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PasnunyHble TUNbI rNyboKnx HempoceTeun
1. MHorocnonHasi npsiMoOTo4YHasi HEeMPOHHas CeTb

3apaHa obyuarowan Bblbopka (X;,Z)). UHMumupyem Beca w;;, BbIoupaem akTuBaLMOHHY0 pyHKUMIO g(X) (06bIYHO curmomna,
o(X)) u oby4yaem ceTb.

MpeXHUM onbIT: YTOObI O0OYUYUTL CeTb MPUMEHSAIOT MeTo OOpaTHOro pacripocTpaHeHusi OLMOKU, Korga MeToaom
rpagueHTHOro cnycka MMHUMM3UPYHOT MO BCeM BecaM KBagpaTU4HYr OyHKLUIO OLLMOKU CeTU:

E=2,Z; (y; ™ —z,(M )% — ming;

Bo3HuKaroLwme npobrieMbl: npoknsTbe pasMepHOCTH,
3acTpeBaHue E B NOXXHOM MMHUMYyMe, nNepeobyyeHune,
3aTyxarLwmumn rpagueHT u ap.

Kak nx pewarort

1. YMeHbLUeHMe pa3MepHOCTU ceTu, metoabl: PCA, astoaHKogep, dropout npu obyyeHuu.

2. Pa3mepHOCTb U NOXHble MMHUMYMbI, MeToAbl: UMuTauusa omxura
CTtoxacTnuyeckum rpagmueHTHbl cnycK (SGD)- TpebyeTcs

TO/IbKO OAMH NPOoXoa no obyyatowmm AaHHbIM, KOorga rpagueHT A=1/t E=E(t,W)
BbIYNC/IETCS BCEro Ha OAHOM 31eMeHTe 06yueHusn, Bbibnpaemom cnyyamHo,
HO NONepeMeHHO 13 Pa3HbIX KAaccoB, YTODObI BbICKOYMUTb U3 JIOKA/IbHOrO MUHUMYMA. YTOObI HEe «NPOMaxXHYTbCA»

Deep neural network

Beca 06HOBAAIOT C «MOMEHTOM MHepuun» Aw,=neGradw+oeAw, ;.

Ans 6onblnMX MmaccnBoB AaHHbIX SGD paboTaetr mHOro bbicTpee.
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2. CBepTOYHbIe HEMPOCETU AOJ1A pacno3HaBaHUA U300OpaXeHUn

MOTVIBaLWIﬂ: 1. Bpemsi 00y4eHMA MHOIOCSIOMHbIX MNEepPCenTPOHOB OYEHb BEJIMKO

2. Mpamoe npumeHeHue perynsapHbix UHC k pacno3HaBaHuIo nu3obpaxeHuu 6ecnonesHo n3-3a AByx
OCHOBHbIX (pakTopoB: (i) BXogHoe 2D-usobpaxeHune B Buae ckaHuposaHHoro 1D-BekTopa o3HavaeTt
NoTepro TONOSIOrMmM NpocTpaHcTBa n3obpaxeHus; (ii) nonHocBAsHocTb MHC, raoe kKaXxkabiv HEUPOH
NOMTHOCTbLIO CBSAI3aH CO BCeMU HeMpoHaMm npeabiayLiero Criofl, CAULWLKOM pacTtouuTenbHa n3-3a
NPOKNATUA Pa3MEepPHOCTU, KPOMe TOro, OrpoMHOEe KOJIM4eCcTBO NnapamMeTpoB ObICTPO NPUBOAUT K
nepeoodoy4yeHuto

INPUT feature maps feature maps feature maps feature maps OUTPUT
28x28 4@24x24 4@12x12 12@8x8 12@4x4 26@1x1

MosicHAoWwan aHanorus

Cxema CNN

BmecTo 3aTtoro, cBeptodHble cetn - Convolutional Neural Networks (CNN)
NPUHUMAKOT Ha BXOoA ABYMepHble LBeTHble N300paXeHUsl, a HEMPOHbLI B CNnoe
CNN cBfizaHbl TONbLKO C Marion oonacTbio npeabiayLero cros
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OcHoBbl apxuTekTypbl CNN

Apxutektypa CNN: nocnepoBaTenbHOCTb CroOeB, Kaxabln crion npeobpasyeT oanH Habop akTMBauun B OPYrou
yepe3 punbTp-cBepTKY € AapoM. OcHoBHble TuUnbl crnoeB ansd CNN: CBepTo4HbIn cnon, Cnon o6beaAUHEHUA

(pooling) n ckpbITbIX crnon nepcentpoHa ¢ obydyeHuem backprop). Takke cywecTtsytoT crnom RELU (rectified
linear unit), BbinonHsaowme onepauunto max (0, x) .

Convolutional
layer

e Activation: ReLU

<O U¥C -7 Input or
Ay >
~’ feature map

Example of classifying by CNN
Kaxabin cnov npuHumaet BxoAaHble 3D aaHHbIe (X, Yy, RGB) n npeobpa3syeT nx
B BbixogHble 3D aaHHble. YToObI nocTponTb BCe PUNBLTPbI CBEPTOYHbIX

crnoeB, CNN pomxHa O6bITb 0Oy4eHa Ha NOMe4YeHHbIX U300paXeHUNAX ¢
nomMoLwbLI0 MeToaa o6paTHOro pacnpocTpaHeHUs OLNOKMN.

Max pooling with 2x2 filter
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3. U3meHAatowmumnca mmp TpebyeT peKyppeHTHbIX HEMpPOCeTeN

* B }XM3HM Mbl UMeeM aeno ¢ O6'b€KTaMM, M3IMEHAKLWMMUCA BO BpeMeEHUN, N Hall MO3TI, BOCINIPUHUMaA O6CTaHOBKy U pelan, YTo A€enaTtb Aasblle,
Bcerga ncxoaunt N3 3aHaHUA TOro, YTO yKe 6biN10.

* OaHaKO 06blYHbIE HEMPOCETU C OAHUM CKPbITbIM C/lIOEM, IYOOKKME ceTU N AaXKe Takne NPOABUHYTbIE CETU, KaK CBEPTOYHbIE, NpeaHa3HaYeHbl
ana paboTtbl Cco cTaTMyecKMMKM obbeKTamu. Ob6bluHOe o0byuyeHMe He MNOMOXKeT TPagUULMOHHOM HerpoceTm cmogenuposaTb byayuiee
COCTOsIHME 06beKTa.

e [1ns onucaHnA AMHAMUYECKOrOo 0ObEKTa HEMPOHHAA CeTb A0NXKHA 061apaTb HEKOEW NamATbIo, YTOObl NCXOAA He TONIbKO M3 HACTOALLLEro ero
COCTOAAHMSA, HO U U3 NPOLLIOro, HEMPOCETb Morna bbl MOAENNPOBATb €ro Noc/eAyoLee COCTOAHME.

ATy npobnemy peliaetT CeMeMCTBO HOBbIX FMyOOKNX HeMpoceTen, HasblBaeMbIX

pekyppeHTHbIMU (Recurrent Neural Networks - RNN).

B npaktuke JINT npumensioTcs mHorocronHele RNN ceTn Tna YnpaBnsieMbin

PekyppeHTHbIM Moaynb (Gated Recurrent Unit - GRU).

GRU cogepxat Tpn B3aMMOOENCTBYIOLLMX CNOSA, NMO3BONAKOLWMX yAanAaTb N UBMEHATb

NHpopMaLmo C NoOMOLL b (pUnbTPOB — gates, KOTOPbLIE COCTOAT U3 CI0S

curmonganbHOM HEMPOHHOWU ceTn 1 onepaLmm NOTOYEYHOro YMHOXEHUA U NO3BOMAOT

Cxema RNN TtnMna GRU -
MEHATb I/IHCbOpMaLI,VII-O Ha OCHOBaAHMN 3ajaBa€MblIX YCITOBUN.

. OcHoBHOM KOoMnoHeHT GRU — 3To cBoeoOGpa3Hasa naMATb CeTU —fIMHUSA, NPOXOoAsiLLaA NO BepPXHEN YaCcTU CXEeMb.

B GRU ectb Tpu ounbTpa ANA KOHTPOSIA COCTOSIHUE AYENKMU.

(1) dbunbTp «0O6HOBNEHUA» (update gate) onpeaenseT Kakyr YacTb BXxogHou uHcpopmMauum BbIGPOCUTL U YTO COXPaHUTD.
(2) (2) dbunbTp, 0OBEAUHAIOWNA COCTOSAHUE AYENKU CO CKPbITbIM cocTosiHMeM. (3) dopmupoBaHue Bbixoaa.

C nomouwib0 HenpoceTu, ocHoBaHHou Ha GRU Ham yaanochb pelinTb 3agadyy BOCCTaHOBIIEHUA
TPaeKToOpuUMn 3rieMeHTapHbIX Yactuy B getektope GEM akcnepumeHta BM@N B OUAN.
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4. Tpchcbépmep — HenpoceTeBasa apxXuTekTypa, coueTalowan NnpeuMmyLlecTBa Kak CBePTOUHbIX, TaK U
PEKYPPEHTHbLIX rMYO60oKMX HEUPOHHLIX ceTeln. TpaHCdopMepbl NpeaHasHa4vYeHbl Anst 06paboTkn Takux
nocrieqoBaTefibHOCTEN, KaK TEKCT Ha ECTECTBEHHOM £I3blKe, N pelleHns 3agaqy MallMHHOro
nepesoaa, aBToMaTU4eckoro pedepmpoBaHusa n oopadoTkm nsobpaxkeHun. https://arxiv.org/abs/1706.03762
ApxuTekTypa TpaHcdopmMmepa nogobHa aBTO3HKOAEPY U COCTOUT N3 KOAMPOBLLMKA U OEKOAVNPOBLLMKA.
CambI BaXXHbI MEXaHU3M B apXUTeKType TpaHccopmMmepa — 3To BHMMaHue (attention), KoTopbii B npouecce
o6yquM;| noBbLIWAEeT BeC COOTBETCTBUA OAHOIO CjnioBa Apyromy B npeanoXxXeHuu. KOD,I/IpOBLLI,I/IK noJsfiy4daeT Ha
BXO[ BEKTOPM30BAHYIO NOCNEeO0BaTENLHOCTL M COCTOUT U3 CrIOEB CaMOBHUMaHUSA (BXO4 13 rnpeablayLiero crosl) ¢
nocneaywowmmm cnosimm MCI1, oekogupoBLLMK COCTOUT U3 aHaNOMMYHbIX CII0EB. OTa KOHCTPYKLUNS NO3BonseT
0By4YeHHOM HEMPOCETU-NEPEBOUMKY MPABUNBHO PACcnoSIOXUTb CII0Ba B BbIXOAHOM NepeBeaeHHOM TEKCTE.
B otninumne ot RNN, TpaHcopmepbl He TpebytoT 06paboTkm nocnegoBaTefibHOCTEN Mo nopsaaky. Hanpumep, ans
TekcTa TpaHcdopmMepy He TpebyeTca obpabaTbiBaTh KOHEL, TEKCTA Nocne obpaboTkm ero Havyana. bnarogaps
aTOMY TpaHccopmepbl pacnapannenuBarTca nervye, Y4em RNN, n MoryT O6bITb ObICTpee 0O0yYeHbl

MbI ncnonb3oBanuv HegaBHUE pe3ynbTaThbl, KOrAa MeXaHU3M BHMMaHUA ObIn peann3oBaH Ans oopabdboTku
AaHHbIX B Bnge obnaka toyek ¢ nomowbio (ppenmBopka Point Cloud Transformer (PCT) n npumenunu PCT,
Ha3BaHHbIN Perceiver, anga peweHUs BaXXHOU 3apayum otceBa 3awymnswowero ooHa peuKoBbIX U3MEPEHUN B
3KCNnepuMeHTax € NoJSIOCKOBLIMU U Strow-tube TpeKoBbIMU AeTEeKTOpaMu.

B HacTosiLlee BpeMa Mbl 3aHMMaeMCA pa3paboTKon MmeToda , Korga U3MepeHHbIe XUTbl UCMOSb3YHTCA
HernocpeacTBeHHO AN BOCCTaAaHOBMNEHUA NapaMeTpPoOB TPeKoB 0e3 npeaBapuTesibHOU NOANOHKU TPaeKTopun B
MarHUTHOM rnorJsie, YTOObI 3aTeM UCMNOSIb30BaTb NOTEHUManN TpaHccopMepoB ANA HaXOXAEHUA NapamMeTpbl
TPEKOB NPAMO U3 CbIPbIX AAHHbIX, MUHYSI BPEMAEMKUN 3Tan Knacrepusaumm usmepeHnm ans oopmmpoBaHus

XUTOB.
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https://ru.wikipedia.org/wiki/%D0%90%D0%B2%D1%82%D0%BE%D0%BC%D0%B0%D1%82%D0%B8%D1%87%D0%B5%D1%81%D0%BA%D0%BE%D0%B5_%D1%80%D0%B5%D1%84%D0%B5%D1%80%D0%B8%D1%80%D0%BE%D0%B2%D0%B0%D0%BD%D0%B8%D0%B5
https://arxiv.org/abs/1706.03762
https://arxiv.org/abs/1706.03762
https://ru.wikipedia.org/wiki/%D0%92%D0%B5%D0%BA%D1%82%D0%BE%D1%80%D0%BD%D0%BE%D0%B5_%D0%BF%D1%80%D0%B5%D0%B4%D1%81%D1%82%D0%B0%D0%B2%D0%BB%D0%B5%D0%BD%D0%B8%D0%B5_%D1%81%D0%BB%D0%BE%D0%B2

[pyrue TMnbl rnyboKnx Henpocerten

5. Henpocetu O6yyaembie ¢ nogkpenneHnem Reinforcement
learning Networks. OHu peanusyloT Takoe obydeHune, korga areHT
HENPOHHOM CeTU, HAaXO4ACb B HEKOTOPOM COCTOAHMN, B3aUMOLENCTBYET
C OKpyXKatoLLen cpeqomn, KoTopad Bo3Harpaxkgaer areHTa 3a ero
OEeNCTBUS U coobLaeT, B KaKoe COCTOAHME areHT nepeLuen nocre aToro,

4YTOObI YBENNUYUTL 0OLLEE BO3HArpaXxaeHme.

NMpuMmeHeHUs oby4yeHUs ¢ noakpensieHuemM: podoTbl, camoyrnpaBnsieMble
aBTOM06VI.I1M, TOprosble OoThl AnA Urpbl Ha (bOH,EI,OBOM PbIHKE, HaT-6OTbI,
KOTopble oby4yatoTcsa OT guarora K guanory, paspaboTka UrpoBbiX NPOrpamMm ...

Example. Ping-pong game http://karpathy.qgithub.io/2016/05/31/rl/

6. leHepaTuBHbIe CocTA3aTenbHble ceTU (Generative Adversarial Networks,

GAN). GAN peanusyeT NpuUHLUMMN COCTA3aTENIbHOCTU MEXAY reHepaTUBHOM CETbIO

N ceTbio ANCKpUMmnHauumn. NeHepaTtmBHas ceTb G reHepupyeT Hanbonee

peanucTuyHbIn obpasel, a ANCKpUMMHaUnoHHaa ceTb D obyyaeTtcs pasnmyaTtb

noanuHHbIE N NnoaaenbHble obpasubl.

NMpnumeHeHnsa GAN:

* [lonyyeHns doTopeannuCTUYHbIX N306paXKEHNN N KAPTUH;

 HanucaHue cTMXOB, TEKCTOB CTaTen U Aaxe gucceprauumn

« CosgaHne UIIbMOB U MyNbTUMINKALUNA.

« Co3sgaHune TpEXMepHoM Mmoaenu ob6beKTa ¢ NOMOLLbIO dhparMeHTapHbIX N306paxeHumn

« MogenupoBaHue CIOXHbIX (hU3NYECKMX NPOLIeCCOB .
B JETEKTOPAX OKCMEPUMEHTANBHOI OU3NKM JTnveckue npoodrnemol GAN npunoxeHun!

OnacHocTb anndenkKoB: NONIUTUKA, MOLUEHHNYECTBO U LUAHTAX C Ucnonb3oBaHnem aundemnkon

https://lwww.kaspersky.ru/resource-center/threats/protect-yourself-from-deep-fake



http://karpathy.github.io/2016/05/31/rl/

[laHHble, TeXHONorMm u NpoonemMbl
B 3KcnepumMmeHTanbHou ®PBI B Halwle BpemsA

Konnanaepbl LHC n NICA

ONEKTPOHHbIN CbEM OAaHHbIX

[TMKcernbHbIE N NONOCKOBbLIE TPEKOBbLIE AETEKTOPI
BcemMumnpHasa naytuHa - UHTEPHET

KoMnbloTEPHbIE DEPMbI U CYNEPKOMMBIOTEPSI
PacnpepneneHHble BbluncneHnsa, GRID, WLCG
MalwmnHHoe n rnybokoe obyyeHune
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COBpeMeHHbIe AKCNMepnMeHTbl C 3J1IeKTPOHHbIM CbeéMOM AadHHbIX

AkcnepumeHT BM@N. CtpunoBbin
GEM-pgeTeKkTOp BHYTPU MarHuTta

Cxema komnnekca NICA c¢ akcnepumeHtamu MPD, SPD, BM@N

3apadun: PEKOHCTPYKLUUA COOLITUM NO AaHHbIM
Moxasano enopemposaHHoS cobumme or el Bt Lol (3 2lshiolzisp Sl 2 2h RS LS E0S 1) 2D S

B3auMoAencTBUsi MOHOB 30510Ta, nopoxaawtiiee
TbICAYUN TPEKOB
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[NaHHble, 3MepeHHble B 3KCNepuMeHTax, U MoOCTaHOBKU 3aAau

Condensed CBM sKkcnepumeHT
Barion ECAL TOF  (repmanums, GSI, 6yger
Matter RD 3anyuieH B 2024 roay)
RICH CKopocTtb nepeaaumn
AAHHbIX:

107 cobbITHii B cek,
~1000 TpeKoB Ha cobbiTue

100 umcen Ha Tpek Bug mopenbHoro cobbiTuit B3aumopgeincrema Au+Au B BEPLUMHHOM AeTeKTope

Utoro: 1 Tepabaiit/cek! Npo6nembl CBM, peluaemble MeToaaMm
MaLUMHHOTO 0byyeHUsA: pacno3HaBaHue BCeX 3TUX
TpeKos u Koney RICH u oueHKa Ux napameTpos, C
y4yeTom UX NepeKpbiTUii, LLYMOB U ONTUUYECKUX
WUCKaXKeHUi, BeayLmMm K 31IMNTUYECKUM
$dopmam Koney (nogroHka annunca),
naeHTuPUKaLmua 4acTuu,, aHanms3 CneKkTpos

MHBAPUNAHTHbIX MaCC KOPOTKOXMNBYLINX HYaCTUL,
NMOUCK Pe30OHaHCOB.
STS RICH

Cxema getektopaRICH Ao 2015 roga Bce 3TK 3agauum pelanmcb C NOMOLLLIO NEePCEenTPOHOB C

4ePEHKOBCKOTO M3/IyYeHN OOHUM CKpbITbIM crnoem, Henpoceten Xondunaga, punbtpa KanmaHa,
pobacTHbIMM MeToA4aMU U MPUMEHeHueM BeuBneT-aHanusa.
nybokoe oby4yeHUe xKaaro HOBbIX KOMNbIOTEPHbIX TEXHONOTUN

Ocockos IA. MeToabl rnyb6oKoro obyyeHus

Cxema yctaHoBkn CBM
ring-track assignement

PparmMeHT AaHHbIX hoToaeTeKTOpa. B
cpeaHem 1200 To4yek, obpasyrowmx 75 konewy,
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OCHOBHbIEe 3Tanbl aHanus3a AaHHbIX B TEKYLWUX aKcnepumeHTax ®BI

* C60p AaHHbIX CO MHOTUX KaHaN0B Ha MHOTUX cybaeTekTopax (MaH/cek) _
* PewunTtb, cunTbiBaTbh MM OTOPOCUTBL COBbITUE (TPUrTepbl Pa3HbIX YPOBHEN)

» PeKOHCTpyupoBaTb cobbiTue (cobpaTb BClO MHPOPpMaLUIO

4

L)
L)

CRNAR)

)

L)

** OTNpaBMTb AAHHbIE HA XpaHeHue \ TpumeHseMble MeTOoAbl MALIMHHOIO 0by4eHus
% AHanusuposarb uX . - MMpeo6pasosaHusa Xada,
* KOPPEKTUPOBKA AaHHbIX C Y4ETOM UCKAXKeHUU e KMeToYHbLIEe aBTOMaThI
J

DeTeKTopa: KaAMbpoBKa, alauHMEHT >

* HaXOXAeHUe XUTOB, TPEKUHT, MOUCK BEPLUUH, * ¢unbTp KanmaHa,

pacno3sHaBaHue YepeHKOBCKUX Konel, * MCKYCCTBEHHbLI€ HEUPOHHbIE CEeTH,
* yAaneHue NoXHbiX 06beKToB (penkos) ) - pobacTHoe oLeHUBaHue,
* aNropuMTMbl aHaNM3a oT GU3UKOB-NONb30BaTENen ,/ . pBejBReT-aHaNus3 U T.A.

* YMeHblleHue obvema AdHHDbIX

’:’ﬂ,ETaIIbHOE MOAEI’IMPOBE\HME BCeX npoueccos 3KCI1€PMMEHTaU
* B3aumogeuncrteuAa nyvyka ¢ MULWLEHbIO UJIN HaneTalwen 4yactuueun
* paccesHUA NPU NPOXOXAEHUN YaCTUL, Yepes AeTEeKTopPbI
* MCKaXXeHui npu ounudpoBKe U T. 4.
’1’CpaBHe|-me Teopun n ¢VI3I/I‘-IECKI/IX napameTpos,
NOo/IY4YEeHHbLIX B SKCNepumeHTte
* dHa/n3 CNeKTpoB MHBAPUAHTHbIX MaCC KOPOTKOXXUBYLLUX HaCTUL, pPe30HaHCOB
thanks to Anna Senger, CBM

< Wcnonb3oBaTb COBpeMeHHble CpeacTBa KOMNbIOTUHIA ANA AOCTUXKEHUA
HauBbICLUEN CKOPOCTU U MmacluTabupyemoctn obpaboTku

Heunsz6exxHOoCTb cO34aHMA BCEMUPHOU MHTEpHeT-ceTu pacnpeaeneHHbix Bbluncnenuii (Worldwide LHC Computing Grid -WLCG)

Parallel programming of optimized algorithms Grid-cloud technologies which changed considerably HEP data processing concept
See Scientificdata management in the coming decade https://dl.acm.org/doi/10.1145/1107499.1107503
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https://dl.acm.org/doi/10.1145/1107499.1107503

O meToaax MalUMHHOro ooy4yeHUs Ha NpuMepe 3agauvm TPEeKUHra,
KaK Krro4yeBou npoodneme peKOHCTPYKUUM codbitnn B PBI

PeKOHCTPYKLMUA O0MKHA onpeaenaTb NapamMeTpbl BEPLUMH U TPaeKTopui (TpeKkn) yactuy gnsa Kaxkaoro cobbitua.

TpeKuUHr Unu pacnosHaBaHWe TPEKOB - 3TO NPOLIeCC BOCCTAHOBNEHUSA TPaeKTOpUiA YacTul

YTo Takoe TPEeKUHr? B feTekTope ®BI nyTem npocnexvBaHuA U COeAMHEHUS TOYEK- XUTOB (Xum — 37O
PEKOHCTPYMPOBaHHbIN OTKNUK AeTeKTopa), KOTopble KaXaas YacTuua ocTaBnseT,
NPoOXoas Yepes NAoCcKOCTH AeTeKTopa.

Q > NMpouenypa TpekunHra BKoYaeT B cebs ¢asbl: (1) nonyyeHus
naBHas npo6rnema coBpeMeHHOro TpeKuHra- xuToB (hit clustering), (2) nocTpoeHus TpekoB-kaHAUAATOB -
BbICOKass CBETUMOCTb NMy4YKOB yCKopMTeneﬁ, T.e. Ha60pOB XUTOB C BbIYUCJIEHHbIMU NapaMeTpaMu (aHaﬂ. SGEdS),

(3) npocnexuBaHus TpekoB U (4) X NOATOHKW YpaBHEeHUeM

Merarepu,OBbu?l TeMn NoCTtynineHunA AaHHbIX U
ABNXeHusAa 4Yyactulbl B MarHUTHOM norne.

OaH4yeBas CTPYKTypa ny4ka
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JBOJIIOLUMA METOAO0B TPEKUHTra

Hauyanochb elle B 3noxy ny3bipbKOBbIX Kamep Korna CO6bITI/IFI perncTpupoBanuncb Ha ctepeodoTtorpadusax u
BBOAUIINCH B KOMMNLIOTEP BPYUHYIO, . lal o\ oo o0
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nonyasToMatamu UM C NMOMOLLbIO £ N
CKaHUPYIOLWMX YCTPOUCTB TUNa IR S T
«CrnmpanbHblI U3MepUTESb», B KOTOPOM PO Wi
ornepaTop CTaBus TOYKY B BEPLUNHY ] | Ja L i
cobbITWS, OTKYAa LU0 CKaHMPOBaHue [ER R A S LA !
CHUMOK cOGbITUS. Ero ouncpoBKa B nonsipHbIX Koopa. [MOBOpPOTHLIE rMCTOrpamMMbl

CHMMKa Mno crimpanum

Korga npuwna apa aneKTPOHHbIX 3KCMepUMEHTOB, aHHble U3MEPEHUI CTalnn ouMdPOoBbLIBATLCSA U Ccpasdy noctynaTb
npsMo B KoMnbroTep. [locne MHoroatanHon dounsrpaumm u npoueayp ananHMeHTa, HacTtynasio BpeMsa TpekuHra.
Cpeayn MHOrMx MeTodoB TPEKNHra, camMmblM 3P EKTUBHBLIM OKasarncs MeToq, ncnonb3ywowumn punstp KanmaHa,
NMOCKOJSIbKY OH MO3BOMSAET JIENKO yYNTbIBATL HEOQHOPOAHOCTb MAarHUTHOIO MOJIA, MHOFOKPaTHOE paccesiHue 1 noTepu

aHeprnm

PunbTp KanmaHa (PK) — 910 adhdpeKTUBHbBIN pEKYPCUBHLIN UNBLTP,
OL/eHMBaOLWLNN COCTOAHNE NMHEUHOU AUHAMUYECKOU CUCTEMBbI, 3HATE HAYANLHOE
NCNonb3ys PAL HETOYHbIX N3MEPEHUI n

£ 1 3Ha4YeHue BeKTopa

BekT TOAHUA X — (X . . ) nTepaTtuBH o

KTOp COeTO y.t..t,.a/p epaTnBHo COCTOSIHUA X,
OUEeHMBaETCA ANns NpeackasaHns No3numMmn Tpeka Ha crepf. KoopamHaTHON

BbIMONMHUTb KCUOUHI»

NNOCKOCTU C y4ETOM U3SMEHEHUA KOBapI/IaLI,I/IOHHOI/I MaTtpuLbl U KOPpnNaopos
OLLIMBOK. (aHrn. seed- cemn

OpHako PK mMepgneHHbIN, NIOX0 pacnapannenMBaeTca U macwutabupyertcs!
01.10.2025 Ocockos I"A. MeTogbl rnybokoro oby4eHus
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Pacno3HaBaHue TpekoB ¢ nomoubio cetn Xondwmnaa.

OpHO 13 nepBbIX NpUMeHeHnn Henpoceten B PBI -1988 .

3AO0AYA. Umeetca mMHOXecTBO N aKcnepMeHTanbHbIX TOYEK Ha NMOCKOCTU. TpebyeTtcA
BblOpaTb (pacno3HaTb) cpean HUX Te, MO KOTOPbIM NMPOXOAUT HEKOTOPOE 4YMCIIo
HernpepbIBHbIX rMagKkux KPUBbIX (TPEKOB).

HenpoceTtb Xondwmnga (XHC) - 3TO NONTHOCBA3HaA CeTb U3 OMHaPHbIX HEMPOHOB S; C CUMMETPUYHOMU
BecoBOW maTpuuen w; = w;;, w; = 0. 3Bontouuna XHC npuBoauT ee B HEKOTOpPOe COCTOsIHNE YCTONYMBOIO

paBHOBecuUs. CDyHKu,MOHan 3Heprumu cetTun — aTo GunuHenHan pyHkumA NsnyHosa E(S) = - % f Si Wi; S;.
Teopema Xoncunpa: B pesynbrate aBonouumn E(s) yobiBaeT B NoKanbHbIe MVIHI/IMyMbI
COOTBETCTBYHLLME TOYKAM CTaOUITLHOCTU CETMU.

Onsa HaxoxaeHus rnobdbanbHOro MMHUMYMa E ncnonb3yeTcsa Teopusi cpegHero nons,
TepmMmanusauma ceTu U MexaHU3M «MMuUTaumMoHHoro omkura» (simulated annealing).

AHepreTnvyeckun pyHkumoHan (OeHou m lMNeTtepcoH, 1988)
COCTOMUT U3 ABYX YacTeun: E=E_ *E.onstraint » MeToa cermeHTOB.

rge 1 BBOAMTCA HEMPOH S;; Kak
D —3 E b, HanpaBreHHbIN CerMeHT,
ijkl

COEAVNHSAOLWMNN TOYKMN |, | .

Econstraint 3anpetjaeT Kak

noowpsaeT CBA3M HEMPOHOB NMpUHaanexawmx ogHoOMy U
MeXTpeKoBble cBs3n (budypkauunn),

TOMY Xe TPeKY, T.e. KOPOTKNE CMEeXHble CerMeHTbl C MarnbIM §
TaK U Ype3MepHbIN pPocT Yyucna

yrnom mMmexany HMumMmm.
01.10.2025 CaMUX TpeKoB. 14
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NMpumep npumeHeuuna XHC gna pacno3HaBaHuA
COObLITUMN C KOPOTKOXMBYLLUMMM YacTULLAMMU

AkcnepumeHT EXCHARM (MpoTtBUHO 90-€ roabl) - npodnema: B otnuyune ot fleHoun-lNetepceHa
pa3pewunTtb udypkaumm, Ho He 4ONYCTUTb MAaCcCOBbLIX BETBNIEHUU TPEKOB

Ha 30-o#
3ameTuM: nosiBNeHue aaxe eAUHCTBEHHOM / utepaumm
LUYMOBOW TOYKM NPUBENO Obl K NOABNEHUIO
~80 AONONMHUTENbHbLIX MeLUaLWnNX HENPOHOB / IJ > 0.5

y 26
HEWPOHOB

OpHako, UMeHHO npakTu4yeckoe npumeHeHue XHC ansa TpekuHra
nokasano Takue mManonpuemnemMblie HeJOCTaTKM 3TOro noaxona, Kak
MeAJIeHHOCTbIO Nnpouecca 3BOJIILUN CETU, BbICOKas BEPOATHOCTb
nonagaHua PyHKLUN IHEPTUUN CETU B NIOKasNIbHbIN MMHUMYM, Ype3MepHas
yyBcTBUTENbHOCTb XHC Kk wymam. Kpome Toro, He yunTtbiBanochb
N3BeCTHOE ypaBHEHME OBMKEHUA YacTUllbl B MarHUTHOM nore.

Bonee yaa4yHbiMu ObINU NONLITKU NPeOAosieTb 3TU TPYAHOCTU C NOMOLbLIO ucnonb3yrwux XHC metogoB
«3NMaCTUYHOro TPEKUHra», B KOTOPbIX 060 beAUHANNCH 3Tanbl pacno3HaBaHUA U (PUTUPOBAHUSA UCKOMbIX

TPEeKOoB, HO U 3TU MeTOoAbl nepecTasrimn ObITb Qq)QDGKTMBHbIMVI C POCTOM CJ1I0XKHOCTU IKCNepnmeHToB U
MHOXeCTBEHHOCTU COObLITUN B HUX.

01.10.2025 15
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[Mpobnemsbl TpeKMHra Ana coBpemMeHHbIx getekropoB tuna GEM u straw-tube
[MaBHasa TPyOHOCTL, BbldBaHHa4A crnieundukon GEM n straw-tube aeTeKTopoB — NMNosABrEHNE NOXHbIX OTCHETOB
N3-3a NULLHKUX NepeceyeHunin cTpUnoB. Jns N UCTUHHBIX XUTOB UMeeM h%- N (heKoB!

BHyTpeHHUn petektop CGEM-IT akcnepumeHTa
BESIIl, cocToswmnmn n3 Tpex feTeKTMpyroLwmx
LUNUHAPOB

BTopaa npob6aema - nponycku oTcueToB U3-3a HeaPpPEeKTUBHOCTU AEeTEKTOPOB. AnA
AETEKTOPOB C MaJibiM YUC/IOM CTaHL M 3TO BbI3bIBaeT OLUMOKU NPOC/eXKMBaHUA,
BeAyLiMeE K NOABJIEHUIO JIOXKHO-NO0XKUTENbHbIX TpeKoB (hosts) . B aeTeKkTopax ¢
Ma/ibiM YAC/IOM CTaHLMI CTaHLMMU NPONYCK O4HOro XUTa UX Tpex He AaéT
BOCCTAaHOBUTb TPEK B MarHUTHOM noJe.

AN I1p06ﬂeMbI B YCJITOBUAX CBEPXBbICOKOro temMmmna nocCctynineHnAa AaHHbIX U3-3a BbICOKOW

CBETUMOCTU HOBbLIX IKCNEPUMEHTOB Hen30eXxHo noTpedboBanu pa3padboTKu HOBbIX METOAOB

TPEeKUHra ¢ Mcnonb3oBaHUeM rmyooKkux HeMpoHHbLIX ceTeun
OcockoB I'A. MeTtoab! rnybokoro oby4eHns 16

Bce XxuTbl MoAeNbHOTO cobbiTna
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JNloKkanbHbLIN N NOCOOLITUUHBLIN NOAXOAbI K TPEKUHIY
[Ba noaxoaa K peanusaunm «rrnyboKoro TpeKmHra»

1. JlokanbHbIN TPEKUHTI, KOraa TPeKM BOCCTaHaBNMBaKOTCA OAUH 3a APYIrUM, Kak B anroputme punbtpa KanmaHa.
HepocTtatku: megneHHo, HeT BO3MOXHOCTU YBUAETb 3@aBUCUMOCTb MeXAy OTAENbHbIMU TPEKAMM UM rpynnamm TPEKOB U Takue
SIBMEHUS KaK BTOPUYHbIE BEPLUMHBLI, HEO6XOOMMOCTL peanmsaunm cneymanbHoro atTana ansa noucka BTOPMYHOW BEPLLUMHDI.

2. MoCOOLITUNHLIU TPEKUHT, MPU KOTOPOM pacrno3HaBaHUe TPEKOB cpeau LWyMOB NPOMCXOAUT cpa3y No BCeMy COObITUIO

1. JlokanbHbIN TPeKUHr ana aetekropa GEM akcnepumeHta BM@N 0co6eHHO CnoXxeH n3-3a Hanu4ns
FMMraHTCKoro KonumyecrtBa peMKoBbIX XUTOB, UTO KpanHe 3aTpyAHAET NOUCK TeX XUTOB Ha nocneayrowmx
CTaHUUAX OEeTEeKTopa, KOTopble ABNAITCA NPOAOIIKeHnem obpabaTbiBaeMoro Tpeka.

F'MbKocTb KOHCTpYKUMKM RNN no3soanna Ham npeopgonetb 3TU TPYAHOCTU U
NpUAyMaTb HOBYHO CKBO3HYIO HeMpPOHHYIO ceTb TrackNET ¢ perpeccmoHHOM
4YacTblO U3 YeTbipeX HEMPOHOB, ABa U3 KOTOPbIX NPeACKa3bIBAOT TOUKY
LLeHTPa 3/1/IMNCa Ha cneayoueilr KOOpAUHATHOM NIOCKOCTY, FAe HYXKHO
WUCKaTb NPOAO/IKEHME TPEKa-KaHAMNAAT], A eLye ABa - onpeaenatoT Noayocb
3TOro aNnAunca.

3T10 AdeT HaM BO3MOXHOCTb 06yq UTb Hally moae/b,

nCcNnosb3ya TO/IbKO UCTUHHDbIE TPEKU, KOTOpPbIE

MOXXHO MU3Bneyb n3 cumynaumm MoHrte-Kapno.

Takum o06pasom, Mmbl NOYYNSIU HEUPOHHYIO CETb,

BbIMNO/IHAKOLWYIO nNpocaexXxmuBaHue TpekKa I10p,06HO

dunbTpy Kanmana, xota n 6e3 Tou ero yacrtu, rae
BbINO/IHAETCA NOATrOHKA TPEeKa

Scheme of the recurrent TrackNETv2
neural network

See https://doi.org/10.1063/1.5130102
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Mpob6nembl Npy NpUMEHeHUs NOKasribHOro TPeKUHra

peajsibHble TPEKUN
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6enble TOYKN —3apPEerucTPUPOBAHHbIE XUTbI

NMpumep pe3ynbTaTtoB NOMCKA TPEKOB-KaHANAATOB

Mpobnembl ¢ perkamm n nponyckamm Xxutos ANA
Haubonee ynotpebutenbHbIX TUNOB TPEKOBbIX
petekropos Tuna GEM uaum Strow Tubes npusogart K
TOMY, YTO B npouecce nNpocseXxuBaHUA BO3HUKaeET
60/1bLLIOE YNCNO NOXKHDbIX TPEK-KaHAWAATOB,
06pa3oBaHHbIX Nepexogom npu NPoAO/IKeHUN Ha

| coceaHWUIn TPEK AN NPOXOA0M MO WYMOBbIM XUTaM.

Mostomy GRU Henpocetb TrackNET, obyuyeHHan Ha
UCTUHHbIX MOHTE-Kap/1I0BCKUX TPEKaXx, Npu
TeCTUPOBAHUMU He BCeraa OTCEMBA/A 3TU JIOXKHbIE
TPEKU M YacTb U3 HUX HEBEPHO PacNO3HaBa/IUCb KaK

HacToALme.

®du3nKu Ha3biBalOT UX «npuspakamm» (ghosts) —
roctTamm.

Hanpumep ana moaenbHbIX AaHHbIX 7-ro paHa BM@N obyueHHana TrackNET Hawna peanbHble TPEKU C A0CTaTOYHOM

apPeKTnBHOCTLIO 98%, O4HAKO A,01A rOCTOB NPU 3TOM npesbicuna 50%, utTo HegonycTUMmo.
Moatomy noTpeboBanacb BBECTU BTOPOM 3Tan TPEKUHra, rn106asbHbiv, MPUHUMAIOLLMI @ BXOA, BCe TPEKU, pacno3HaHHbIe Ha

1-m 3Tane, U YYUTbIBAIOLLLUI B3aMMOCBA3b BCEX TPEKOB KaXKAoro cobbitua. B utore aona roctos ctana meHee 10%.

OcockoB I'.A. MeToabl rnyboKkoro obyyeHumsn
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MocobbITUUHBIN TPEKUHT
1. NMpumeHeHune rpachoBbLIX HEMPOHHbLIX CETEU. JKCNepnmMmeHT BM@N

Paccmotpum cobbiTue KaK rpad, B KOTOPOM BEPLUMHbDI ABAAIOTCA XUTaMU. Y3/1bl MeXAy CoOCeAHMMU CTaHLUUAMM MOTYT BbITb
coeauHeHbl pebpamu, KOTopblie ABNAAIOTCA BO3MOXXHbIMU CErMEeHTaMU TPEKOB. Y3/1bl He CBA3aHbl BHYTPU OA4HOTO C/10A
heTeKTopa. 3aaavy TpekuHra ana rpadosbix HelMpoHHbIX ceteit (GNN) moxxHO chopmynnpoBaTb KaK 3aaauy KnaccupuKkaumm
pebep rpada — onpenenntb, KAaKMe U3 CEBrMeHTOB OTHOCATCA K peasibHbIM TPEKaM, a KaKMe HYXXHO OT6pPOCUTDb, KaK I0XKHbIe.

9Ta CXema NoXo>Ka Y»Ke U3BeCTHbI rnobanbHblii nogxon AeHbu-lMeTtepcoHa ¢ CErMeHTHOMU
HeulpoceTbio Xonduaaa, rae HeimpoceTb NOJZO0ATY camoobyyanacb oTAeNIbHO ANA KaXK[0ro
cobbiTnAa, B To Bpema Kak GNN, rae Haao HauTh Te pebpa, UTO ABAAIOTCA CerMeHTamMu
peanbHbIX TPEKOB MOXHO 06y4nTb Ha Bbi6OpKe U3 rpados cobbiTun, rae sTM UCKoMble
pebpa cHab>KeHbl meTKamu B BUAe 6MHapHOro BEKTOpPa, YKa3blBalOLWEro, ABNAETCA /N
KOHKpeTHoe pebpo uctuHHbim (1) nnm Het (0). Takoit nogxopn 6bin ycnewHo peann3oBaH B
LLEPHe gna moaenbHbIX CO6bITUIA C NTUKCENbHOIO AETEKTOPA, HO HALWW NONbITKU
agantuposatb ux GNN gna BM@N cobbitui ¢ orpomHbim penkosbim GOHOM noTepnenm
HeyAauy U3-3a BO3SHUKLIKX Npobaem c 06 bemom namaTn ansa 3arpysku rpada.

3Tn npobnembl oTNanu, Korga Ha BTopom dtane TpeknHra GNN bbina npumeHeHa
K AaHHbIM Ha Bbixoge TrackNET. Monyuyasa Ha BXopg cobbiTne, NnpeacrasneHHoOE B
paduueckoe npeacraBneHme cobbiTua
C+C, 4T3B skcnepumeHTa BM@N. Buae rpada TpeKoB-kaHAMA[AToB, CPOpPMUPOBAHHbIX HA nepBom 3Tane, GNN

YepHble y3nbl 1 pebpa cooTBeTCTBYIOT BbiaadBaJla B UTOre npuemsiemyto 3¢¢EKTM BHOCTb TPEKUHIa
deiikam, 3eneHble y3abl U pebpa -

HaVI,CI,EHHbIM TpeKam
OcockoB I A. MeToabl rnyboKoro obyyeHums 19
01.10.2025 o



2. MpumeHeHune rpacdoBbIX HEMPOHHbIX ceTeun, akcnepumeHT BES-III

Hanuuue deitkos un
NPONYCKOB XUTOB
nortpebosano
CNoNb30BaTb
Apyroit tun GNN

BHyTpeHHuit aetektop CGEM-IT Bce xuTbl MoAenbHOro cobbiTus

akcnepumeHTa BESIII, coctoAawmi ns tpex

BESIII - konnaingepHbii sKcnepumeHT — ACTEKTURYIOWNX UNAHAPOSE

Npac cobObITUA UHBEPTUPYETCH B JIMHEUHbLIU aurpad), Kkoraa pedpa npeacTtaBnAaAOTCA y3raMu, a y3nbl
ncxogHoro rpada - pe6pamu. B aTom cnyvyae nHopmauma o KpMBuU3He CErMeHTOB Tpeka BCTpamBaeTca B pebpa
rpadpa, 4To ynpoLlaeT pacno3HaBaHMe TPEKOB B Mope penkoB U LUYMOB. B npouecce o6yyeHus ceTb NonyyaeT Ha BXOA
WHBEPCHbIN aurpad c MeTkamum UCTUHHbIX pebep - CermeHTOB peanbHbIX NyTen. YxKe obyuyeHHaA HeMpOHHanA ceTb GraphNet B
pe3ynbraTe CBA3bIBaET KaXkaoe pebpo co 3HaueHnem x € [0,1] Ha Bbixoge. UcTUHHbIe pebpa nyTu - 31O Te pebpa, ANA KOTOPbIX
X 6onblue HeKoToporo 3agaHHoro nopora (> 0,5). (http://ceur-ws.orqg/Vol-2507/280-284-paper-50.pdf)

OueHKu 3ddheKTUBHOCTU TPEKUHra. OLueHKa accuracy Kak 40158 HalJeHHbIX TPEKOB K

obLEemy Yncny TPEKoB-KaHAMAaTOB — becrnonesHa 1 AaxKe onacHa, T.K. Halla BbIbopKa ‘ GraphNet ‘ recall ‘ precision
OYeHb CUNbHO HecbanaHcnpoBaHHa. MPUHATO NCNOb30BaTb ABe MeTPUKKN — recall u ‘ BES-II| ‘ 96.23 ‘ 90 64
precision. Recall — 3To 019 UCTUHHBIX TPEKOB, KOTOPblE MOAE/Ib CMOT/1a BEPHO

PEKOHCTPYMPOBATb, HaliAA BCe ero XxuTbl. Precision (UMcToTa) — 3TO 4015 UCTUHHbBIX TPEKOB

cpeau Tex, KoTopble MoJeNb PEKOHCTPYMPOBana

01.10.2025 OcockoB I'.A. MeToabl ry6boKkoro obyyeHmn 20
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JKCnepmmeHTbl C BbICOKOM
CBETUMOCTbIO. KpU3UC TPEKUHra

OnAa pOCTUIKEHNA HaMEUYEHHbIX YIbTUMATUBHDIX LieN1e CBeTUMOCTb
bonbloro agpoHHoro Koanaaepa B LLEPHe 6yaer yBennueHa, TakK uto
KO/INYECTBO A0MNO/IHUTE/IbHbIX CTO/IKHOBEHUU A0CTUTHET YpoBHA 200
B3aMMOAEMNCTBMIA Ha NepecevyeHmne nyyka. 3To CTaHeT BbI3SOBOM ANA
aKcnepumeHTtoB ATLAS n CMS, B 4aCTHOCTU ANA aATOPUTMOB

PEKOHCTPYKLUU TPEKOB.
AHanornyHbole nnaHbl ectb B meracamHc npoekrte NICA 8 OMAU
B ycnoBuax 601bLll0OM CBETUMOCTM YaCTULLbI ~15cm

YCKOPAKOTCA HEe NO OTAE/IbHOCTMU, a

rpynnamu - 6aHyamum (aHra. bunch)
MopaenbHoe cobbiTna B HL-LHC

ﬂoaTomy MOMEHTbI CTO/IKHOBEHUA NPOUCXOAAT TAK 61'IVI3KO, YTO TPEKU cobbiTnin

CU/IbHO NepeKpbiBaloTcA B 15 caHTUMeTpoBOii 061aCTU BCTpeUUn NyYKoB. ITO MOXKET
AaTb, B cpegHem, 10000 TpeKkos (100000 xutoB) B KaxXaom cobbiTun.

Taknm ob6pa3om, peKOHCTPYKLUMSA TPEKOB YacTul, B NIOTHbIX cpefax, Takux Kak aetektopbl BAK Bbicokon
ceetumocTtu (HL-LHC) u NICA, npeactaBnsietr cobon CrioxxHyro npodonemy pacnosHaBaHusi oopa3oB Ans

pelleHnsi KOTOpon Heo6XoaAUMO pa3BUTME HOBbLIX aNrOPUTMOB FNYOGOKOro TPeKMHra U ux pacnapannenMBaHue Ha
cynepkomMnbioTEpPax



3kcnepMMEHTbl C BbICOKOU CBETUMOCTbIO
Y10 YyXXe caenaHo No TPEeKUHry B mupe

B 2018 rogy ¢un3muku us LLEPHa n ap. pnsmnuyeckux LeHTpoB Mupa, BKaro4vaa Poccuio, ycTpounm copeBHoBaHuUe -
TrackML challenge no peweHnn npo6sembl MalWMHHOro obyyeHUa gNA TPEKUHra Yyactuy, B pusnke BbICOKUX
3Hepruii B ychosuax Bbicokoi ceetumoctu (DOI 10.1109/eScience.2018.00088).

Ana atoro Ha nnatpopme Kaggle 6bina caenaHa nporpamma-cMmynaTop,

rae TUNUYHbIA NOMIHOCTLIO NUKCENbHbIN TPEeKUHr-getekrop bAK mns 10

cnoeB reHepupyet Ppusnueckue cobbitua, us 200 nepeKpbiBalOLLUXCA
B3aMMOJAEeNCTBMM, KaK 3TO NOKA3aHO Ha nNpeablaywiem cnaimae

No6eanna B 2019 r. komaHaa «Top Quarks» ¢ pewweHuem TMNa

yCKopeHHoro ¢punbTpa KanimaHa, HO He ucnoAb3yA Npu 3Tom rnyboKoe obyyeHue.

bonee 3Haunmo sauaHue TrackMML Ha meToabl rnyboKOro TpeKMHra noKkasanm goknagbl Ha CHEP-2024, rpe
npesasiMpoBanu cneayowme noaxoabl ANA TPEKUHIa C NPUMEHEHUueM rnybokmnx Hempocerten:

"  Heipomopgenu Ha obnakax Touek - Point cloud transformer (PCT)
(https://doi.org/10.1007/s41095-021-0229-5 );

= rpadoBbie HeipoHHble ceTu (GNN), ocobeHHO Te, UTo Ucnoab3ylT mexaHu3m BHMMaHUA(GATNN)
(https://arxiv.org/abs/2007.13681) ;

* Bboabloe BHUMaHUe 6blN10 yaeNeHO MeToAaM PEKOHCTPYKLMK COObITUIA Ha OCHOBE KBAaHTOBOrO
MawmnHHoro obyueHua (https://doi.org/10.1007/s42484-021-00054-w )

9T paboTbl BO MHOrOM CTMMY/IMPOBA/ZIM HOBbIE U BMNOJIHE NEPCNeKTUBHbIE UCCeA0BaHUA NO rnybokomy
TPeKUHry, nposegeHHble ¢ 2018 roga 8 M/IUT OUAU pna sakcnepumeHToB npoektos NICA wn BES-III

01.10.2025 Ocockos . A. MeToabl rnyboKkoro obyyeHums 22
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TpeKUHr ana AaHHbIX 3KCNepuMmeHTOB BbliCOKOU cBeTumocTtu. SPD NICA

SPD (Spin Physics Detector) paspabaTtbiBaeTcs Ansl U3y4eHUs1 CMIMHOBOU CTPYKTYpPbl MPOTOHA,
AEeNTPOHA MU APYrux siBNeHUW, CBA3aHHbIX CO CMMHOM, C MOMOLbLIO MONSAPU3OBAHHbLIX MYYKOB
NPOTOHOB U AEUTPOHOB NPU 3HEepPrumn cTorikHoBeHus Ao 27 N'3B n cBetTumocTn o 1032 cm 2 s 1,

HaHHble 0 cobbITUAX U3 SPD byayT nocTtynatb CoO
ckopocTbio 3 My B BUge tanm-cnancos B 10 Mc, B KaxXxgom
U3 KOTopbIX 6yaeTt npoucxoantb Ao 40 coObITUN, T.e. OAUH
TanMm-cnamc oyaet cogepxatb Ao 200 TpekoB Ha OOHY

CTaHUM1IO (MpPU 3TOM K XMTaM OT TPEKOB Ao0b6aBUTCA
MHOXeCTBO (heUKOBbIX).

O6buwasn cxema ycraHoBku SPD.

TpebyeTcs PeKOHCTPYKLUUA COObLITUN N3 MAaCCUBA AaHHbIX
BpeMeHHbIX KagpoB. [lna 3Toro nnaHupyeTtcs paspabortaTtb

anropuTM Ans oHnavH dunbTpa, 4ToObLI OOpabaTbiBaTb He ST - Straw-Tracker. Ero ocHoBHo#
meHee 100 Tanm-cnancoB B CeKyHAY MOAyNb COCTOMT U3 35 ABOMHbIX
crnoeB CTPOY-TPyOOK
01.10.2025
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(Nyb6oKnn TpekuHr ana AaHHbiX TamMm-criancos SPD NICA

OcHoBHble npobriembl Npu TpeknHre SPD 3To, orpoMHoe Kosfin4yecTBO (heMKOBbIX CUFHaNoB, MPOMyCKu

OTCYeTOB U3-3a He3a(hppeKTUBHOCTU AETEKTOPOB U “rneBo-npaBo”’ HeonpeaeneHHOCTb CTPOY-TPYyOoOK

BHeceHMne COOTBETCTBYHOLWMNX YCNOXHEeHUU B nporpammy TrackNET Hen3bexHo 3ameansieT ee paboTy n cCHuxaet
3 PEeKTUBHOCTDL.

PeKOHCTPYKUMA cOObLITUM M3 MaccMBa AaHHbIX TaUM-Crlauca BbINOJSIHANIACb B ABa 3Tana

1. QH"aVlH TpekuHr (TrackNET) :> 2. PacnyTbiBaHMe MaccvBa TPEKOB MO COGLITUSIM
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C nomoublo TOHKoM HacTpouku TrackNET Ha
cynepkomnbiotepe TOBOPYH gocTurHyta cKkopocTtb
06pabotkn ~ 2000 moaenbHbIX COObLITUM B CEKYHAY
npu aonyctumomn 3pPeKTMBHOCTU TPEKUHTIA

Anroputm pacnyTtbiBaHUA cObbITUIA OCHOBAH Ha KnacTepusauum
BEKTOPOB NPU3HAKOB, NOJIY4EHHbIX C UCNOJ/Ib30BAaHUEM CUAMCKOM
HeupoceTu. Pe3ynbtat BNnosiHe NnepcnekTuBeH, HO Tpebyert
A0paboTKu n3-3a HeA0CTaTOYHO BbICOKOU 3P PeKTUBHOCTH.
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HoBble nogxoabl ¢ npumeHeHnem Henpocetn Point cloud transformer (PCT)

1. PCT pna onpegeneHus 4Yucna TpeKos B COObITUMN.

Output: Cleaned event

Input: Raw event 2.PCT pna ypaneHua
deiikos B Tam-cnauce. O6beanHaem
Bokcenusaumsa cobbitum BCe B O4HO
SPD n nporpamMmHbIN cobbiTue
KOHBeuep
O T 117
Aennm npocTpaHCcTBOo L [
neTekTopa Ha M BOKceneii Bepem xuTbl U3 Kaxkaoro sokcena u popmmpyem batuus M Ty
T.€. Ha 60/1ee MenKue X N x F noaBbi60OpoK, cuntan, 4to Kaxkaaa noasbibopkKa - 3To I
.e. l (T 1 1)
Ty —— . MWHU-CObbITUE f_l'_l'_ﬁ’_ﬁ'_ﬁ
[TT1T1117 PCT= Point cloud transformer
(T T 11117179 I Knaccudpunumpyem
mmm) ([ [ [ [ [ [ [ ) | Msamples model XWUTbl Ha UCTUHHDIE U
I A A A deitkn
I 1rri1ry PE3YJIbTATbl YACJITEHHOI'O 3CINEPUMEHTA
LI 1T T [ 11 LU UYucno | Headpdbek Yucno Precision Recall
N hits F features coobITUN 204 BOKceneun 0.98 0.98
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HoBoe - rpacdhoBas HeupoceTb C MEXaHU3MOM BHMMAHUA
1. Kak pabotana GNN npoekta HEPTrkX https://arxiv.org/pdf/2003.11603

Apxutektypa GNN cocTtouT us

Tpéx asyxcnouHbix MLP.
Cxema GNN.. PEX ABY

Encoder Bbluncnser ceoicrea y3nos u pebep (HO0). Graph module ntepatnsHo npeobpasyert 3T CBOMUCTBA],
arrperupysa ux c tekywmmu Hi. Mocne 8 urepaumm Output module 6eper nocnegHue cKkpbiTbie npusHakm HN un

BblAaeT OUuEeHKU Knaccudukaumum - Beca AnA KaxKaoro pebpa.
OpHaKo, KaK noka3san onbiT JIUT HenocpeactBeHHoe npumeHeHne GNN K gaHHbim BM@N u BES-1Il 6b110 HEBO3MOXHbIM
6e3 npeaBapuTenbHOro atana UAbTPALUU UAN 3HAYUTENBHDBIX CTPYKTYPHbIX U3MEHEHUMN.

2. GATNN - rpadoBasa HeEMpPOCETb C MEXaHU3MOM BHUMAHUA U ABYX3TAaNHOM arperaumemn

8 urepauumi!

Apxutexktypa GATNN: AiBa MLP Encoders y3nos 1 pébep rpada cobbitna; HauanbHbIN Knaccupukatop pébep; rpadosbin
CBEPTO4HbIA cnoM - GATConv ¢ BHUMaHMem ana o6HOBAEHUA CKPbITbIX MPU3HAKOB Y3/10B; 610K 06HOBNEHUA CKPbITbIX
NPU3HAKOB U MeTOK pébep. MexaHU3M BHMMaHUA NO3BONAET AMHAMMUUYECKU B3BELWMBATb BKAAAblI COCeAHUX Y3/10B, a

ABYX3TanHaa arperauyua Nno03BoNAEeT Y4UTbiBaTb KPUBU3HY TPEKOB No MH(I)OpMBLIMM oT 1 un 2 cnoés AETeKTOopa
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1. GATNN Ana peKOHCTPYKUUU TPEeKOB B aKkcnepuMmeHTte MPD

A ADR :
LT o R ) GNN with
IVl & Simple GNN  — .~ Full GNN
Accuracy 95.9 % 96.1 % 96.2 %
Purity & 91.8 % 92.2 % 92.6 %
Efficiency

Tabanuya c pesynbtataMu PEKOHCTPYKUUN

Kpome TOro pgna pasmeweHua rpada cobbitun c
MHOXecTBeHHocTblo 200 u 6onbwe yaanocb
MHOIFOKPaTHO yMeHbWwUTb 06bem namatTn Ans,
pasmeweHuna rpada mn paspaboratb bbicTpbii AaTa- X-Y npooeKuns cobbiTua

Aatacet: 1000 Au-Au cobbiTnii, p, < 150 MeV KOHTelHep c 200 TpeKkamm
80% - obyueHue, 20% - TecTupoBaHue

2. GATNN Ha BTOpPOM 3Tane pacnyTbiBaHMA MO COObLITUAM TpeKoB B Taum-criance SPD
Ha 1-m stane TrackNET pacno3HaeT Tpeku Bcex cobbiTnia B Tamcnaiice v Bbigaet ux B Buae Habopos xuTos.
KnoueBasa ngena npogonKeHMsa BTOPOro 3Tana — He NpocTo npeobpa3oBatb KaXKAabl TpeK B rpad (y3nbi=xutbl, pebpa
COeAUHAIOT COCeHME XUTbl), HO U 3aKOAUPOBATb BCE 3TU TPEKU B Buae y3nos 6onblioro cyneprpada, rae pebpa
COEeAUHAIOT KaXKAbIA y3en co BcemMu Apyrumm y3namm ¢ metkamm 1 gnsa nctuHHbIX u 0 gna noXxHbix pebep.
Mpu 06yueHnu GATNN npoucxoaut Knaccudmkauma pedep ans onpepeneHns NONOXKUTENbHBIX CBA3EN MeXXay TPeKaMm U3 O4HOro
cobbituA, Heobxoaumoe, Ytobbl Pas3buTb nx No cobbiTam - nogrpadam. K coxkaneHuio, Nnpu sToMm KU3-3a OLWINMOOK ceTu MoryT
NOABAATLCA €4UHUYHDIE JIOXKHbIE NepeMbIYKuU MmexKay noarpadamm, CHMXKalowme focTurHytble 90% ycnewHomn
Knaccupukauum. B Hawux nnaHax - pa3paborka anropurma o6HapyKeHUa U ycTpaHeHUA N0XHbIX pebep.
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Heunpocetn Konamoroposa-ApHoabaa oA 3apaay Komniekca NICA

*  ANNpoOKCMMaLMOHHble CBOMCTBA MHOIOC/NI0MHbIX NepcenTpoHos (MCIM) o6ocHOBLIBaOTCA 3HAMEHUTOM TEOPEMOIA
KonmoropoBsa 1 ero yueHnka ApHonbaa: ntobas HenpepbiBHaA GYHKLMWA HECKONbKUX NePEMEHHbIX NPeACTaBUMa B
BUAE CYMMbl QYHKLIMIA OAHOI NePEMEHHO.

* HaocHoBe sToM Teopemsbl B.1. ApHoANbA Npennoxunn coBepLleHHO HOBYHO KOHLENLMIO 0Oy4YeHnA HEMPOHHbIX
ceTen, B KOTOPbIX B NpoLecce 0by4yeHMA NoACTPanBaIMCL HE MPOCTO BECa MEXHENPOHHbIX cBA3en, KakB MCI1, a
CaMM aKTMBALMOHHbIE QYHKUMM, ONpeaensatowme BbIXOAHOM CUTHAN HEAPOHa.

* [lo3xe B Hayane 90-x B. KypkoBa A0Ka3ana yHUBEPCANbHYIO TEOPEMY annpPOKCUMaLMK ANA MHOTOCIOMHBbIX
HeNpPOHHbIX ceTen, Ha3BaHHbIX HeipoceTammu Konmoroposa-ApHonbaa (KAH).

* OpaHaKo nx npakrtuyeckoe npumeHeHue KAH 3aTAHY/10Cb Ha TPU AECATUNETUA B OXKNAAHUM NOABNEHUA
anroputmos rnybokoro oby4yeHma n MHOroaaepHbIX KOMMNbIOTEPOB, NO3BO/IAOWMX PAaCNapannesimBaTh BblYUCIEHUA
npu oby4yeHnn HepoceTen. Tonbko B 2024 roay J1to v g4p. sbinyctnam naket Python gna peannsaumm KAH,
ncnonbyrwmx B-cnnaitHel ana npeactaBneHua 06y4aemblx aKTUBALMOHHbIX OYHKUMIA M NOKa3anM 3Ha4ynuTeNbHoe
NOBbILWEHME TOYHOCTH, B,OCTUrHYTOE Npu NnpumeHeHnn KAN B 3aga4ax 06paboTkn GUsmyecknx AaHHbIX, HO
CTONKHYUCL C Npobaemamu Nnpu nx obydeHnn n3-3a 3acTpeBaHus B 10KaNbHbIX MUHUMYMAX.

*  ITKnpobnembl yaanocb HegasHo npeoaonets B JIMT OUAN nytem ycosepweHcTeoBaHUA KAH 3a cueT 3ameHbl
bYHKUMM akTUBaUMK ¢ B-cnnaitHoe (OHW He Be3ae anddepeHUmpyeMbl U M10X0 pacnapaniennsatotca) Ha 6asucHble
$YHKLMM B BUAE CYNepno3nLNN aCUMMETPUYHDBIX CYyNepPrayccoBbiX KOMMOHEHT, a TaKKe NyTeM UHULMANN3ALLUN X
BECOB O6/IN3KUMM K HY/I10, COBMECTUMOMN C onTummnsaTtopom Adam.

* Hosaa KAH 6bina npmeHeHa gnAa peweHmna 3a43a44 Ae KOHBOAKOLMY MHOIFOrayccoBbIX CUTHAN0B 1 3a43a4m
NOArOHKU TPEXMEPHOro pacnpeaeneHua MarHMTHoro nona B getektope BM@N yckoputena NICA.
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KAH nogoxoabl ans 3aaad komnnekca NICA

NpepnoxeHa, yny4yweHa W peanu3oBaHa
coBMeCTUMas Cc onTuMmusatopamm cememnmcrtsa Adam.

1. Pa3paboTaHHbIN noaxoa Obi&T NMPMMEHeH K 3apade paspelueHue
HEU3BECTHOI0 YUcCna nepeKkpbiBalWUXCA CUrHaNoOB B MNONOCKOBLIX
TpekoBbix AaetekTtopoB (Tuna CSC CMS) ana oGHapyxeHusa ONU3KoO
netawmx yactuy. Anroputmbl KAH nokaszanu to4yHoctb > 90 %.

2. Pas3paboTtaHHbIM nNoAxoA MOXET ObiTb NpPUMeHeH AOns
PEKOHCTPYKLIMMN CBOUCTB YacCTUL, U CTPYW, NONyYaeMblX Ha yCKopuTene

NICA.
3. BbinonHeHa ObICTpana amMmpoOKcCMMaLua pacnpenerieHMst MarHUTHOro nons B petekrope BM@N

UHTepnonauma cnnamHom

B BY Bx BV

3Ha4yeHunsa nong annpokcumupyrotcss KAH co cpeaHen owmnbkon 0,43% ana B, KOMNOHEHTbI
nonsA u 1% Ansa KomnoHeHTa B,.
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KBaHTOoBbIM QUBO TpeKnHr aaHHbIX TrackML

Mocne He BNOIHE YAa4HOM NONbITKA MPUMEHUTb KBAHTOBbIN OTXKUT 415 AaHHbIX SPD (cm. M.Bypew u 0p., Coobu.
OUAN P11-2024-5) 6bino pelleHo YCNOXKHUTb CXEMY TPEKUHIA, UCNO/b3YA PELUEHNE B PEXMME CUMYIAUMMK Ha
Knactepe HybrilIT meTtoaom kBaapatu4Hoit buHapHoi ontummsaumm 6e3 orpanuyeHunt (QUBO) , Ho yke Ha bonee
CNOYXHOM XOpOLLO n3BecTHoMm gatacete TrackML, onybankosaHHOM Ha nnatdopme Kaggle.

HoBK13Ha cocToANna B UCNO/Ib30BAaHUM B KauecTBe BMHAPHbIX NnepemMeHHbIX TPUNJIETOB XUTOB, @ He TO/IbKO
AybneTos, a TaK)XKe KBaapynaeTtoB nytem o6beaMHeHUA ABYX TPUNAETOB. 3TO NO3BO/INAO0 0CNabutb
reomeTpuyeckue NpeanosioXKeHnsa 0 BepPLUMHAX, 3anpeTUTb 3ursaroobpasHoie KBagpynnietbl U BKAKOUYUTD B
dopmynmnposky QUBO 6onee pusnueckme n reometTpruyeckme acneKkrbl, Kak Hanpumep, y4eT KpUBU3Hbl TPEKOB
U 3apAaga yacTuu,.

Mpwu BbluMCAEHUAX NNOAb30BANUCL BUbaAnoTekun neal n gbsolv. MocneagHaa no3BoAMA NPUMEHUTb B KayecTse
pelwaTtensa coBpemeHHbIW KBAaHTOBbIU OTXKur D-Wave B pexXxmme cumynauum Ha Knactepe HybrillT.

N3-3a 6ONbLWOro KoNMYecTBa XMTOB B aITOPUTME TPEKUHIA BbIYUCNEHUA YA310Cb NPOBECTM TONbKO ANA
COKpaLlleHHbIX BABOE NOJHbIX cObbITUIM (0ObIYHOE ANA Y4aCTHUKOB copeBHOBaHMA TrackML), 4To nokasano
xopoLuyto apdeKkTMBHOCTb TPeKknHra (Recall=97%. Precision=98%), HO K COXasieHUIO, U MHOTOKPaTHYIO NOTEPIHO
BpEMEHMU Ha nocTpoeHue rpada cobbiTut U MaHUNYNALMUKA C TPUNNETAMMK, NPEBLILABLLYIO Ha TPU NOPALKA BPEMS
CaMOro TpeKUuHra.

B panbHeuwem gnAa npumeHeHUsa gaHHOro noaxoaa ansa akcnepumeHTta SPD NICA ¢ yuétom ero cneundpuku B
OTHOLUEHMM LUYMA NAAHUPYeTCA pa3paboTKa anroputmoB 6onee KauectBeEHHOU PUAbTPALLMM CETMEHTOB,
KOTOpanA, BO3MOXHO, YMEHbLUNT BIMAHUE LUYMOBbIX XUTOB.



NTorn n nepcnekTuBbli

* lpumeHeHne meToa0B MALLMHHOTO 06yueHua 6b1210 3PpPeKTUBHLbIM Ha BCEX CTaAUAX Pa3BUTUA
cuctem 06paboTKM aKcnepumeHTasbHbIX AaHHbIX DB, nporpeccupys BMmecTe C pa3sBUTUEM
BbIYMC/IUTE/IbHbIX TEXHOIOTMWA U aNATOPUTMUYECKOMN Ba3bl.

* PaguKanbHble NPOEKTbl NOCAEAHUX NeT ANA IKCNEePUMEHTOB C BbiICOKOU cBeTumocTbio (HL-LHC)
n NICA, cTaBAT CNOXKHYI0 NPpobaemMmy peKOHCTPYKLMUA TPEKOB YacTUL, B NIOTHbIX cpeaax, aAnn
peweHua KOTopou Heobxoanmo pa3suTne HOBbIX AAIFOPUTMOB INyOOKOro TPeKUHra u ux
pacnapannenuBaHMA Ha cynepKommnbloTepax.

* Momumo yke onpoboBaHHbIX MeTOoA0B rnyboKoro TpekuHra (TrackNet, GraphNet, Loot) cheayer
OTMETUTb NEePCNeKTUBHOCTb UCCIeA0BaHNA NO NPUMEHEHUIO HEUPOCETEBbIX MOAeNeN
TpaHcopmepoB, NO3BONAIOLMX, B HaCTHOCTU, 3P PeKTUBHO 0TGUAbLTPOBDLIBATL PenKoBbIE
U3MepEeHUA N BbIMOIHATb TPEKUHI Ha CbIPbIX AaHHbIX, MUHYA 3Tan C NOJIy4eHUEM XUTOB.

* B 6021€e ganekoit nepcneKkTuse cseayet TakKe yaenatb BHUMaHUe meTogam KBaHTOBOro
OT)KUra B NPUIOXKEHUAX KaK K rNM06anbHOMY TPEKUHTY, TaK U JIOKA/IbHbIM METO4aM
npocnexxuBaHusa, o06o6waowmx anroputmol punbrpa KanamaHa.

* Ha BO/IHe ycnexa reHepaTuUBHbIX HerpoceTteu Tuna CHatGPT-4 B co34aHMM KapTUH U
AuccepTtauum cnegyeTt otTmeTuTb Nnybamnmkauum 06 nx ycnewHom npumeHeHnn gaa CMmynaumum
B3aMMOAEeUCTBMI B 3KcnepumeHTax ®BI



[MpumepHble TeMbl BKP Ha 2024-25 yuy. rog

1. Pa3pa60TKa dfiropuTmMmoB AnA PeKOHCTPYKUUU cobbiTUN B TPEKOBbIX AeTeKTopax (bM3I/IKM BbICOKUX
3Heprm71 B YCNNOBUAX SKCNEepMMeHTOB C BbICOKON CBETUMOCTbIO.

2. PaspgeneHue 1 napameTpusaumns NepeKkpbiBaloLWMXCSA CUTHaNoOB Ha OCHOBEe BeMBneT-aHanus3a u gpyrux
annpoKCUMaLMOHHbIX MeToAoB, B ToM yucrne KAH HenpoceTten

3. PaspaboTka anroputmoB Knaccudumkaumm nsobpaxeHuu rpacpoBbiMM CBEPTOYHLIMU HEMPOHHbLIMU
ceTAMM C MeXaHU3MOM BHMMaHMUSA B 3apayvax Knaccudgpukaumm yactumu

4. NMpumeHeHUe MeTOOOB rIyooKoro ooyyeHmst HempoceTeBOro krnaccucgpukatTopa B yCnoBUAX CUNbHOIo
aucobanaHca obyvarowen BbIOOPKU Ha NpuMepax KOHKpPeTHbIX 3agad ®B3 nnu ouonorum

5. MpumeHeHne NHHOPMaALUOHHBIX METOAOB aHanM3a coumanbHbIX ceTen Ana onpeaeneHnus CTPYKTYpbl
MasnbIX couManbHbIX rpynmn.

TpeboBaHuA K CTyAeHTaM:

1. MNpepctaBneHne 06 NCKYCCTBEHHbLIX HEMPOHHbLIX CETAX U Teopum rpacos
2. YmeHue nporpammupoBaTb Ha Python un/unn C++

3. MpepcTtaBneHue o nonb3oBaHun ononuorekamm PyTorch n NumPy.

4

. 3HaHWe aHrNMUNUCKOro A3blKa, XOTA Obl Ha YPOBHE OErrfioro YTeHus.

Nna Tex, KTo BbibepeT TeMbl, cBA3aHHbIe ¢ PBJ, cm. TpekuHr B ®BI3 — Nmoccapun.doc
Ha cauTte https://gososkov.ru/u/UNI-DUBNA/Machine%?20Learning/
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"A.OcockoB
MeToabl rmybokoro odoy4yeHusi Kak
MHCTPYMEHT NpeoaosieHus Kpusuca
TPEeKUHra yactuy B 3KCrepuMmeHTax Ha
Konnavngepax BbICOKOU CBETUMOCTH

ATy nekumro, cpann ¢ temammn BKP, yueOHUKM M Kypc U3 6 nekumm
no rnyookomy oby4yeHUIO Bbl HangeTe Ha canTe

https://gososkov.ru/u/UNI-DUBNA/Machine%20L earning/

Cnacubo 3a aHumaHue!
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