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cnemianbHicTiIO 172 — TenekomyHikamii Ta paaioTexHika — YepHIBEIbKUMA
HalloHaIbHUI yHiBepcuTeT iMeH1 FOpis denpkouua, YepHnisii, 2026.

HNuceprtaniiina po0OoTa TPHUCBSIYEHA PO3POOJICHHIO TEIEKOMYHIKAIIHHUX
CUCTEeM JUIsl TIepeaBaHHs 300pakeHb y 3MEHIIEHOMY PO3Mipi 3 METOK 3HMKEHHS
HaBaHTAKEHHS HAa KaHAJH 3B’SI3KY, 0 OCOOJIUBO BAXJIMBO Y BUMAJKY 3aCTOCYBaHHS
ABTOHOMHHUX CHCTEM 13 HHM3BKHM CHEPTrOCHMOKMBAaHHSAM. Y TakKUX CHCTEMax Ha
nepenaBalibHii  CTOPOHI TIOYATKOBI 300pa)K€HHSA 3YUTYIOTBCS 3 BigeOKamep 1
MacHmTaOylOTbCd 7O 300pakeHb MEHIIOTO pO3Mipy, SIKI TEpeNaroThCcsl uepes
TeJEKOMYHIKaIliiH1 KaHamu. Ha mpuiiMarodiii CTOpOHI TeJIEeKOMYHIKAIIHOT CUCTEMU
300pakKeHHsI 3MEHIIIEHOTO PO3MIPY 3YUTYIOTHCS 1 MacIITaOyIOThCS J10 300pa’KeHb,
PO3Mip SKUX piBHUM a00 OUTBIIHMI PO3MIPY TTOUYATKOBHUX.

IIpoTe, B mporieci 3MEHIIEHHS Ta 30UIBIICHHS MaciiTady Ha 300pa)KeHHSIX
BUHHUKAIOTh XapaKTEepHI CIIOTBOPEHHS. ToMy po3poOKa TEIeKOMYHIKAIIMHOT CUCTEMH
3 IHTEJICKTYaJIbHUM IIJBUIICHHSAM PO3AUIHHOT 3IaTHOCTI € AKTYaJbHUM 3aBJAaHHSIM
3 HayKOBOi Ta MPaKTUYHOI TOYOK 30py. CIOTBOpEHHS MaciiTabOBaHUX 300paKe€Hb
3alpOTNIOHOBAHO 3MEHIIIYBAaTH 32 PAXyHOK aJalTHBHOTO Ta KOMOIHOBAaHOTO BHOOPY
QITOPUTMIB IHTEPTOJALI, a TaKoX HACTYIMHOI KOPEeKIlli 300pakeHb 3acobammu
3rOPTKOBUX HEWPOHHUX Mepex (3HM).

MeTtoro nuceprariiinoi podoTH € po3podOka amapaTHO-TIPOrpaMHUX 3ac00iB
IHTEJNEKTyalIbHOI TEJIIEKOMYHIKAIIHHOT CHUCTeMH, fKa 3a0e3leuye TepenaBaHHs
300paK€Hb 'y 3MEHIIEHOMY MacmiTadi, BIIHOBIEHHS MacmrTaly TepeIaHnx
300pakeHb METOJIaMH IHTEPIOJIALIl Ta 3ac00aMU 3rOPTKOBUX HEUPOHHUX MEPEXK 13
3aJaHUMH OOMEXEHHSIMH Ha BEJIUYMHY CIOTBOPEHb 300pa)Ke€Hb, MPOMYCKHY

3IaTHICTh KaHAJIIB CUCTEMH Ta 1 €HEPTOCIOKUBAHHS.
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JlocATHEHHSI METH Tiepe0adano BUKOHAHHS TaKUX 3aBAaHb!

1. IIpoBecTn aHaii3 Cy4yaCHUX TEJIEKOMYHIKALIIMHUX CUCTEM, SIKI IPHU3HAYEH1 IS
nepesaBaHHs 300pakeHb, Ta METOJIB MaciliTaOyBaHHS 300pa’ke€Hb, 30KpeMa,
AITOPUTMAMH IHTEPTOJIALIT Ta 3 BAKOPUCTAHHIM IITYYHUX HEHPOHHUX MEPEK.

2. Po3poOutu CTPYKTYpy TEIEKOMYHIKALIMHOI CHUCTEMHU, $IKa MpU3HAYEHA IS
nepeaBaHHs 300pakeHb Yy 3MEHIIEHOMY MacmTabl Ta 1HTEJIEKTYaJbHOIO
HiIBUIIEHHS PO3JUIBHOI 3/1aTHOCTI 300pakeHb aJrOpUTMaMHU IHTEPHONALIi Ta
3ac00aMM 3rOPTKOBUX HEHPOHHUX MEPEK.

3. Po3pobutn MeToAaMKy IS aHamidy TOYHOCTI Ta IIBUAKOMAI ajJrOpUTMIB
IHTEpNOAli 300pa’keHb, AKI 3aCTOCOBYIOThCS NPHU 3MEHIICHHI Ta 30UIbIICHHI
MacTady 300paxeHb y TeJIeKOMYHIKaliiHIi cucTeMi.

4. Po3poOuTu MaTeMaTW4Hy MOJENb, METOJUKY Ta KOMIT IOTEPHY MpOorpaMy IJis
3MEHIIIEHHS Ta 30UIbIICHHS MaciiTaly 300pakeHb METOJaMHU 1HTEPHOJSIii 3
ypaxyBaHHSIM CEPEAHBOrO0 IMPOCTOPOBOTO TeEpiofy 300paxkeHb, JOCITIAUTH
MO>KJTUBOCTI METOJIUKH MPU MACIITa0yBaHHI TECTOBUX 300pakeHb.

5. Po3pobutn MeTtoauKy Ta MporpaMHi 3aco0u i 3MEHIIEHHS CIOTBOPEHb Ha
300pakeHHsAX, fAKI MacmTaboBaHl aJIroOpuTMaMH IHTEPHOJIIIi, 3acobamMu
3TOPTKOBOI HEUPOHHOT MEPEXKI.

6. Po3poOutn CTpyKTYpHY Ta €JICKTPUYHY MPHUHITUIIOBY CXEMY TEJICKOMYHIKAIIHHOT
CUCTEeMH ISl TepeJaBaHHS 300pakeHb y 3MEHIIEHOMY MacmTabi 3
BUKOPHCTAaHHSAM pPaJIOMOJYIIB Ta IHTEICKTYyaIbHOTO ITIABUIICHHS PO3ALIBHOT
3/1aTHOCT1 300paXKeHb.

7. BukoHaTH amapaTHO-TIPOTpaMHY peati3allilo Ta JOCTIIKEHHS 1HTEIEKTyalbHO1
TEJICKOMYHIKAIIHHOT CUCTEMU JJIS TIepeJaBaHHs 300 paKEHb.

JUis TOCSTHEHHS METH 3aCTOCOBYBAJIMCS TaKl METOAU JAOCIIKEHHS: Teopis
YUCEIIbHUX METOMdIB, TEOpis aNrOpuUTMIB, METOAM IHTEPIOIi 300pa’keHb,
perpeciiHuil aHami3, JiHIIHHA perpecis, METOAH MITYYHOTO 1HTEIEKTY Ta MAIIMHHOTO
HaBUYaHHS, 3rOPTKOBI HEUpPOHH1 Mepexi. [[ns aHamizy Ta mepeBIpKH JOCTOBIPHOCTI
OTPUMAHUX TEOPETUYHHX TIOJIOKEHb IPOBEIACHO KOMII IOTEPHE MOJICIIOBAHHS,

eKCIEePUMEHTAIbHY NEPEBIPKY PYHKIIOHYBaHHS PO3pO0OJICHOT CUCTEMU.
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Y Berymi OOrpyHTOBaHO aKTyallbHICTh TEMHM JAMCEpPTaliiHOI poOOoTH,
chopMyThOBAaHO METY Ta 3aBIaHHS MPOBEACHUX JJOCTIIKECHb, OMHCAHO HAYKOBY
HOBU3HY Ta TPAKTHYHE 3HAYCHHS OJCP)KaHUX DPE3yJbTaTiB, MPEACTABICHO METOJH,
00’€KT 1 MpeAMET JOCHIIKEHb, BKa3aHO OCOOMCTHI BHECOK 3/100yBaya, a TaKOX
HaBEJICHO JIaHl 100 MyOIiKaIlii 3a TEeMOIO JUCepTallii.

Y  nepmiomy po3aiti  3A1iICHEHO — MPOBENCHO  aHAli3  Cy4YacHUX
TEICKOMYHIKAIlIMHUX  CHUCTEM JUIS  TIEpelaBaHHS 300pakeHb Ta  METOIB
MacimTaOyBaHHS 300paXK€Hb, PO3TIISHYTO MOMJIMBOCTI MacITaOyBaHHS 300paK€Hb
METOJIaMH IHTEPIOJAIIi Ta 3 BHUKOPUCTAHHSAM INTYYHUX HEHPOHHHX MEPEK.
OOrpyHTOBaHO  JOILUIBHICTh  TIEpelaBaHHS  300pakKeHb  4Yepe3  KaHalu
TEJICKOMYHIKAIlIHHOI CHUCTEMH Yy 3MEHIICHOMY MacmTabi 3 METOH 3MEHIICHHS
3aBaHTAXKCHOCTI TAaKWUX KaHaJiB 3B’s3Ky. [IpoaHasizoBaHO mepeBaru Ta HEIOIIKA
ICHYIOUHX aJITOPUTMIB IMIABUIIEHHS MaciTady 300pakeHb. 3p00JICHO BUCHOBOK TIPO
JOLIIBHICTh MacIiTa0yBaHHS 300pakeHb 3 BHUKOPUCTAHHS IITyYHUX HEHPOHHUX
MEpPEXK, a caMe 3rOPTKOBUX HEHPOHHUX MEPEXK.

Jpyruii  po3aisl  TPUCBSIYEHUH  OmMUCy  poO3poOJIeHOI  CTPYKTYypH
TEJICKOMYHIKAIlIMHOT CHUCTEMHM 3 I1HTEJNEKTyaJdbHUM TIABUINCHHSIM PO3JIUIBHOT
3MaTHOCTI 300pakeHb Ta 11 amapaTHO-TPOTpaMHOi peanizamii. 3a OyI0BOIO
TEJICKOMYHIKaIlIfHa CHUCTEMa CKJIQJA€ThCs 3 MIJICHCTEM Iepefadi Ta mpuiiomy. Y
miJicuCTeM1 Tiepeaadi MoyaTkoBi 300pakKeHHS 00’€KTIB 3UMTYIOTHCSA 3a JIOIIOMOTOIO
USB-Bineokamepu, mpuenHanoi no0 mikpokomm torepa Raspberry Pi. 3uuTyBanHs
KOJBOPOBUX 300pake€Hb 3 BiJleOKaMepU BUKOHYETHCS MporpamMoro Ha mMoBi Python,
sKa TaKOX BUKOHYE 3MEHIICHHs MacmiTady 300pakeHb. MacmraboBaHi 300 pakeHHS
MEepeIaroThCs Yepe3 TENEKOMYHIKAI[iiHI KaHad 3 BUKOPUCTAHHSM PaJliOMOIYIiB
nRF241.01 Nel Tta Ne2 nHa mepemarouiii Ta mpuiimarouid CTOpoHi BiamoBimHo. Ha
MpUIMaloUiidi CTOPOHI 300paKeHHS 3UUTYIOTHCS 3 pagioMoayiisi Ne2 3a H0MOMOTOIO
MikpokoHTposepa Funduino Uno, micis doro nepenaroThes B komn ' totep yepe3 USB
nopt. Po3po0sieHO eleKTpUYHY MPUHIIMIOBY CXEMY TEIEKOMYHIKAIIMHOI CUCTEMU
3aco0aMu  cepefoBUIa aBTOMAaTH30BaHOro rmnpoekTtyBaHHs «EasyEDA  Proy,

BUKOHAHO ii amapaTHO-MPOrpaMHy peaiizaiiio. Y MiJICUCTeMI Mepeayl Mo4aTKoBe
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300paxKeHHs MEePEeTBOPIOEThCS 3 KoJbopoBoi moneni RGB y monens YCrCb, micns
yoro macmrald 300paKeHHs 3MEHIIYEThCS AJITOPUTMOM OUTIHIMHOI abo OiKyOI14HOI
HTepnosAnli. ¥ miacucreMi NpuiioMy MacmTad 34YMTAHOTO 300pa)KE€HHS y MOJEl
YCrCb 30inblIyeThbCcsl aJITOPUTMOM IHTEPHOJIALII, a Ha 300pakeHH1 KaHaly
ACKpaBocTl AedeKkTn MacmTabyBaHHS KOpeKTyloTbca 3acobamu 3HM. Otpumane
300pakeHHS 31 30 UIbILIEHUM MacIITaboM NepeTBOPIoeThCS B MoAesb RGB.

Y TperboMy po3aiii po3poOSICHO METOAWKY JUIsl aHajidy TOYHOCTI Ta
MIBUAKO/11 aJITOPUTMIB IHTEPIIOJISIIT: HAHOIMKUIOT0 cycina, O1niHIHOT Ta O1KyO14yHOT
iHTepnomsnii, Jlanoma. TouHicTh MaciITaOyBaHHS OL[IHEHO Yepe3 KOPIHb CEPeHBOT
kBaaparnunoi momwiku (Root Mean Square Error — RMSE) mix 3HaueHHSIMHU
MIKCEJIIB TOYAaTKOBOTO Ta MacHITaboBaHOTO 300pakeHHs. Pe3ynbTaTu JOCHITKEHB
noKasajiu, M0 B OUIBIIOCTI BHIAJKIB HAaWMEHIIy MOMMIKY MaciuTa0yBaHHS
3abe3reuye anropuT™M OIKyOIYHOT 1HTEpHOJISIIi, KU HE3HAYHO IMOCTYIAEThCS 3a
IIBUKOIE€I0 AJITOPUTMaM HaOIMKYOTo cycifa Ta OUTIHIHHOT IHTePITOJIAILIi.

Po3pobneno matemaTH4Hy MOJENb METOJUKH PErpeciifHOro aHajizy JIaHHuX
JUISL pe3ysIbTaTiB MaciTabyBaHHS 300pakeHb aJrOpUTMaMH 1HTepIoJsiii. Bukonano
MacITadyBaHHS MHOXXHUHHM 300paX€Hb PI3HMX THIIIB, 30KpeMa, 300pakeHb CMYT
Kikyudi Ta X-npoMeHeBux 6ioMeTMYHUX 300pakeHb. OOpoOka 300pakeHb ToJsraia B
3MEHIIIEHHI Ta 30UIbIIeHHI MacmTady 300pakeHb aJropuTMamMu OuTiHIHHOT abo
0ikyO1uHO1 iHTeproIii. [IpoaHanizoBaHO BILIMB CEPEIHHOTO MPOCTOPOBOTO MEPIOTY
Tcr 300pakeHHST Ha TOMMWIKY MacliTa0yBaHHs. BCTaHOBIEHO, MO 3aJeKHICTH
MOMWIKH MaciiTadyBaHHS BiJl 3HA4Y€Hb NPOCTOPOBOTO MepioAy Tcr 300pakeHb
ONMMCYIOThCSI  PIBHSHHSAM  perpecii 'y BHUIJSAI  TOJIHOMY.  AJanTHUBHICTH
MacmTabyBaHHsS —peaji3oBaHO INUIAXOM Kiacudikamii 300paxeHbp Ta BHOOPY
ANTOPUTMY IHTEPIOJIAIIT 300paKEHHS 3aJIeKHO Bij] Horo mepioay Tcr. Becranosneno,
mo Juisi 3Ha4eHb Icr < 4.45 mikcenmi MeHITy MOXHOKYy 3a0e3medye OimiHiiHA
IHTEPIONAIisA, a B IHIIOMY BHUMAAKy — OikyOiuHa. Takok BCTaHOBJIEHO, IIIO
KOMOIHOBaHE 3MEHIIEHHs MaciiTaly OUTIHIMHOIO IHTEPHOJALIEID Ta 30UIbIICHHS
Macitaly OiKyOIl4YHOIO y OUIBIIOCTI BUNAJKIB 3a0e3leuye MEHIIYy MOMMIIKY, HIK

OKpEME 3aCTOCYBaHHS aIrOPUTMIB 01KyO14HOT Ta OUTIHIMHOT 1IHTEPHOJIALLi.
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YerBepTHii PoO3aiJ1 NPUCBIYEHO PO3POOJICHHIO MaTeMaTH4HOI MOJENl Ta
METOJMKHU KOPEKI[li MaciTaboBaHUX 300pakeHb 3ac00aMU 3rOPTKOBHX HEHPOHHHUX
Mepex. 30UTblIeHHS MaciiTaly 300pakeHHST BUKOHAHO METOJlaMH OUTIHIMHOI Ta
O0iKyO14HOI 1HTEpHOJALIi, MICAS YOro OTPUMaHe 300paKEHHsS KOPEKTYBaJIOCs
3acobamu HerponHoi mepexi SRCNN (Super-Resolution Convolutional Neural
Network). ITix yac rauOOKOro HaBYaHHS Ha BXOJU HEHPOHHOT MEPEKi MOAABAIIHCS
dbparmMeHTH 300pa)keHb MICIA IHTEPMHOJIAIi, a Ha BUXOJU TMOJAJKCS BIAMOBIAHI
¢parMeHTH TMOYaTKOBUX 300pakeHb. IIpw 3MeHIIEHHI MacmTaly MOYaTKOBOTO
300pakeHHA y 2 pa3d Ha MNpUAMaroyiil CTOPOHI OTPUMYEThCS 300pakeHHsA 0e3
3HAYHUX CTIIOTBOPEHB, a Yac Mepeadi Mpu I[bOMY 3MECHIITYETHCS TPUOJIU3HO B 4 pasu.

VY nporieci BUKOHaHHS pOOOTH OTPUMAHO TaKi HAYKOBi pe3yJbTaTH.

1. VYmepme po3pobiieHO MeTO] TepenaBaHHS 300pakeHb Y 3MEHIICHOMY
MaciTall 3aco0aMu TeJIEKOMYHIKAIIMHOT CUCTEMH 3a JOTMOMOTOK PaJIOMOJYIIB 13
Hecydor dactororo 2.4 T, skuil BIAPI3HIETHCSA Bl ICHYIOUHMX MacIITaOyBaHHSIM
300paxkeHb 13 aJanTUBHUM 1 KOMOIHOBAaHMM BHOOPOM aJITOPUTMIB IHTEPIIOJIAIII Ta
KOPEKI[I€}0 MacIiTabOBaHUX 300pak€Hb 3a JOMOMOTOI0  3TOPTKOBOT HEHPOHHOI
Mepexi, o 3abe3neuye 3MEHIIEHHS Yacy nepeaaBaHHs 300pakeHb MPU JOMYCTUMUX
3HAUEHHAX JJI X CIOTBOPEHb.

2. [Toganpmioro po3BUTKY OTpUMaia METOJAWKA ISl aHajdi3y TOYHOCTI Ta
MIBUIKO/IT MacmTabyBaHHS 300pa)ke€Hb 3a JOIMOMOTOI aJTOPUTMIB 1HTEPIOJISIIIT,
OCOOJIMBICTIO SIKOi € MiATBEPIHKCHHS TIMOTE3W MPO HOPMAJIBHUN PO3MOJLT 3HAYCHB
noxubkn MacmradyBanHss RMSE mis mocnmimpKyBaHHX anrOpUTMIB 1HTEPIOJISITIT
300pakeHb Ta OOYHMCIICHHS MEX JOBipyoro iHTepBamy mis 3HaueHb RMSE, mio
JI03BOJIUJIO BIOPSAKYBATH AITOPUTMH IHTEPHOJALII Yy TOPSAKY 30UTBIICHHS iX
MOXUOKH MacIITa0yBaHHS.

3. Bmepme po3po0ieHO METOAMKY [JIsi MacluTaOyBaHHS 300pakeHb,
OCOOJIMBICTIO SKOi € aJanTHBHUN BHOIp aJropuTMIB IHTEPIOJNAIl HAa OCHOBI
CEepPeIHhOTO IPOCTOPOBOTO TMEpioAy 300pakeHb, IO Ja€ 3MOTY 3MEHIIUTH
CIIOTBOPEHHSI 300pa’keHb MICJIS 3MEHIIECHHS Ta 30UIbIIEHHS iX Macmrady y

TEJIEKOMYHIKaIlIiHINA cUcTeMI.
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4. TlomanpIIOro pO3BUTKY OTpHUMajia METOJWKAa KOPEKIlii CIIOTBOPEHb Ha
300paXKeHHSAX 3a JIOTIOMOTOI0 3TOPTKOBOI HEWPOHHOI Mepexki 3 apXiTeKTYpOlo
HAJpPO3JUIbHOI 3JAaTHOCTI, KA BIAPI3HAEThCS Bl ICHYIOUMX KOMOIHOBaHUM
3aCTOCYBAHHAM AJITOPUTMIB THTEPIOJIALII MPU MaciiTabyBaHHI BXIIHUX 300pa’KeHb,
110 3a0e3rneuye BUCOKE 3HAUEHHS MIKOBOTO BIAHOLIEHHS CUTHAJ/IIYM JJIsl 300paKeHb
Ha BUXOJ1 TeJIEKOMYHIKAI[IITHOT CUCTEMHU.

IIpakTH4He 3HAYEHHSI POOOTH MOJIATAE€ B HACTYITHOMY:

1. Po3po6reni anapaTHO-TIpOrpaMHi 3aCO0M TEJIEKOMYHIKAI[IHHOT CUCTEMH MOXYTh
OyTH BHUKOPHCTAaHI [JIsl IHTEJIEKTYyaJlbHOTO MacliTa0yBaHHS 300pakeHb B
CHCTEMax BiJICOCTIOCTEPEIKECHHSI 3 HU3BKUM E€HEPrOCIIOKUBAaHHSM, HANPUKIAM, B
CUCTEMaxX TEXHIYHOTO Ta  E€KOJOTIYHOTO  MOHITOPUHTY, JAMCTAHIIIHHOTO
30HJyBaHHS Ta MOHITOPUHTY CTaHY CLIBCBKOTOCIIOJAPCHKUX KYJIBTYp, SIKi HE
noTpeOyIOTh BUCOKOT IIBUAKOCTI TIepeadl JaHUX.

2. Po3poOmeHi 3aco0M TEIEeKOMYHIKAIlIMHOT CHCTEMH MOXKYTh 3aCTOCOBYBAaTHCS B
reoinpopmarniitanx cuctemMax (['IC) s OUCTAHIIHHOTO ~ MOHITOPUHTY
HABKOJIMIIIHHOTO CEPeOBUIIA, aHAl3y JaHUX MPO CTaH POCIMHHOCTI, IPYHTIB Ta
IHIIMX OO0’€KTIB, y CHCTEMaX KOMII IOTEPHOTO TIarHOCTYBaHHSA, a TaKOX JUIs
nepeaavi 300paxkeHb MK IpUCTpossMH [HTepHeTy peueid. [TouaTkoBi 300pakeHHS
MOXKYTh 3unTyBaTucs 3 USB-Bineokamep abo 3 Bimeokamep cMapThOHiB.

3. Po3pobneni mporpaMHi 3acoO0M MOXYTh BHUKOPHUCTOBYBATHCS s IM(POBOI
0oOpoOKHM CIeliaJbHUX THUIIB 300paKeHb, 30KpeMa, 300paKeHb TEKCTOBUX
JIOKYMEHTIB, €JIeKTPOHHO-TU(PPAKIIHHAX Ta X-IPOMEHEBUX 300paKeHb, ISl TKUX
BOKJIMBUMU € MIHIMaJIbHI CIOTBOPEHHSA Y TIPOIECi MacIITaOyBaHHS.

KurouoBi caoBa: ananiz ganux, reoindopmariiiai cucremu (I'IC), rmmuboke
HaBYaHHS, JUCTAHIIMHE 30HAyBaHHS, 3rOpTKOBI HelpoHHI Mepexi (3HM), iHTepHeT
peueir (IoT), xmacudikamis (kmacudikamis 300pakeHb), MAIIMHHE HaBYaHHSA,
perpeciiHuil aHaii3, JiHIHA perpecis, CHCTEeMH KOMIT IOTEPHOTO IiarHOCTYBaHHS
(CAD), cmaptdon, MWITy4HUH I1HTENEKT, WMITy4H1 HeHpoHHi wmepexi (IIHM),

IHTEJIEKTyallbHa CUCTEMA.
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ABSTRACT

Yurii Hnatiuk. Intellectual increase of image resolution in telecommunication
systems. — Qualifying scientific work on the rights of a manuscript.

Dissertation for the degree of Doctor of Philosophy in specialty 172 —
Telecommunications and Radio Engineering — Yuriy Fedkovych Chernivtsi National
University, Chernivtsi, 2026.

The dissertation work is intended for the development of telecommunication
systems for transmitting images in a reduced size in order to reduce the load on
communication channels, which is especially important in the case of autonomous
systems with low power consumption. In such systems, on the transmitting side, the
original images are read from video cameras and scaled to smaller images that are
transmitted via telecommunication channels. On the receiving side of the
telecommunication system, the reduced images are read and scaled to images whose
size is equal to or larger than the original ones.

However, in the process of reducing and increasing the scale of the images,
characteristic distortions appear. Therefore, the development of a telecommunication
system with intelligent resolution enhancement is a relevant task from a scientific
and practical point of view. It is proposed to reduce the distortion of scaled images by
adaptive and combined selection of interpolation algorithms, as well as subsequent
Image correction using convolutional neural networks (CNN).

The purpose of the dissertation is to develop hardware and software tools for
an intelligent telecommunications system that provides image transmission on a
reduced scale, restoration of the scale of transmitted images using interpolation
methods and convolutional neural networks with specified restrictions on the amount
of image distortion, the bandwidth of the system channels, and its energy

consumption.
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Achieving the goal involved the following tasks:

1. To analyze modern telecommunication systems designed for image
transmission and image scaling methods, in particular, by interpolation algorithms
and using artificial neural networks.

2. To develop a telecommunications system structure designed for transmitting
images on a reduced scale and intelligently increasing image resolution using
interpolation algorithms and convolutional neural networks.

3. Develop a method for analyzing the accuracy and speed of image
interpolation algorithms used when reducing and increasing the scale of images in a
telecommunications system.

4. To develop a mathematical model, method and software tools for reducing
and increasing the scale of images using interpolation methods taking into account
the average spatial period of images, to investigate the capabilities of the proposed
image scaling method.

5. To develop a method and software tools to reduce distortions in images
scaled by interpolation algorithms using convolutional neural networks.

6. Develop a structural and electrical schematic diagram of a
telecommunications system for transmitting images on a reduced scale using radio
modules and intelligent image resolution enhancement.

7. Perform hardware and software implementation and research of an
intelligent telecommunications system for image transmission.

To achieve the goal, the following research methods were used: theory of
numerical methods, theory of algorithms, methods of image interpolation, regression
analysis, linear regression, artificial intelligence and machine learning methods,
convolutional neural networks. To analyze and verify the reliability of the obtained
theoretical provisions, computer modeling and experimental verification of the
functioning of the developed system were carried out.

The introduction substantiates the relevance of the topic of the dissertation,
formulates the goal and objectives of the research, describes the scientific novelty and

practical significance of the results obtained, presents the methods, object and subject
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of the research, indicates the personal contribution of the applicant, and also provides
data on publications on the topic of the dissertation.

The first section analyzes modern telecommunication systems for image
transmission and image scaling methods, considers the possibilities of image scaling
using interpolation methods and using artificial neural networks. The feasibility of
transmitting images through telecommunication system channels on a reduced scale
in order to reduce the load on such communication channels is substantiated. The
advantages and disadvantages of existing image scaling algorithms are analyzed. A
conclusion is drawn about the feasibility of image scaling using artificial neural
networks, namely convolutional neural networks.

The second section is devoted to the description of the developed structure of
the telecommunication system with intelligent image resolution enhancement and its
hardware and software implementation. The telecommunication system consists of
transmission and reception subsystems. In the transmission subsystem, the initial
images of objects are read using a USB video camera connected to the Raspberry Pi
microcomputer. Reading of color images from the video camera is performed by a
program in the Python language, which also performs image scaling. The scaled
images are transmitted via telecommunication channels using nRF24L01 radio
modules # 1 and # 2 on the transmitting and receiving sides, respectively. On the
receiving side, the images are read from radio module #2 using the Funduino Uno
microcontroller, after which they are transmitted to the computer via a USB port. An
electrical schematic diagram of the telecommunication system has been developed
using the EasyEDA Pro computer-aided design environment, and its hardware and
software implementation has been performed. In the transmission subsystem, the
original image is converted from the RGB color model to the YCrCb model, after
which the image scale is reduced by the bilinear or bicubic interpolation algorithm. In
the reception subsystem, the scale of the read image in the YCrCb model is increased
by the interpolation algorithm, and the scaling defects in the brightness channel
image are corrected by means of CNN. The resulting image with an increased scale is

converted to the RGB model.
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In the third section, a method has been developed for analyzing the accuracy
and speed of interpolation algorithms: nearest neighbor, bilinear and bicubic
interpolation, and Lanczos. The scaling accuracy is estimated through the Root Mean
Square Error (RMSE) between the pixel values of the original and scaled images. The
results of the research showed that in most cases the smallest scaling error is provided
by the bicubic interpolation algorithm, which is slightly inferior in speed to the
nearest neighbor and bilinear interpolation algorithms.

A mathematical model of the regression analysis method for the results of
Image scaling by interpolation algorithms was developed. A set of images of different
types was scaled, in particular, Kikuchi band images and X-ray biomedical images.
Image processing consisted of reducing and increasing the scale of images by bilinear
or bicubic interpolation algorithms. The influence of the average spatial period Tcr of
the image on the scaling error was analyzed. It was established that the dependence of
the scaling error on the values of the spatial period Tcr of the images is described by
a regression equation in the form of a polynomial. Scaling adaptability was
implemented by classifying images and choosing an image interpolation algorithm
depending on its Tcr period. It was established that for values Tcr < 4.45 pixels, a
smaller error is provided by bilinear interpolation, and otherwise by bicubic
interpolation. It has also been found that combined downscaling by bilinear
interpolation and upscaling by bicubic in most cases provides a smaller error than the
separate application of bicubic and bilinear interpolation algorithms.

The fourth section is devoted to the development of a mathematical model
and a method for correcting scaled images using convolutional neural networks. The
image was scaled using bilinear and bicubic interpolation methods, after which the
resulting image was corrected using a convolutional neural network with the SRCNN
(Super-Resolution Convolutional Neural Network) architecture. During deep
learning, fragments of images after interpolation were fed to the inputs of the neural
network, and the corresponding fragments of the original images were fed to the

outputs. When the scale of the original image is reduced by 2 times, an image without



11

significant distortions is obtained on the receiving side, and the transmission time is
reduced by approximately 4 times.

In the process of carrying out the work, the following scientific results were
obtained:

1. For the first time, a method for transmitting images on a reduced scale by
means of a telecommunication system using radio modules with a carrier frequency
of 2.4 GHz has been developed, which differs from existing ones by scaling images
with adaptive and combined selection of interpolation algorithms and correction of
scaled images using a convolutional neural network, which ensures a reduction in
Image transmission time at acceptable values for their distortions.

2. Further development was made for a method for analyzing the accuracy and
speed of image scaling using interpolation algorithms, the feature of which is the
confirmation of the hypothesis of a normal distribution of RMSE scaling error values
for the studied image interpolation algorithms and the calculation of confidence
interval limits for RMSE values, which allowed the interpolation algorithms to be
arranged in order of increasing scaling error.

3. For the first time, a method for scaling images has been developed, the
feature of which is the adaptive selection of interpolation algorithms based on the
average spatial period of images, which makes it possible to reduce image distortion
after reducing and increasing their scale in the telecommunications system.

4. The method of correcting distortions in images using a convolutional neural
network with a super-resolution architecture has been further developed, which
differs from existing ones by the combined use of interpolation algorithms when
scaling input images, which provides a high peak signal-to-noise ratio for images at
the output of the telecommunications system.

The practical significance of the work is as follows:

1. The developed hardware and software of the telecommunication system can
be used for intelligent image scaling in video surveillance systems with low power

consumption, for example, in systems of technical and environmental monitoring,
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remote sensing and monitoring of the condition of agricultural crops, which do not
require high data transfer rates.

2. The developed telecommunication system tools can be used in geographic
information systems (GIS) for remote monitoring of the environment, data analysis
on the state of vegetation, soils and other objects, in computer-aided diagnosis
systems, as well as for image transmission between Internet of Things devices. The
initial images can be read from USB video cameras or from smartphone video
cameras.

3. The developed software can be used for digital processing of special types of
Images, in particular, images of text documents, electron diffraction and X-ray
images, for which minimal distortions during the scaling process are important.

Key words: data analysis, geographic information systems (GIS), deep
learning, remote sensing, convolutional neural networks (CNN), internet of things
(IoT), classification (image classification), machine learning, regression analysis,
linear regression, computer-aided diagnosis (CAD) system, smartphone, artificial

intelligence, artificial neural networks (ANN), intelligent system.
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