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lqrcina Onerccanapa An4pifi oer.ra
<3acrocyBaHHfl nefiponrepexeBoro MoAeJrrcBaHHfl A.rq 4iarHocrr,rKr{ eui.ueucii:a

prrrMaMu eJreKTpoeHqeQ a.uorpaM)>

rroAaHy ua sgo6yrrfl cryneHf, AoKropa @ilocoQii
y ralysi 3HaHb 11 Marevrarr4Kara crarucrr4Ka
si cueqiamuocri 113 llpurnail:aa MareMaruKa

,{ucepraqifina po6ora InrciHa OnercanApa Augpiiror,wrta rpucB.rrrrena AocniAxeHHro
npo6nelau [porHo3yBaHHfl Ta Br4flBJrennx euinencii ua eneKTpoenqe$a-norpavri roJroBHoro

Mo3Ky 3a AorloMororc HoBoro incrpyuenrapiro, uos's3auoro 3 Br4Kopr4craHHrrM cucreM
Hefiponnux seuqafiHrax 4uQepeHrlianruux pienxnr ra nefipoMepexeBzM MoAenroBaHH.rrM.

B replxoMy posgiri Arrceprarlifinoi po6oru po3rn-,rHyro upeAMerHy o6nacrs

AocniAxenns ra upoanari3oBaHo ocnonni Hanp.rrMr{ uouepe4nix HayKoBr4x rrpaub,

rpl{cBf,rleHl4x MoAeJrroBaHHro fi o6po6ui ererrpoenqeSanorpa$iunrax crlrHaJrin 4nx 3aAaq

4iarnocrurcu euineucii. OcnonHy yBary 3ocepeAxeHo Ha cf{acHr4x uiAxoAax Ao
MoAenIoBaHHf, EEf-crarna:rin, MeroAax MareMaruqHoro olr4cy nefiponnoi axrunnocri,
gaco6ax nouepe4nroi o6po6ru ra auanisy caruarin, a raKox Ha sacrocyeanui
uefiponaepexeBLrx apxirerryp Anfl rrporHo3yBaHH, ra KJracz$iraqii eninenrzqHt4x craHis.

Poslir Sopnaye reoperutlHy ocHoBy AocriAxenns ra o6rpynronye nu6ip uero.4in,

Br4KOpr4CTaHr.rX y noAilnbrrrr4x qacTr4Hax p o6 oru.
B 4pyroMy po3Ai.rri 4racepraqifinoi po6orz aBrop Aeranbno 4ocri4xy€ MeroAr4

auanisy ra rporHo3yBaHH.a eneKrpoenqeSarorpaQiunux czrnaris y sa4aui 4ianrocrnru
euinencii Ha ocHoBi peansuux AaHr4x uaqienrin. Baxrunoro repeBaroro pos4iny e fioro
TIpI,IKJIaAHa crlpsMonanicrr, ocrinrrcu B HboMy He Jrr4rrre po3rng.{ar)Tbc.[ reoperzvni
uiAxoAIa Ao ananisy EEf, a fi Aeuoscrpyerbcs ik uuropucrauH.rr 4nx o6po6ru rniniqHr4x

AaHLIx. Ha no.Iarxy pos4iny HaBeAeHo orruc ra o6po6Ky eKcrrepr{MeHTaJrbHrax ,uaHrrx,

BlIKoHaHo uorepe4nifi aHaris qacoBr,rx px4in EEf Ta 3acrocoBaHo eJreMeHTr.r



cneKTpa.nbHofo aH€url3y, 3oKpeMa AocnlAxeHH_rr cneKTpa rroTyxHocTl, rqo Ao3Bon[e

Br4flBprrur xapaKTepui qacrorni oco6ilrsocri curnanis i ecraHoBrTpr ik aiarnocrr.rrrHy
suauyuicrb An-fl Brr.rrB JreHH.s euireuru.rH oi arrunnocri.

Cyrreee nricqe y pos4ini uoci4ae uopinnxnHf, MareMarrqnurx ruoAenefi 4ranauixu, sa

AonoMororo .f,Krrx MoAenroerbcfl rroBe4inrca EEf-cnrHany. Anrop He o6rraeNyerbc.rl JILIlre

orrucoM siAolaux nigxo4in, a noKa3ye ix sAarnicrr ni4moproBaru cKJraAny neninifiny
crpyKrypy 6ioue4r{rrHoro crrrH€rJry. 3orpeua, y posgiri posrnruryro Mo.{enb @iIl'lo-
Haryuo, 3arrucaHy y nurnx4i Qopuynu (2.1), f,Ka e o4niero s 6a3osux uoAenefi

s6y4nurux clrcreM i 4osnonxe onLrcyBarz 4unauiry nefiponnoi axrznnocri. Tarox
HaBeAeHo cr4creMy Jlopenqa y $opvri (2.2), flKa BuKopr4croByerbc, flK r<racil.rHlafi

rrprrKJraA neninifinoi Aranavri.rrroi cucreMrl 3 xaorr.rqHoro uone4inroro. BaxnrlBHM e re, rqo

aBrop He Jrr{rre anarisye qi rrao4eni oKpeMo, a fi npononye ix roeIHaHHfl y Br4rnflli uoleni
(2.3), BnKopr4croByloqra raKy rou6inaqiro Anfl MoAenloBaHHs EEf-cNrna-rrie ra
ni4reopennr xapaKrepHl4x pexuvrir ix sNIiHz y .raci. Taxrafi niaxia csiA.rxm rpo
nparHeHHfl aBropa BpaxyBarr{ cKJraAHy rpr4poAy eneKrpzquoi aKTr,rBHocri rraosry, flKa

rroeAHye o3HaKrl ueninifiuocri, croxacrrrrrHocri ra xaoru.rHoi uoreAinr<u.

Orcpervry yBary B ApyroMy pos4ini upn4ineno nefiponaepexeBoMy nporHo3yBaHHro

EEf-curnanis. ,,{nx qroro aBToporvr uo6yAoBaHo LSTM-uo.{eJr6, f,Ka BrrKoprrcroByerbc,

Anfl ana-nisy qacoBlrx sanexHocrefi y czrnani Ta rrporHo3yBaHHfl fioro uoAammoi
uoeeAiHrIa. IIpu IIEoMy ei4sna.raerbc.f,, rrlo B nroAeni 3acrocoBano riuep6oni.rHrafi TaHreHc

rr (pyurqiro arrznaqii, a raKox BBeIeHo raycincrrrafi ruyrra i cunycoi4rruir iloplaHoK, rqo

Ao3Bonf,e Kparue BpaxoByBatv flK Br{rraAKoBi xonusaHHfl, TaK i uepio4u.rHi roN{uoHeHTr4

4ocni4xyBaHoro cr4rHrury. Tara nro4z$ir<aqix LSTM-uoaeri e o6qpynroBaHorc B

KoHreKcri 4ocni4xeHHff EEf, ocrinsru peanrni eneKrpoenqeSarorpaQiuni c?ttlaaJru e

cKJIaAHIaMI4, HeperynrpHrrMr4 Ta BoAHoqac uicrsrs oxpevri purlriuui crcnaAosi.

IlosnrueHoro prcoro pos4iny e re, rqo aBrop He o6ruexyerbcfl Jrr{rue 6asosorc

apxirerryporo LSTM, a po3rJrflplae raKox ii cyuacni inrepnperaqii ra po3rrrupeHH.,r,

3oKpeMa TPA-LSTM, LSTNet ra DARNN. Y po6ori uorcasaHo oco6nhsocri rIHx

rrao,4enefi, ix ei4uinnocri Ta MoxJrrasocri 3acrocyBaHHfl Anfl anarisy i nporno3yBaHH.rr

qacoBr{x px4in EEf. {e icrouro ui4cr,rnro€ HayKoBy qinuicrr pos4iny, ocrinsru AosBonfle

uopinnxru ruacIE.IHi ra 6inrm cy.racni uefiponaepexeei ui4xo4lr Io po6oru 3

6ararosurvripnzvru qacoBuMu Eauvrur4ra oqinurra Aorlinrnicm ix Br4KoprrcranHfl B 3aAaqax

nae4raunoi Aiarnocrzru.
BaNnueuM HayKoBr4M pe3ynbraroM Apyroro pos4iny e raKox pospo6ra aBropoM

eracHoi MareMarr,rqnoi uo4eni y Br4rnflAi czcreiuu ssu'tafanux 4raSepenqianrnux pinnrHr,
uoAanoi Sopuynoro (2.5). flo4amme po3ropraHHfl qiei ruo4eni y azrnsAi cninsiAnomenr
(2.6) ceiA.rrm rpo AeriurbHe ouparlrcBaHHf, ii crpyKrypr4 ra HaMaraHH.rr aBropa

uo6y4ynaru 6imru rnymrafi incrpyueHr Anfl orr4cy Aunauiru EEf-curnanis. Orpeuo
cril silsmaqvrrt4, rrlo y posaini orrr{caHo ilrropurM Br.r3HarreHHfl rrapaMerpin qiei vrogeni,
qo Ma€ BaxJIlIBe 3HaqeHHs lnfl ii [paKTr4qHoro Br4Kopr.rcraulufl. Carrre naseHicrr
aJrropktrMi.rHoro ar'aputy HulnarrrryBaHHfl napanaerpie Aae 3Mory uepefiru sia cyro



TeOpeTИЧHO「0 0ⅡИCy ДO peaЛЬHOF0 1Ⅶ OД eЛ10BaHHЯ Ta aД anTaЦ ll CИ CTelMИ ДO KOHKpeTHИX

AaHUX [arIl€HTlB.

Oco6nusoi ynarn 3acnyroBy€ 3arrporoHoBaHe aBropoM rro€AHaHHx uo6yAoranoi
cI4creMI4 sela.IafiHzx 4raSepenqianrnux pinnxnr is LSTM-MoAennrc. Tarzfi ui4xi4 e

MeroAI4qHo qinnuu, ocrirsrl4 [oeAHye flepeBarlr ABox pisnux nanprrrain: 3 olHoro 6or<y,

4Ia$epenqia-uuri pienxnux Ao3Bonflrorb orrr4caru rnyrpiruHro ArrHauiry rpoqecy ra fioro
neninifiny rplrpoAy, a s iuruoro - LSTM-naepexa sa6esueqye eSercu4BHe BpaxyBaHHfl
qacoBllx sanexnocrefi, [pr{xoBaHr4x saroHoNaipnocrefi i napiarusHocri cr{rHaJry. y
pe3ynbrari $opvryerbc.fl KoMrrJreKcHa MoAeJrE, 3AarHa He Jrrarrre olprcyBarrr, ane i4

rlporHo3yBarl,a uone4inry EEf-curnarin, uo e na4suauafino BaxJrr.rBrlM y 3aAaqax

paHHboro BI4IIBJIeHH, rlaroJlori.rHoi aKTr4BHocri, uon'x3anoi s euinenciero.

Tarzin qI{HoM, apyrrzfi pos4in Ar4ceprarlifinoi po6orra e :vricronuuu, loriqno
no6y4oeanzu i 4o6pe apryMeHroBaHrrM. Y nrouy BAzrJro rroeAHaHo ananis peanbHr,rx

r.nini.IHlax AaHI4x, cnercrpa-nrni MeroArr 4ocni4xennr, uopirnxnnx niAorr,rttx

MareMarIrqHI,Ix uo4enefi, no6y4osy ra aHanis cyqacHHx nefipovrepexeBux apxirercryp, a

raKox poapo6rcy sracHoi MareMarrd.rHoi ruo4eni y BrarJUrAi cucreuu pienxnr (2.5)-(2.6) s

rloAiulblxuu if ro€AHaHruru i: LSTM. I{e 4osnoJr.,re spo6zrn Br.rcHoBoK, rrlo po3Ain uae ue

JII4IITe reoperl4qHe, a fi earoN{e [paKTlrrrHe 3HaqeHHfl p.na crBopeHHa eQerrraBHr4x saco6in

Aiarnocruru eninencii sa pHrMaMr4 eneKTpoenqetpanorpawr.

B rperuoMy po3ai.rri ruacepraqifiuoi po6orLr aBropoM po3rnflHyro uo6y4ony ra
Teoperl{tlHe o6rpynryBaHHs MareMarr{.rHoi rvro4eni Anfl ananisy it MoAen}oBaHH.fl

eneKTpoenqe$arorpa(piuurax curnanie Ha ocHoBi nefipolrepexeBoro uiAxoAy ra cLrcreM

ssuqafiHlax 4Ia@epenqiamnux pinnxnr. Bi4npannoro roqKoro AocniAxenn{ e orrr4c

3iLJII{IIrKoBoi nefiponnoi uepeNi ResNet y Br{rn.rrAi pinnxnu-r (3.1). Baxnuno, Iqo aBrop He

o6rraexyerbcfl AkIcKperHoro rrocraHoBKoro MoAeri, a s4ificnroe ii no4anrue y3arzurbHeHH.rr,

repexoAflqx Ao HerrepepBHoro orrucy. Tarcufi uiaxia Ao3Bonfle po3rn.f,Aaru enolroqiro
crlrHilrly EEf y surrsAi AznaN4i.rHoro rrpoqecy, uo e qinrovr rpr{poAHrrM rnr 3aAaq

ananisy 6iouegnuHLrx qacoeux px4in.

Y posAini uorasano, Uo Ha ocHoBi nne4enzx neperBopeHb ResNet-nroAenb Moxte

6yru rIoAaHa y Bl{rnflAi clrcrelru gr;uqaffirux 4z$epenqialrnux pinnxnr. 3orpevra, uiclr
BBeAeHHfl ni4uoni4ru{x BeKropHr,rx OyHxrlifi (3.3) ra cuieniAHorxeHHt Q.$ orpr{MaHo

AlacKperHo-Herepepnnufi nepexi4 4o pinn*rux (3.5), xrce 4ani y3ar€urbHroerbcfl y $opui
(3.6). IIpu IIboMy aBrop uocni4onno AeMoHcrpye lorircy repexoAy sia 4racrcperuoi
apxirerrypra nefiponnoi uepexi 4o ueuepepnnoi cr4creMr,r, qo e BaxJrr4Boro MeroAr4qHor)

uepeBarorc po6oru. Tarczfi uilxiA Ao3Bonfle BLrKoprrcroByBarr4 anapar reopii
gra$epenqianrsux pinnrur Anfl AocniAxenus BJracrr4Bocrefi nefipoMepexeBr{x uo4enefi
ra ix rpr,rAarHocri Ao orlrcy crcnaAnoi Aunauircu EEf-curnanin.

Cyr:reeoro qacrl4uorc pos4iry e ananis KopeKrHocri no6y4onanoi cucreMrr. Anrop
o6rpynroBaHo 3Beprae yBary Ha re, rrlo B cucreui (3.6) 3HaMeHHrrK Moxe :aafynaru
HynboBrlx 3HaqeHb, yuacri4oK qoro MoAenb uorpe6ye AoAarKoBoi vro4nsiraqii. [na
ycyHeHHfl Ilboro ne4oriry BlrKopr4craHo roroxHe rreperBopeHHfl (3.7) Ta BBeIeHo



rlapaMerp perynrpla3allii y cninni4nourenni (3.8). Y pesynrrari orpuMaHo rvro4u@ircoBaHy

cl4creMy (3.9), fl:rra Bxe uos6anreHa erca3aHoi HeKopeKTsocri Ta Moxe
BuKopucroByBarl{cfl. flK MareMarr{uno o6lpyHToBaHa MoAenb AJrf, [oAanbrrroro ananisy.
Canae qt cl4creMa e oAHI{M is rcrro.roBr,rx pe3ynrraris pos4iny, ocrinrru BoHa:a6esueuye
6inrur crifircufi Ta KopeKrrruir onuc nerinifinoi Aranauircr,r 4ocnigxyBaHrlx cnuranis.

Haqani crlcreMa (3.9) rloAaerbcfly Bkrt.rfl.Ai (3.10) rrc crrcreMa NSODE, u1o Ao3Boue
inrepuperyButu uo6y4oraHy MoAenb y Mexax cyqacHoro ui4xogy nefiponnux gsu.rafiHux

4IE$epenqia-nrnux pieurur. Tara rocraHoBKa e oco6nuso qinnoro, ocrinmu iloeAHye

ruacu.{Hi i4ei 4ranaMi.rHlax clacreM is cyracur4Mr4 MerolaMr4 rnu6ororo HaBqaHn-s. Y
KoHTeKcri saAa.ri Aianrocrurz euireucii ue ei4rpznae MoxJrr{Bicrr 6y4yBurv ruoAeni, sri
He JrLIrre arpoKcl{My}orb .racosi pxtru EEf, a it epaxoByrorb ix nnyrpimnrc neninifiny
crpyKrypy ra oco6rusocri esorroqii e .raci.

IlosurueHorc pvcoro rperboro pos4iJry € Te, rqo aBTop He o6nrexyerbcfl Jrlrlre
uo6yAonoro irao4eli, a rloAae raKox ueperir reopeM is 4one4eHHrrMr4, crrprMoBaHuMvr Ha

o6lpynryBaHH.f, KopeKrHocri eu6panoi czcreMr{ ra if upzcrocoBaHocri 4o vro4eJrroBaHH.rr

eneKrpoenqe0a.uorpaSiunux curnanis. Taxuit niaxil criA.rrarr rpo H€urexnufi pineur
MareMarn.rHoi crpol-ocri 4ocni4xeHHfl. HassHicrs reoperr4qHoro o6rpynryBaHH.rr

Ao3Bon.fle BBaxarI,I, qo 3arlponoHoBaHa cr4creMa He e JIr4Irre eBpkrcrr4qHoro KoHcrpyKqiero,
a Mae AocrarHro MareMarl4uuy 6a:y Anf, 3acrocyBaHH.fl B 3aAaqax ana-nisy cKJraAHux

6iorrae4uuHr4x cvrHanie.

Oco6nzso\ yearu 3acnyroBye pospo6renrafi y pos4ini aJrropr4rM rroruyKy
otITLIMiuIbnoi lcinrrocri uaparraerpin rvro4e:ri ra ix rrucJroBrax 3HaqeHb. lnx qroro aBTop

BI4KopI4croBye xorrannexurufi ui4xi4, ruo roeAHye perypeururafi ana-nis, $ynrcqii
rIoMuJIoK, SVD-po3KnaAaHHfl ra AocniAxeuns vrarpuqi -frco6i. Tar<e roeAHaHHx iraero4in e

qinrcou BI{npaBAaHI4M, ocr<imrz Aae 3Mory, 3 oAHoro 6ory, oqinurn nnyrpirunro
reovrerpirc ra crpyKTypy qacoBux px4ia EEf, a s iHruo sa6esueqr{rrr HanexHy
igenru$ixaqiro napaMerpie N{oAeri ra KoHTponr if qyrnLrBocri Ao sN{iHu cranie c}rcreMrr.
Bur<opzcraHH.,I SVD-posKrraAaHHff ctrpvtfle ananisy crpyKrypr,r AaHr4x i sMeHrueHHro

HaAJI?IIIrKonocri, a 3acrocyBaHHrl -fLco6iana Ao3Bonfle orliuuru noranrsi uacrranocri
Aranauirn cr4creMlr ra cra6inrnicrr uo6y4onauoi r,loAeni.

BaxnkrslaNa AocflrHeHHf,M pos4iny e raKox ro, rrro aBTop fioAae [oBHy cxeMy
onruMisauii ra Sopuanisye ii y BrrrrrflAi anropurMy 1. I]e icrouro ni4nuu{ye rpaKrktqHy
qinnicu po6orz, ocrinrrz 3arrporroHosaHr.,rfi uiaxia crae nigrBoproBaHravr i upzAarHlrM

Anf, no.{iulrruoi peanisaqii e o6qucJtoBiurbHrrx eKcrrepr4MeHTax. @arrruHo, y rperboMy
posairi s4ificneno uepexi4 ni4 rconqerryarrbHoro orucy vro4eni Ao crBopeHH.rr qinicnoi
rporleAypn 1r na;raruryBaHHfl Ta 3acrocyBaHHf, Ao pearrbHzx EEf-laHlx.

Taruu qLIHoM, y rperbouy pos4i.ni anropou uocni4oBHo s4ificneno nepexiA BiA

3aJII4IrrKoBoi uefiponnoi iraepexi ResNet, saAaHoi pinuxnnxM (3.1), Ao cvcreMr4 serasafiHr,rx

4z@epenqianrnux pieum (3.9) ra ii uo4aHH.rr y Qoprvri NSODE y cuiesi4nouenni (3.10).
Baxnuso, ulo qefi uepexi4 cylpoBoAxyerbcfl He Jrr{rue MareMarrrqHr4Mlr [eperBopeHHflMu
(3.3)-(3.8), a fi HILIIexHLIM reoperprqHr.rM o6qpynryBaHHf,M, a raKox uo6y4onoro



iulropl4rMy orrrnMi3aqii napauerpin rvro4eni. Yce qe cniguum rpo sucoKrfi piaenr
olpaIIIoBaHHfl nrarepiary, :roriuny 3aBeprlenicrr pos4iny ra fioro BaroMe 3HaqeHHr .4r.fl

pose'xsanHf, 3aAaqi l,roAenroBaHHfl fi ananisy EEf-curnanin y KoHTeKcri 4iarnocrrrKr{
euireucii.

Tpe6a ni4snauurl4, IIIo nci orpuvrani s po6ori pe3yJrbraru e HoBrrMu. Bouu Moxyrb
ruaitru cBoe sacrocyBaHH-f, ne rinrrra n upo6reui [porHo3yBaHHf, euineucii, ale i n

6ararrox inruzx upo6neuax (naupurnaA, MoAeJrroBaHHfl xnopo6 Mo3Ky nro4ranu a6o

npoqecin po3MHoxeHH, 6ionori.rHrrx ronynxqifi), Ae ananis ra AocliAxeHHf, qacoBrlx

px4ir e nepmoqeproBl{M 3aBAaHHf,M. Ionosui pesynrrutu Ar4ceprarlifiuoi po6orra 6ytu
ouy6nircoeaHi y $axoaovry MareMarr{qHoMy Nypnani (JOURNAL OF OPTIMIZATION,
DIFFERENTIAL EQUATIONS AND THEIR APPLICATIONS). Pesynrrarz po6orn

AouosiAanLrcb Ha cenaiTrapax i nonSepenqiqx. ,.{racepraqix oSoprraJreHa y ni4uoniAnocri Ao
BI4Mor, xrci nucyaarorbc.,I 4o po6ir na s4o6yrrx cryreH.,r AoKropa $inoco@ii. Ilopyuleus
ara4enaiunoi 4o6poqecnocri y Aucepraqii ra HayKoBprx nparlf,x O.A. Inxina fl He B:zrrBkrB.

Pa^soru 3 rLrM no Ar4cepraqii e Aeqri 3ayBaxeHHrr.
1. flpu pospo6qi nefiponaepexeBr{x naoAenefi oAHoro a6o inuroro rpoqecy

BaroMy ponb ni4irpae urnu4ricru HanarxryBaHH-,r (a6o rpenyeannr)
nro4elefi. y csoifi po6ori aBrop niAe He npoBoArrrb AocniAxenns
urnz4tcocri HarIaIIrryBaHH.fl uoAelefi s pisuzvru aruanaqifiHlrMr{

Syurqixvrv p.tfl oAuoro i roro x 4uuauirrHoro npoqecy.

2. flx ni4ouo, upu no6y4oni 6yas-sroi uo4eni, aAeKBarHicm rrao4eni i
rpoqecy cyrreBo 3iurex?rrb eia posuipnocri rpocropy BKJraAeHH.f,.

e4une, flpo u1o 3raAye aBTop, TaK rle re, rqo qx posrr,ripnicru 3aAoBoJrbHf,e

yMoBaM TeopeMI4 Tarenca. Ane rIf, TeopeMa Aae 3HaqeHHfl ruaxnroi
rpanuqi posrraipnocri i Hi.roro He roBopr{rb rrpo peanbHy posvripuicrs
rpocTopy BKJTaAeHHfl Lnfl AaHofo rpoqecy.

floupr,r 3a3HaqeHi :ayeaxeHHfl, fl. BBaxaro, uo 4ncepraqia Mae sucorc[fi
uayronufi pirenr i sacnyroBye Ha BucoKy oqinr<y, a fi anrop, Inrin O.A., 3acnyroBye

Ha npr4cyAxeHHf, fiovry HayKoBoro cryrreHfl AoKropa Sinoco$ii.
Peqenseur,

AoKTop rexni.rHrax HayK, upo$ecop

raSe4pra MareMarlrqHoro ga6esue.reHHs

eneKTpoHn[x o6.r[cJlrcBarrbHr,rx Marrrr4H

luiuponcbKoro uauioua:rbHoro yninepcurery

iu. O. fonuapa

Ili4urac rpo$. Eafi6ysa Olera fpurop
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