolving under the RE pressure [9].

Despite the significant progress being made, the field remains
generally unexplored. Chromatin marks form a complex interactive system
with readers, writers and erasers, collectively regulating gene expression
[12]. In the previous articles we gathered gene-level RE regulatory impact
scores for the following chromatin marks:

- H3K4mel - active enhancer specific [13]

- H3K27ac - active enhancer specific [14]

- H3K4me3 - promoter specific [15]

- H3K9ac - promoter specific [16]

- H3K27me3 - polycomb repression specific [17]

- H3K9me3 - heterochromatin specific [18]

In the present work we jointly analyse active promoters, enhancers
and heterochromatin RE-linked chromatin marks at the level of genes, based
on the fact that REs can both activate and inactivate adjacent human genes
because the defensive host heterochomatinisation which is relevant in
pathology, for example in X-linked dystonia parkinsonism [19]. The
proposed comprehensive intersection analysis based on the original
RetroSpect method allowed to show that RE-linked promoter histone marks
activate chronic myeloid leukemia and small cell lung cancer connected
genes in all 5 cell lines under study. Moreover, the RE-linked promoter
regulation impacts such general cancer associated processes as cell cycle
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and cellular senescence. Surprisingly, we observed RE-linked upregulation
of human T-cell leukemia virus type 1 infection related genes and the level
of promoter specific histone modifications. In contrast, active RE-linked
enhancers are more cell type specific and do not form cell line consensus
groups of enriched processes. Taken together, these findings push forward
our understanding of human RE-impacted evolution of gene regulatory
networks in health and disease.

Materials and methods

Gene-level scores. Scores of RE-linked epigenetic marks regulatory
impact were downloaded for 6 chromatin modifications (H3K4mel,
H3K27ac, H3K4me3, H3K9ac, H3K27me3 and H3K9me3) and for 5 cell
lines (K562, HepG2, GM12878, MCF-7, HeLa-S3) from the previously
published papers [10], [11]. The scores were calculated based on more than
1.5 million histone tags for 25075 genes. The following scores were used in
the current research:

- GRE, gene RE-linked enrichment score.

- NGRE, normalized gene RE-linked enrichment score.

Formulas and biological meaning of these scores are described in
Nikitin et al., 2019a [10].

Selection of RE-linked regulatory impact enriched and deficient
genes. According to the original RetroSpect approach [9], for each
chromatin modification in each cell line we plotted NGRE vs GRE in a
scatter plot, build a trend line by the method of least squares [20], and top-
10% and bottom-10% genes by their distance to the trend line were selected.
Genes from the top-10% group (with NGRE score high compared to the
GRE one) were considered RE-enriched, the latter group was deemed RE-
deficient.

Plots and visualizations. Plots were drawn using the python
matplotlib [21] and seaborn [22] packages, Venn diagrams were drawn
using the python supervenn [23] package. Principal component analysis
(PCA) with centroid approximation was done using the python scikit-learn
package [24].
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Gene Ontology analysis. Gene Ontology analysis was done using the
ShinyGo service from South Dakota State University [25].

Results and discussion

Dimensional reduction and major data properties.

In order to study the degree of cell-specific and chromatin
modification-specific differences for the dataset of NGRE and GRE scores
in 6 chromatin modifications and 5 cell lines, we performed principal
component analysis with centroid approximation (Fig. 1).
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Figure 1. Principal component analysis of GRE and NGRE scores. A — PCA of GRE
colored by cell line, B— PCA of GRE colored by histone modification, C — PCA of NGRE
colored by cell line, D — PCA of NGRE colored by histone modification. Centroid
approximations are drawn with 95% confidence intervals. The palettes for cell lines in A
and C are the same, as well as the palettes for chromatin modifications in B and D.
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Mapping of different cell lines with the same histone modifications
intersects to a high degree (Fig. 1B, 1D) with heterochromatin marks
clustering differently compared to the active chromatin ones both for GRE
(Fig. 1B) and NGRE (Fig. 1D). Notably, H3K4mel, the active enhancer
mark, is mapped separately in both cases, and the second active enhancer
one, H3K27ac, is located the most highly differing between the cell lines.
Contrastingly, different cell lines do not form isolated groups, albeit they
are from different organs and tissues (Fig. 1A, 1C). This corresponds with
fundamental differences between chromatin marks in terms of their

functioning, whereas cell line specific patterns are less pronounced.

Selection of RE-enriched and deficient genes for individual cell

lines and chromatin modification

According to the original RetroSpect procedure [10], for all 5 cell
lines and 6 chromatin modifications we correlated NGRE and selected RE-
enriched and deficient genes (Fig. 2).

Out of 30 all combinations, 5 ones showed negative correlations
because of two highly divergent linear trends: H3K27ac, H3K4me3,
H3K9ac in the cell line HeLa-S3, and H3K4me3, H3K9ac in the cell line
MCF-7. The two heterochromatin histone modifications (H3K27me3 and
H3K9me3) and the enhancer specific one H3K4mel showed no negative
linear trends, mimicking the patterns observed earlier by us [9]. The major
difference of the current approach applied here is the fact that RE-enriched
and deficient genes are extracted individually by cell lines and chromatin
modification, whereas earlier the GRE scores of different cell lines and
epigenomic features (such as transcription factors) were averaged [10]. At
this stage of the analysis the functional significance of the selected RE-
enriched and deficient genes is unclear, so further intersections and Gene
Ontology approaches were applied as described below.
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Hela-S3
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H3K9me3 H3K27me3 H3K4mel H3K27ac H3K4me3 H3K9ac

Figure 2. Correlations of NGRE (y-axis) and GRE scores for 5 cell lines (shown by rows,
names written on the leftmost part of the plot grid) and 6 chromatin modifications (shown
by rows, names written on the bottom part of the plot grid). For each plot the linear trend
line was built using the least squares method, and top 10% genes with the highest distance
to the curve from above are shown in green (RE-enriched genes), top 10% genes with the
highest distance to the curve from below are shown in red (RE-deficient genes) and the
rest 80% genes are blue.

Intersection of the RE-enriched and deficient genes based
on different cell line and histone modifications

In order to understand how REs impact human gene regulation via
different histone modifications and in different cell lines, we intersected
RE-enriched and deficient genes by different modifications with each other,
repeating the procedure in all 5 cell lines (Fig. 3).
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Figure 3. Supervenn plot showing intersections between RE-enriched (abbreviated as
‘top’) and RE-deficient (abbreviated as ‘bottom’) for each histone modification (shown on
each row) for each cell line. A - GM12878, B - HeLa-S3, C - HepG2, D - K562, E - MCF-
7. Each gene set is shown using a different color. Colored grey rectangles denote the
successful intersection (common genes), white and light grey ones indicate no intersection.
Intersection groups that have more than 500 genes have gene numbers written in the
bottom of each panel.

The intersection analysis shows that different cell lines have different
interplay of RE-linked active and repressive chromatin marks. For example,
the K562 cell line (Fig. 3D) has a large cluster of genes (1161) that share
promoter and enhancer active marks (H3K27ac, H3K4me3, H3K9ac)
without any heterochromatin marks - this can be interpreted as genes that
are actively regulated by REs. In contrast, in MCF-7 (Fig. 3E) such a cluster
is less than 500 genes, and 692 genes are RE-enriched by active marks
(H3K27ac, H3K4me3, H3K9ac) and both repressive marks simultaneously,
which pinpoints ambiguity of RE-linked epigenetic regulation of the host
genes. The same situation is observed in HepG2 (716 genes, Fig. 3C),
whereas in GM12878 (Fig. 3A) and HeLa-S3 (Fig. 3B) both types of
clusters are present: the one with the active marks only and the one with
active and repressive marks (either H3K9me3 or H3K27me3, respectively).
This can be connected with the fact the RE evolutionary pressure is exerted
at different intensities between tissues, with placenta [26] and neocortex
[27] being one of the most invaded by REs (transcriptionally active) and
hence quickly evolving in the human lineage.
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Promoter and enhancer-level RE-enriched genes selection
among the five cell lines

Having the dataset of GRE and NGRE for 5 cell lines and 6 histone
modifications, we got 12 sets of RE-enriched and deficient genes in each
cell line. In order to get cell line consensus of promoters and enhancers
specific RE-enriched genes, we defined enhancers and promoters RE-
enriched genes in the following way for each cell line:

v" Enhancer specific genes that are intersection of RE-enriched genes
by H3K4mel and H3K27ac, and RE-enriched genes by
heterochromatin marks (H3K9mel3 and H3K27me3) are
subtracted from this intersection.

v" Promoter specific genes that are intersection of RE-enriched genes
by H3K4me3 and H3K9ac, and RE-enriched genes by
heterochromatin  marks (H3K9mel3 and H3K27me3) are
subtracted from this intersection in the same way.

1 1 1 1.2 1 1
MCF-7_enhancers_top 481
12} MCF-7_promoters_top 706
Q K562 _enhancers_top 394
o K562 _promoters_top 1745
c HepG2_enhancers_top 194
8 HepG2_promoters_top 548
Hela-S3_enhancers_top 566
Hela-S3] promoters_top 1063
GM12878_enhancers_top 286
GM1I2878 prameters top 828

110 288 143 134119 883 228

Intersection types

Figure 4. Supervenn plot showing intersections of enhancer (enhancers_top) and promoter
(promoter_top) specific RE-enriched genes in the 5 cell lines investigated in the current
study. The numbers on the right part of the plot are indicating gene numbers in the sets
shown. Each gene set is shown using a different color. Colored grey rectangles denote the
successful intersection (common genes), white and light grey ones indicate no intersection.
Intersection groups that have more than 100 genes have gene numbers written in the
bottom of each panel. Numbers on the top part of the plot are showing the number of gene
sets that share the intersection (for cases with more than 100 genes).
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For each cell line we obtained a variable number of promoter and
enhancer RE-enriched genes, and we intersected them between all the cell
lines to get the degree of cell-specificity in RE-linked genes regulation and
regulatory evolution (Fig. 4).

The intersection patterns shown in Fig. 5 illustrate the degree of
concordance between RE-enriched promoter- and enhancer-associated
regulation across different cell lines. Notably, 92 promoter-associated RE-
enriched genes were shared across all five cell lines (ranging from 548 to
1,745 genes per cell line), whereas only three enhancer-associated RE-
enriched genes were common (from 194 to 566 genes per cell line). This
disparity likely reflects the greater variability of enhancer-associated
chromatin modifications (H3K4mel and H3K27ac; Fig. 3), as well as the
well-established observation that transcriptional regulation at promoters is
more conserved across tissues than at enhancers [28]. Furthermore,
promoter- and enhancer-specific RE-enriched gene sets exhibited minimal
overlap within each cell line, suggesting that distinct subsets of REs —
potentially corresponding to different RE classes — modulate gene
expression at the promoter and enhancer levels, respectively. This
hypothesis warrants further investigation through integrative computational
analyses and experimental validation.

Functional characterization of the cell line consensus promoter
and enhancer-level RE-enriched genes

The consensus RE-enriched promoter and enhancer genes are shown

in the Table 1 below.
Table 1.

The list of consensus RE-enriched promoter and enhancer genes

Promoter RE-enriched genes

MRPL23 ASMT MYC ELMO3 ZBTB46 EPC2 SMIMIS SNORDSY14  |EIFIB MRPLA43
TMEM504 |TMEM60  |PLD6 SMIM15-4S1 |KLLN GADD454 |RNF214 MIR4795 RNF5P1 TRAPPCI
CRYZLI ACD MTMRI1 RPL7 IP6KI POLB \DNASEILI |MYNN CHD7

ATPIB1 HMGB1 LAMB2 RAP24 PSMA7 TTC30B CSorf34 LZTS2 CNPPDI

CTRL CHMP2B VAPA MIR5587 AKAPI74 |WASHC2C |USF2 KDM6A ‘RDH10
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WASHC24 |ZBTB7B PTEN ATPIIB ANKIBI CHUK \PKP4 SLC2545-451 |OGT

JADE] RNFS PETI00 MIR6833 ARF1 TAPTI1-AS] |MIR548H4 |TXNDCI7 ATR

NAA3S ETV3 C3orf58 CGGBP1 HYAL3 SLC2545 ATPI1341 ERBIN CNIH3

HECTD2 CT1CI CDK5 ST3GAL3 TTC214 EIF441 CDKN2C MIRI1282 \[HNRNPDL

CAPNIS MLF2 CPEB2 ([HNRNPAO  |PTMS LENG9 MCUB CASC11 SNORD131

Enhancer RE-enriched genes

MIR4674

|NAL vy

‘LINCOH}.’ |

The genes found were tested for functional enrichment using the Gene
Ontology approach [29] via the ShinyGO portal [25] without the
background genes, and the enrichment processes were filtered by False
Discovery Rate [30] threshold 0.1. The resulting processes for the RE-
enriched promoter genes are shown in Table 2.

Table 2.

The list of enrichment results for RE-enriched promoter genes

Number of The or
Enrichment genes from Number of Fold 't; It)h:c(e;s(;
FDR-corrected| RE-enriched genes in the . W
. Enrichment |knowledgebase
p-value promoters in process .
hyperlink
the process
0.02 4 9 12.6 Small cell lung
cancer
Chronic
0.064 3 76 11.4 myeloid
leukemia
0.044 4 126 9.2 Cell cycle
Human T-cell
0.016 6 222 7.8 leukemia virus
1 infection
1lul
0.064 4 156 7.4 Cellular
senescence




66 Integrated analysis of human retroelement-linked histone modifications...

Gene Ontology analysis (Table 2) revealed that human REs
transcriptionally activate genes associated with two major cancer types —
small cell lung cancer and chronic myeloid leukemia — as well as genes
upregulated during infection with human T-cell leukemia virus type 1
(HTLV-1), aretrovirus that, similar to HIV, targets CD4"* T cells [31]. These
findings raise the possibility that RE-mediated regulatory activity and
evolutionary selection may operate, at least in part, through the
transcriptional repurposing of pre-existing host defense mechanisms, a
phenomenon exemplified by placental evolution [5]. Additional enriched
gene sets, including cell cycle regulation and cellular senescence — both
canonical hallmarks of cancer [32] — further support the notion that
promoter-associated, RE-enriched regulatory programs are linked to
oncogenesis. By contrast, no statistically significant functional enrichments
were observed for the three enhancer-associated, RE-linked genes identified
(MIR4674, NALTI, and LINC01132), two of which are non-coding.

Conclusion

We investigated the regulatory impact of retroelements (REs) on
human gene regulation by analyzing promoter-associated, enhancer-
associated, and heterochromatin-associated histone modifications, using
ChIP-seq whole-genome profiles from five human cell lines. Clustering and
intersection analyses revealed that RE-associated regulatory activity at
enhancers exhibits a high degree of cell type specificity, providing a
foundation for further studies on the mechanisms underlying this
specificity. In contrast, RE-associated regulation at active promoters
appeared to be more conserved across different cell types. Notably, REs
were found to activate pathways related to cancer-associated processes,
including cellular senescence and cell cycle regulation. These pathways are
linked to cancer diseases such as small cell lung cancer and chronic myeloid
leukemia, and RE-associated regulatory activity also impacts host cell
defense mechanisms against human T-cell lymphotropic virus type 1.
Collectively, these findings advance our understanding of the role of REs
in human evolution and oncogenesis.
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COBMECTHBI AHAJIN3 MOJIU®UKAIIAN THCTOHOB
PETPOQJIEMEHTOB YEJIOBEKA JIJISI BBISIBJIEHUA BBICTPO
9BOJIIOIIMOHUPYIOHIUX MTPOLECCOB OHKOI'EHE3A

M. M. Hukumun
00O “BostonGene Technologies”
AHHOTALIUA

Perpoanementsr uenoseka (RE), cocraBnsitomue okono 40% renoma, oka3niBa-
0T 3HAYUTEIBHOE BIUSHHUE Ha SBOJIIOLUIO PETYJISTOPHBIX CUCTEM, BKIIIOYAs pa3BUTHE
IUTAIIeHTHI, TOCPEICTBOM HHCEPIIMU HOBBIX PETYIIATOPHBIX AIIEMEHTOB BOJIH3H TPOMO-
TOPOB U DHXAHCEPOB I'€HOB X03auHa. HecMOTps Ha UX pacpoCTpaHEHHOCTD U (YHK-
[UOHABHYIO aKTUBHOCTB, MEXaHU3MEBI perymnsTopHoro aeictust RE ocratores cnabo
n3yueHHbIMU. B manHoi pabote mposeneH cucteMHuslit ananus ChlP-seq mpogueit
moaudpukanuii ructonoB (H3K4mel, H3K4me3, H3K9ac, H3K27ac, H3K27me3,
H3K9me3), momy4eHHBIX W3 TSATH JIMHUKA YEIOBEYECKMX KIETOK (M0 JaHHBIM
ENCODE), ¢ nenbto pamxkupoBanus perynsropaoro Bkiaaaa RE B skcripeccuro 25 075
reroB. OOHapy>keHBI TeHHBIe HaOOpHI, oOoramenHsle RE-accomumpoBanHbIMEU pery-
JIATOPHBIMU yYaCTKaMH B 00J1aCTSX IPOMOTOPOB M dHXaHcepoB. KoHceHCcycHBIe HA0o-
PBI MEXJTy KIETOYHBIMHU JIMHUSAMH OKa3aJIUCh CBS3aHBI C IATOTCHE30M XPOHHUYECKOTO
MHUEJIOUIHOTO JIeHK03a, MEITKOKJIETOUYHOTO paka JEeTKOr0o ¥ MMMYHHBIM OTBETOM Ha
nHpeKnuo BupycoM T-kieTouHol aelikemun uenoseka 1 tuma. [lomydeHHble pe3yib-
TaThl PACIIUPSIOT MPEICTaBICHUE O POJIU PETPOIIEMEHTOB B HEJABHEW 3BOIOLNY Ye-
JIOBEKA U MOAYEPKUBAIOT UX 3HAYUMOCThH B PEryJIALIMU I'€HOMa U NPerpacIioyioKeH-
HOCTH K 3a00JIEBaHHSIM.

KiroueBbie cjIoBa: peTPOIIEMEHTHI, PETPOTPAHCIIO30HBI, IBOJIOIHUS TeHOMa,
XpOMAaTHH, MOJAU(DUKAIINN THCTOHOB.
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ARTIFACTS CAUSED BY CRYSTALLOGRAPHIC
NEIGHBORS DURING DOCKING.
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ABSTRACT

Reliable structure-based virtual screening critically depends on the
accuracy of experimental protein—ligand complexes. However, many
crystallographic models in the Protein Data Bank (PDB) contain crystal-
packing neighbors that distort the local geometry of binding sites. In this
work, the impact of crystallographic neighbors on molecular docking
accuracy using Molsoft ICM-Pro was systematically assessed. All
ligands were docked starting from two-dimensional structures, without
prior conformational information, to mimic realistic virtual screening
conditions. Across three representative systems Schistosoma mansoni
SmBRD3(2), human TIM-3, and USP5 ZnF-UBD that crystal neighbors
can have a huge impact was observed. Incorporating neighboring
molecules yielded dramatic improvements, reducing RMSD values
below 2 A and substantially enhancing docking and RTCNN scores. The
results emphasize the necessity of careful analysis of crystallographic
structures before docking to ensure correct biological unit,
reproducibility, reliability, and meaningful interpretation of
computational screening outcomes.

Keywords: Virtual screening, Crystallographic neighbors, Molecular
docking, Protein—ligand interactions, Structure-based drug discovery.
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Introduction

Virtual screening (VS) has become an indispensable tool in
contemporary drug discovery, enabling the rapid identification of candidate
molecules from vast chemical libraries through computational evaluation of
ligand—target interactions [l1]. By integrating molecular docking,
pharmacophore modeling, and machine learning-based scoring, VS
substantially reduces the time and cost associated with early-stage drug
development compared to purely experimental approaches. The reliability
of virtual screening outcomes, however, is critically dependent on the
structural accuracy and biological relevance of the macromolecular models
employed.

Experimental structural biology methods, most notably X-ray
crystallography and cryo-electron microscopy (cryo-EM), serve as the
primary sources of three-dimensional protein structures for structure-based
drug design [2,3]. These techniques have collectively produced hundreds of
thousands of entries in the Protein Data Bank (PDB) [4], providing an
unprecedented foundation for rational ligand discovery. Nonetheless, the
interpretation of these structures for computational screening requires
careful contextualization. Specifically, protein crystals represent periodic
arrangements of molecules stabilized by intermolecular contacts that may
not reflect biologically relevant conformations or interfaces.

A frequently overlooked aspect of this crystallographic context is the
presence of crystallographic neighbors, or symmetry related molecules
generated by the crystal lattice. These neighbors can create artificial
interfaces or occlude biologically meaningful binding sites. When such
artificial surfaces are inadvertently treated as part of the functional protein
surface during virtual screening, docking algorithms may identify binding
pockets or predict energetically favorable yet biologically irrelevant poses.

A recent and notable example of this issue arose in the PoseBusters
benchmark [5], a large-scale evaluation framework designed to assess the
accuracy of pose prediction algorithms. The initial dataset comprised over
500 protein-ligand complexes; however, following peer review, it was
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identified that a significant portion of these entries were influenced by
crystallographic neighbors. After these cases were removed, the benchmark
was reduced to 393 validated examples. This correction not only
highlighted the pervasiveness of crystal packing artefacts in publicly
available structural data but also emphasized the necessity of rigorous
structural validation in computational benchmarking. The PoseBusters case
serves as a compelling reminder that even carefully curated datasets can be
compromised by unrecognized crystallographic contacts, affecting the
perceived performance of docking and scoring methods.

Therefore, increasing awareness of crystallographic artefacts and
incorporating validation steps that distinguish biologically meaningful
assemblies from packing, induced contacts is essential for improving the
fidelity of structure, based virtual screening. This study underscores the
significance of crystallographic neighbors in X-ray—derived protein
structures and proposes practical approaches for their identification and
mitigation, aiming to enhance the biological interpretability and predictive
power of virtual screening workflows.

Material and Methods
Molecular Docking and Visualization

To quantitatively assess the impact of crystallographic neighbors on
virtual screening outcomes, molecular docking simulations using Molsoft
ICM-Pro were performed (version 3.9-4a; Molsoft LLC, La Jolla, CA,
USA) [6]. All protein structures were visualized, prepared, and analyzed
within the ICM-Pro environment. The software’s docking algorithm
employs a biased-probability Monte Carlo (BPMC) sampling approach for
exploring ligand conformational space [6]. This stochastic method
generates three-dimensional conformations by random perturbations of
internal coordinates, guided by a probability function that biases sampling
toward low-energy configurations.
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Docking Configuration

For each target-ligand complex, the docking grid (or “box”) was
centered on the position of the co-crystallized ligand, with dimensions
encompassing a 5 A radius surrounding the ligand atoms. This
configuration was chosen to ensure sufficient coverage of the binding
pocket while avoiding inclusion of irrelevant surface regions or symmetry
related molecules. To maintain computational realism and comparability
with practical virtual screening workflows, the docking effort parameter
was set to 5, and the maximum number of generated ligand conformations
was limited to 10 per compound.

Ligand Preparation

In all docking experiments, ligands were provided exclusively in their
two-dimensional (2D) representations (SMILES format) without any pre-
assigned three-dimensional coordinates or conformational information.
This approach ensured that each ligand’s 3D geometry was generated from
scratch during the docking process, thereby emulating realistic early-stage
drug discovery scenarios where only chemical structure is known. No prior
assumptions regarding bioactive conformations were made. Partial charges,
rotatable bonds, and atom types were automatically assigned using ICM-
Pro’s internal parameterization routines.

Scoring and Pose Evaluation

The algorithm for conformational sampling 3D structures of ligands
is generated randomly by biased probability Monte Carlo [6]. All scoring
functions and predictions were performed by the method implemented in
ICM-Pro v3.9-4a [6]. For each ligand, the top-scoring pose was retained for
subsequent analysis. Comparisons were made between docking runs
performed on native protein structures and those influenced by
crystallographic neighbors, enabling a direct quantification of the artificial
effects on pose prediction and score.
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All docking simulations were executed on a Linux workstation
equipped with 8 CPU cores and 64 GB of RAM. Visualization of resulting
poses and protein—ligand interactions was performed using I[CM-Pro.

Results

Case Study 1: Schistosoma mansoni Bromodomain 3
(SmBRD3(2))

To illustrate the practical implications of neglecting crystallographic
neighbors in structure based virtual screening, the X-ray structure 7AMC
[7] was examined, representing the Bromodomain 2 of Bromodomain
containing protein 3 (SmBRD3(2)) from Schistosoma mansoni in complex
with the small molecule inhibitor iBET726. S. mansoni is a parasitic
trematode responsible for intestinal schistosomiasis, a major neglected
tropical disease affecting millions globally. The pathology of
schistosomiasis arises primarily from the host immune reaction to parasite
eggs lodged in the intestinal and hepatic vasculature. Given its significant
global health burden, S. mansoni proteins - including bromodomains
involved in epigenetic regulation - represent promising therapeutic targets.

In the PDB: 7AMC structure, the co-crystallized inhibitor iBET726
(CCD: 73B) is bound within the canonical acetyl-lysine recognition pocket
of SmBRD3(2). To evaluate the docking reliability, two separate docking
experiments using Molsoft ICM-Pro under identical parameters were
conducted - first using the isolated asymmetric unit, and then with
crystallographic neighbors explicitly included. The resulting comparisons
clearly demonstrated the influence of crystal packing on docking accuracy.

When the structure was treated in isolation, docking of iBET726
yielded an ICM score of —18.00 and an RTCNN score of —28.49, with a
root-mean-square deviation (RMSD) of 8.00 A relative to the experimental
pose (Figure 1A). This RMSD indicates a severe misplacement of the
predicted binding pose, suggesting that the docking algorithm failed to
recapitulate the experimentally observed ligand position. The electron
density maps show close contacts with symmetry-related molecules in the
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crystal lattice, indicating that relevant intermolecular interactions had been
omitted from the docking environment (Figure 1B).

After incorporating the crystallographic neighbors into the docking
setup, the predicted results improved dramatically. The ICM docking score
increased to —38.00, the RTCNN score to —41.00, and the RMSD dropped
to 0.83 A, indicating excellent agreement with the experimental ligand pose
(Figure 1C).

These findings emphasize that overlooking crystallographic
neighbors can lead to substantial errors in virtual screening and pose
validation. Even when such contacts arise from crystal packing rather than
true biological assemblies, their structural and electrostatic influence can
distort docking results. Therefore, researchers should carefully examine
electron density maps and crystal symmetry to determine whether
neighboring molecules represent biologically meaningful interfaces or
artefacts before employing such structures in computational studies.

B
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Fig. 1. Influence of crystallographic neighbors on docking accuracy (PDB ID: 7AMC).
(4) Docking of the ligand into the crystallographic structure as deposited, showing
suboptimal alignment with the experimental pose.

(B) Examination of the electron density map reveals the presence of a crystallographic
neighbor interacting within the binding site, suggesting its potential influence on ligand
positioning.

(C) Redocking performed with the crystallographic neighbor demonstrates a nearly
perfect overlap with the experimental ligand conformation.
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Case Study 2: Human TIM-3 Immune Checkpoint

A second example demonstrating the impact of crystallographic
neighbors involves the X-ray structure 7M41, which captures the T-cell
immunoglobulin and mucin domain-containing molecule 3 (TIM-3;
HAVCR2) bound to the small molecule inhibitor compound 38, formally
described as N-(4-(8-chloro-2-methyl-5-0x0-5,6-dihydro-[1,2,4]triazolo
[1,5-c]quinazolin-9-yl)-3-methylphenyl)-1H-imidazole-2-sulfonamide [8].
TIM-3 has emerged as an important immune checkpoint target in oncology,
acting as a negative regulator of T-cell activation and contributing to
immune exhaustion.
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Fig. 2 Influence of crystallographic neighbors on docking accuracy (PDB ID: 7M41).
(4) Docking of the ligand into the crystallographic structure as deposited, showing
suboptimal alignment with the experimental pose.

(B) Examination of the electron density map reveals the presence of a crystallographic
neighbor interacting within the binding site, suggesting its potential influence on ligand
positioning.

(C) Redocking performed with the crystallographic neighbor demonstrates a nearly
perfect overlap with the experimental ligand conformation.

Using the 7M41 structure in its deposited form (without considering
symmetry-related molecules), docking of compound 38 yielded an ICM
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score of —15.00, an RTCNN score of —27.00, and an RMSD of 3.50 A
relative to the crystallographic ligand pose (Figure 2A). The moderate
RMSD suggested a partially correct orientation but significant deviations
from the experimentally observed geometry. Upon inspecting the electron
density, the neighboring asymmetric units formed close packing
interactions around the ligand pocket, suggesting that the absence of these
contacts distorted the electrostatic and steric environment during docking
(Figure 2B). Upon redocking with the inclusion of crystallographic
neighbors, the docking score improved markedly to —43.74, the RTCNN
score to —64.18, and the RMSD decreased to 0.27 A, indicating near perfect
agreement with the experimental pose (Figure 2C).

Case Study 3: USP5 Zinc-Finger Ubiquitin-Binding Domain
(ZnF-UBD)

A third illustrative case is the X-ray structure of the USP5 ZnF-UBD
co-crystallized with (5-((4-(4-chlorophenyl)piperidin-1-yl)sulfonyl)picolinoyl)
glycine (PDB ID: 7MS7 [9]), a member of a novel chemical series that
targets the C-terminal ubiquitin-binding site of USPS5 [7]. USPS5 (ubiquitin-
specific protease 5) is a deubiquitinase implicated in several diseases,
including cancer, through its role in ubiquitin recycling and proteostasis
regulation. Despite its biological importance, no selective USP5-targeting
chemical probe has yet been reported. The ZnF-UBD domain represents a
secondary, poorly characterized binding region that can be exploited to
allosterically inhibit catalytic activity.

When the default structure was used without considering symmetry
related contacts, docking yielded a score of —31.00, an RTCNN score of —
23.00, and an RMSD of 4.40 A, indicating suboptimal pose prediction
(Figure 3A). The electron density revealed proximity of the ligand pocket
to a crystallographic neighbor, suggesting potential lattice mediated
stabilization (Figure 3B). Upon repeating the docking with the neighbor
included, the docking score improved to —36.00, the RTCNN score to —
33.00, and the RMSD dropped dramatically to 0.54 A (Figure 3B). This
substantial improvement further demonstrates how crystallographic
neighbors affect computational modeling.
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Fig. 3 Influence of crystallographic neighbors on docking accuracy (PDB ID: 7MS7).
(4) Docking of the ligand into the crystallographic structure as deposited, showing
suboptimal alignment with the experimental pose.

(B) Examination of the electron density map reveals the presence of a crystallographic
neighbor interacting within the binding site, suggesting its potential influence on ligand
positioning.

(C) Redocking performed with the crystallographic neighbor demonstrates a nearly
perfect overlap with the experimental ligand conformation.

Conclusions

This study demonstrates that neglecting crystallographic neighbors in
X-ray structures can have a profound and often underestimated impact on
the accuracy of structure-based virtual screening. Through three
representative case studies, Schistosoma mansoni SmBRD3(2), human
TIM-3, and USP5 ZnF-UBD, showed that excluding neighboring molecules
during docking consistently led to substantial deviations in ligand pose
prediction and energy scoring. Inclusion of crystallographic neighbors, by
contrast, restored agreement with experimental data and dramatically
improved RMSD values, highlighting that even non-biological packing
interactions can alter the physicochemical landscape of a binding site.

These findings underscore that many protein—ligand complexes
deposited in the Protein Data Bank (PDB) contain symmetry related
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contacts that can distort the perceived accessibility or geometry of a binding
pocket. Consequently, automated docking workflows that ignore this
context risk producing misleading or irreproducible results. This issue has
direct implications not only for individual virtual screening projects.

By integrating awareness of crystallographic context and performing
targeted validation, researchers can improve both the reliability and
biological relevance of computational screening. As virtual screening
continues to expand through automation and machine learning, the
importance of structural correctness cannot be overstated.

To ensure robustness and reproducibility in structure based virtual
screening, the following best practices are recommended:

1. Inspect crystallographic neighbors using molecular visualization
tools (e.g., ICM-Pro, PyMOL, etc.) before initiating docking or
virtual screening.

2. Verify biological assemblies through the PDB’s BIOUNIT entries
to differentiate biologically relevant interfaces from crystal
packing artefacts.

3. Evaluate electron density maps (via Electron Density Server or
PDB-REDO) to confirm the integrity and completeness of the
ligand and nearby residues.

4. Avoid blind automation — manual validation of key structures
remains essential, especially when preparing benchmark datasets
or training data for Al-driven docking and scoring models.
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APTE®AKTBI, BBI3BBAHHBIE KPUCTAJIVIOTPAOUYECKUMHU
COCEJISIMM ITPU TOKHUHT'E. BAXXHOCTb BUOJIOTMYECKON
EJUHUIBI JISA OHEHKN TOYHOCTHU JOKHUHI'A

O.B. I'pabckuin
Hucmumym Qusuonoeuu um. JI.A.Opbenu HAH PA
AHHOTALUSA

HaznexxHocTh BUPTYalIbHOTO CKPUHUHIA, OCHOBAHHOI'O HA CTPYKTYPHBIX AaH-

HbIX, KPUTHYCCKH 3aBUCUT OT TOYHOCTU SKCHCPHUMCHTAJIbHBIX KOMIUICKCOB OeI0K—

murana. OJHaKo MHOTHE KpucTayuiorpadudeckue MoJenu, peacTaBieHHbie B banke

JIaHHBIX O0enKoBbIX CTPYKTYp (PDB), comepikar kpucramiorpapuieckue cocenu, Ko-

TOPBIC UCKAXKAIOT JIOKAJIbHYIO T€OMETPUIO CalTOB CBA3bIBaHUS. B manHoM pa60Te CHC-

TEMATHYCCKH OLICHHUBAJIOCH BJIIMSIHHC KpI/ICTaHHOFpa(bI/I‘IeCKI/IX coceJiell Ha TOYHOCTh

MOJICKYJISIPHOTO TOKHMHTA C MCIIONB30BaHKeM mporpammel Molsoft ICM-Pro. Bee mnu-
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TaHJbl JOKMPOBAIUCH, HAUMHAS C JBYMEPHBIX CIPYKTYp, 6€3 MpeaABapUTEebHON HH-
(opmanmu 0 KOHPOPMAUH, YTOOB! HIMHTHPOBATh PEATHCTUYHBIE YCIOBHS BUPTYallb-
HOTO CKpHWHHHTa. I Tpex penpe3eHTaTHUBHBIX CUCTeM — Schistosoma mansoni
SmBRD23(2), wenoseueckoro TIM-3 u USP5 ZnF-UBD — 65110 moxa3zano, 9To Kpuc-
TaJUIorpauyeckue cocelu MOTYT OKa3blBaTh 3HAUMTEIBHOE BIMSHHE. BriodeHue
KpHCTaIIOrpaMuECKUX COCEIeH MPUBEINO K PE3KOMY YIIYUIIEHHIO PE3YJIbTaTOB, CHU-
xennto RMSD Huke 2 A u cyliecTBeHHOMY MOBBIIIEHHIO OLIEHOK TOKMHTA. Pe3yiib-
TaThl TOJYEPKUBAIOT HEOOXOIMMOCTb TIIATEIHLHOTO aHATIHN3a KPHCTAIIOrpadUuecKuX
CTPYKTYp TIepel TOKHHTOM sl o0ecnedeH st KOPPEKTHOTO BBIOOpa OHOIOTHYecKOr
€AMHUIIBI, BOCIIPOM3BOAUMOCTHU, HAJEKHOCTU U OCMBICICHHON HMHTEpIIpEeTaluu pe-
3yJIbTAaTOB BBIYUCIUTEIBHOTO CKPUHUHTA.

KiroueBble ¢j10Ba: BUpTyanbHBIN CKPUHUHT, KPUCTAILIOrpaHIeCKUEe COCEAH,
MOJIEKYJISPHBIM JOKHHT, B3aUMOACHCTBUSI OEIOK—JIHTaH[, CTPYyKTYPHO-OPHEHTHPO-
BaHHBII OUCK JIEKapCTB.
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ABSTRACT

Selecting the appropriate crystallographic conformation of a target
protein is essential for reliable structure-based virtual screening. In this
study, conformational variability of the epidermal growth factor receptor
(EGFR) was investigated and how it influences docking accuracy of
Afatinib, a dual covalent inhibitor of EGFR, and HER2. Using five EGFR
crystal structures (4G5J, 4122, 3W33, 3POZ, and 5U8L), self- and cross-
docking analyses were performed in ICM-Pro to assess binding precision,
pose stability, and scoring performance. Self-docking of Afatinib into its
native complex (4G5J) reproduced the experimental pose with an RMSD
of 0.95 A, validating the protocol. Among alternative conformations,
4122 yielded the closest structural agreement, demonstrating an RMSD
of 1.02 A and superior docking scores, while other structures showed
substantial deviations in key active-site residues, resulting in distorted
poses and lower binding scores. These findings reveal that subtle
rearrangements of residues surrounding Cys797, Met793, and Lys745
critically affect ligand accommodation and covalent bond formation. The
results emphasize that protein conformational selection, particularly from
high-resolution structures - profoundly influences docking fidelity.
Incorporating multiple conformations through cross- docking enhances
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predictive robustness and better reflects the dynamic nature of protein—
ligand recognition in virtual screening workflows.

Keywords: EGFR, afatinib, covalent inhibitor, cross-docking, protein
conformation.

Introduction

The selection of an appropriate crystallographic structure of a protein
is a critical step in any structure-based virtual screening project. The
accuracy and predictive power of docking results strongly depend on the
conformational state of the protein model used. Proteins are inherently
dynamic and exist in an ensemble of conformations rather than in a single
static structure. This intrinsic conformational plasticity reflects their ability
to adopt multiple structural states in response to environmental conditions
or ligand binding, profoundly influencing ligand recognition and binding
affinity [1].

A single protein can display distinct conformations depending on the
nature of its bound molecules, such as small-molecule modulators, peptides,
cofactors, and other factors. Each binding event can stabilize a particular
structural state, altering the geometry and physicochemical properties of the
binding pocket. Consequently, the success of virtual screening is closely
tied to how accurately the selected protein structure represents the
biologically relevant conformation for ligand binding. Choosing an
inappropriate conformation may lead to the exclusion of potentially active
compounds or, conversely, to the prioritization of false positives [1].

This issue is particularly relevant for both non-covalent and covalent
ligand screening, where the spatial arrangement and flexibility of key
residues determine the feasibility of binding. In recent years, the importance
of considering protein flexibility, either through ensemble docking, cross-
docking, or molecular dynamic simulations-based approaches, has become
increasingly recognized. Among these, cross-docking provides a practical
means to evaluate the compatibility of ligands across multiple receptor
conformations, thereby identifying the most suitable structural models for
virtual screening.
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In this study, a systematic cross-docking analysis using Afatinib, a
dual covalent inhibitor of the epidermal growth factor receptor (EGFR) [2]
and human epidermal growth factor receptor 2 (HER2), was performed [3].
As a model system, the co-crystal structure of Afatinib bound to EGFR was
selected, along with four additional EGFR crystallographic structures
complexed with different ligands. This approach was used to assess how
variations in EGFR conformations influence docking accuracy and ligand
accommodation. By comparing docking results across multiple receptor
conformations, highlighting the impact of structural selection on virtual
screening outcomes and providing insights into best practices for receptor
preparation in structure-based drug discovery.

Materials and Methods

The crystallographic structure of the epidermal growth factor receptor
(EGFR) in complex with Afatinib was obtained from the Protein Data Bank
(PDB ID: 4GS5J) [4]. This structure represents the covalent complex
between Afatinib and EGFR, in which the acrylamide warhead of Afatinib
forms an irreversible covalent bond with the Cys797 residue located in the
ATP-binding pocket of the kinase domain. This interaction stabilizes the
inactive conformation of EGFR and serves as a reference for evaluating
ligand-receptor compatibility in subsequent docking studies.

To assess the influence of receptor conformation on docking
accuracy, four additional EGFR crystallographic structures bound to
different ligands were selected: 4122 [5], 3W33 [6], 3POZ [7], and S5USL
[8]. The selection criteria were based on (i) high structural resolution,
ensuring accurate representation of side-chain orientations and binding-site
geometry, and (ii) the inclusion of either covalent or non-covalent ligands,
providing a diverse set of conformational states. These structures
encompass multiple EGFR conformations, thereby enabling a comparative
analysis of ligand binding across distinct receptor conformations.

All computational procedures, including ligand preparation, docking,
and visualization, were performed using MolSoft ICM-Pro (version 3.9-4a;
Molsoft LLC, La Jolla, CA, USA) [9]. The receptor structures were
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preprocessed by removing water molecules and heteroatoms not directly
involved in ligand binding. Covalent docking was applied to model the
interaction between the Afatinib acrylamide group and the sulfur atom of
Cys797. Cross-docking experiments were then conducted by docking
Afatinib into the selected EGFR conformations to evaluate binding
consistency and conformational adaptability.

Visualization and post-docking analyses, including examination of
covalent bond geometry, and root-mean-square deviation (RMSD) values
between predicted and experimental poses, were also performed in ICM-
Pro.

Results

A docking analysis of Afatinib was performed using five
crystallographic structures of EGFR, one of which corresponds to the
experimentally co-crystallized complex (PDB ID: 4G5J). The docking
outcomes for all receptor conformations are summarized in Table 1.

As expected, the self-docking of Afatinib into its native crystal
structure (4G5J) reproduced the experimentally observed ligand pose with
high precision, yielding RMSD of 0.95 A between the predicted and co-
crystallized conformations (Figure 1). This result confirms that the docking
protocol and parameterization in ICM-Pro were well-suited for modeling
covalent binding interactions, accurately capturing the geometry of the
acrylamide-Cys797 linkage.

Figure 1. Conformation of co-crystallized and docked Afatinib.
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Among the cross-docking experiments, Afatinib displayed the best
agreement with the receptor conformation from PDB ID: 4122, achieving
an RMSD of 2.39 A. Notably, the binding-site residues of 4122 exhibit a
spatial arrangement highly similar to those of the 4GS5J structure,
particularly in the vicinity of Cys797, Met793, and Lys745. This structural
similarity likely accounts for the favorable docking score and pose
alignment obtained with 4122, which in some cases surpassed the score
observed in the self-docking experiment. These findings indicate that 4122
represents a receptor conformation well-suited for modeling Afatinib
binding and may serve as a viable alternative for structure-based virtual
screening of related inhibitors.

In contrast, the remaining three EGFR structures 3W33, 3POZ, and
SUSL demonstrated substantial conformational deviations in the residues
forming the Afatinib binding pocket. These deviations resulted in
significant distortions of the predicted poses and markedly lower docking
scores. The altered orientation of side chains within the hinge region and
the displacement of the catalytic loop residues appear to prevent the
formation of the characteristic hydrogen-bonding and covalent interactions
observed in the 4G5J complex.

Collectively, these results emphasize that the choice of
crystallographic conformation has a decisive impact on docking
performance, and that cross-docking analyses can effectively identify
receptor models most compatible with the ligand of interest.

Docking performance of Afatinib across different EGFR
crystallographic conformations. Summary of docking and cross-docking
results for Afatinib using five EGFR crystal structures. The co-crystal
structure (PDB ID: 4G5]J) served as the reference for self-docking, while
four additional structures (4122, 3W33, 3POZ, and 5U8SL) were used for
cross-docking experiments. “Ligand interacting atoms RMSD” represents
the deviation of key interacting residues relative to the 4G5J conformation,
while “Ligand RMSD” indicates the deviation of the predicted ligand pose
from the crystallographic reference. Docking performance is evaluated by
ICM-Pro Score, RTCNN score, and Average Score, with lower (more
negative) values indicating stronger predicted binding affinity and better
overall docking quality.
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Table 1.
Ligand

PDB ID Resolution Type. of intergacting Ililf\gfsng Score RTCNN | Average

A) docking atoms score Score
RMSD (A) @)

4GSJ 2.8 Self 0 0.95 -29 -30.72 -29.86
4122 1.71 Cross 2.39 1.02 |[-31.14| -44.11 -37.62
3w33 1.7 Cross 2.74 4.29 -9.12 | -38.03 -23.57
3POZ 1.5 Cross 2.56 437 |-14.21| -31.28 -22.75
SUSL 1.6 Cross 2.83 4.21 -8.72 | -23.24 -15.98

A comparative analysis of the co-crystallized Afatinib and its cross-
docked conformations reveals that the orientation of the 3-chloro-4-
fluoroanilino group is influenced by the conformation of residue M766
(Figure 2).

The amino acids R841 and D800 play a crucial role in stabilizing the
4-dimethylamino-trans-but-2-enamide tail of Afatinib, which contains the
Michael acceptor warhead responsible for forming a covalent bond with
C797. Their proper positioning ensures optimal alignment of the reactive
site and facilitates effective covalent inhibition of the EGFR kinase domain.

Furthermore, the conformation of the (S)-tetrahydrofuran-3-yloxy
group of Afatinib is largely influenced by the spatial orientation and
flexibility of residue K728. Variations in K728 orientation can lead to
significant differences in ligand fitting and overall docking accuracy across
EGFR conformations.

It was observed that the conformations of these key residues in the co-
crystallized Afatinib—-EGFR complex (PDB ID: 4G5J) closely resemble
those in the EGFR structure 4122, which likely explains why 4122 yielded
the most accurate docking pose and best scoring performance. This
structural similarity indicates that 4122 provides a biologically relevant
receptor conformation for reproducing experimentally observed binding
modes.
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Figure 2. Co-crystallized afatinib (PDB ID: 4G5J) and predicted afatinib conformations
docked to various crystallographic EGFR structures (4122, 3W33, 3POZ, 5USL). Amino
acid residues exhibiting conformational differences among the five EGFR crystal
structures are highlighted with circles.

In contrast, the corresponding residues in the other EGFR structures
(3W33, 3POZ, and 5U8L) exhibit pronounced conformational variability,
particularly in flexible loop regions surrounding the binding pocket. These
deviations disrupt optimal ligand orientation, leading to reduced scoring
accuracy and less reliable docking predictions across different EGFR
conformations.

Thus, the predicted ligand conformation strongly depends on the
conformational state of the amino acid residues surrounding the binding
site, emphasizing the importance of local structural context. Accurate
docking results require careful consideration of receptor flexibility and
selection of the most representative protein conformation for computational
modeling.
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Conclusions

This study highlights the critical importance of selecting an
appropriate crystallographic conformation of a target protein for structure-
based virtual screening. Using Afatinib, a dual covalent inhibitor of EGFR
and HER2, as a model compound, its docking performance was
systematically compared across five EGFR crystal structures. The results
clearly demonstrate that variations in receptor conformation strongly
influence the predicted binding pose, docking score, and overall quality of
ligand-receptor interactions.

The self-docking of Afatinib into its native complex (PDB ID: 4G5J)
reproduced the experimental pose with sub-angstrom accuracy (RMSD 0.95
A), validating the reliability of the docking protocol. Among the cross-
docking experiments, structure 4122 exhibited the closest alignment of
binding-site residues to the 4G5J conformation, resulting in the most
accurate and energetically favorable docking of Afatinib. Conversely, the
remaining structures (3W33, 3POZ, SU8L) displayed significant deviations
in the binding pocket, correlating with poorer docking scores and distorted
ligand poses. Here are the recommendations for conducting Virtual
Screening:

1. It is advisable to use protein conformations obtained from high-
resolution crystallographic structures, as they provide more
accurate atomic positions and reliable hydrogen-bonding
geometries.  High-resolution data minimizes coordinate
uncertainty, improves docking precision, and reduces false-
positive predictions by ensuring that the binding site is modeled
with maximal structural fidelity and minimal distortion.

2. For virtual screening, it is recommended to employ multiple
diverse conformations of the target protein simultaneously,
representing different biologically relevant states. This ensemble
docking strategy increases the likelithood of identifying true
binders, captures receptor flexibility, and improves hit diversity by
accounting for dynamic changes in the active site that may
influence ligand accommodation.
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3. When selecting crystallographic structures for docking, careful
attention should be paid to the specific ligand co-crystallized with
the protein. Ligands can induce local conformational changes that
significantly affect binding pocket geometry; therefore, choosing
structures complexed with chemically similar ligands enhances
predictive accuracy and biological relevance of virtual screening
outcomes.

Collectively, these findings confirm that protein conformational
plasticity plays a decisive role in determining docking outcomes. Even
subtle rearrangements within the ATP-binding site can markedly alter
ligand accommodation and scoring performance. Therefore, careful
structural selection or the use of ensemble and cross-docking strategies are
essential to improve the robustness and predictive power of virtual
screening workflows.
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BJIMSTHUE KOH®OPMAIIMOHHOI IMJIACTUYHOCTH EGFR HA
TOYHOCTb JOKUHT'A KOBAJIEHTHOTI'O JIEKAPCTBA EGFR:
YCOBEPHIEHCTBOBAHHBIN MOJIXO/

C.B. I'pabcka
Hucmumym Dusuonoeuu um. JI1.A.Opberu HAH PA
AHHOTALIUSA

Br16op moaxonsiel kpucTauiorpaguueckoi KoHpopMaliu Oenka uMeeT pe-
raromiee 3HaueHue ISl HaAEKHOCTH CTPYKTYPHO-OCHOBAHHOT'O BUPTYAIBHOTO CKPH-
HUHTa. B TaHHOM HCClIeIOBaHNHM M3ydaloch, Kak KOH(OPMAIOHHAS H3MEHUYUBOCTD
penentopa snuaepManbHoro gakrtopa pocra (EGFR) Bnusier Ha TOUHOCTh AOKWHTa
Adcarunn0a, nBoiiHoro KoBaseHtHoro uaruouropa EGFR n HER2. Hcnons3ys nsaTh
kpuctamnyeckux crpykryp EGFR (4G5J, 4122, 3W33, 3POZ u SUSL), Obu1 ipoBe-
JIEH aHaJIU3 caMo- M KpOcc-IOKHHIa ¢ nomolibio nporpamMmel ICM-Pro st onieHku
TOYHOCTHU CBSI3BIBAHUS, CTAOMIBHOCTH 103 M A(P(PEKTUBHOCTH OIICHOYHBIX (PYHKITHH.
Camo-nokuHT AdaTtnHnba B ero HaTHBHBIN KoMIuieke (4G5J) Bocripon3BEn akcmepu-
MeHTaIbHYyI0 103y ¢ RMSD 0,95 A, 4to moarBepauio koppeKTHOCTh mpoTokona. Cpe-
I aTIbTEPHATUBHBIX KOH(popMaluii cTpykTypa 4122 nokasana HanOobIIee CTPYKTYp-
HOE COOTBETCTBUE, NpoieMoHCcTprpoBaB RMSD 1,02 Awu JIy4IlIM€ 3HAYEHUS OLEHOY-
HBIX (D)YHKIMHA, TOT/Ia KaK JPYrHe CTPYKTYphl UMENH CYIIECTBEHHbIE OTKIOHEHHS B
KJIIOYEBBIX aMUHOKHCIIOTHBIX OCTaTKax aKTUBHOI'O LEHTPa, YTO MPUBOAMIO K HCKa-
KEHHBIM N103aM U CHHYKEHHIO OLIEHKHU CBSI3bIBAHUS. DTH Pe3yIbTaThl IOKA3bIBAIOT, UTO
HE3HAa4YMUTEJbHbIE OTKIOHEHUs aMUHOKUCIOT Cys797, Met793 u Lys745, kpuruuecku



92 Effect of EGFR conformational plasticity on the accuracy of covalent EGFR inhibitor...

BIUSIOT Ha KOH(opMaLuio Jiuranjaa u GopMUpOBaHHE KOBaJIEHTHOH cBs3u. [lomyuen-
HBIC TAHHBIE TIOUYEPKUBAIOT, UTO BEIOOP KOH(OpMAaIiK OeKka, 0COOSHHO MPU UCTIONb-
30BaHUU CTPYKTYP C BBICOKHM pa3pelicHueM, CYIIIECTBEHHO BIUSAET Ha TOYHOCTH JIO-
KHHTa. BKIIIOYeHHE HECKONBKHX KOH(pOpMAlHMid TPH KPOCC-JIOKWHTE IOBBIMIACT
MpeCKa3aTeIbHY0 HAAEKHOCTh U JIydlle OTPaKaeT JUHAMUYECKYIO TPUPOAY B3au-
MOJICHCTBHSI OEIOK—JTUTaH 1 B TIPOIeccaX BUPTYATbHOTO CKPUHUHTA.
KumoueBsie cioBa: EGFR, Adarnan0, koBaneHTHBIN HHTUOUTOP, KPOCC-10-

KHHT, KOH(popMarus Oernka.
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