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Clean Room

AkcnepumeHT BM@N. CTpunoBbIin
GEM-peTeKkTOp BHYTPU MarHurta

TpekoBbin geTtektop TPC BHyTpu marHuta MPD.
Noka3zaHo cmopgenupoBaHHOe cObObITUE OT

B3aMMOAeNCTBUS MOHOB 30J510Ta, nopoxaatroiiee
TbICAYUN TPEKOB

28.08.2023

(Detector Electronics)

BMEN (Detector)
Extracted beam

SPD
(Detector) S

Internal lorget . °

Heavy lon Linac

lon source _

LU-20 | o= ) " § ‘\!
. ’ v.‘_///‘ Cryc-genics ..

Nucdlotron

j TP \Cryostot

GEM \IT j

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

3apgayvn: PeKOHCTPYKUNA COObITUN MO AAHHbIM
N3MepeHUs B TPEKOBbIX U APYrnx AeTeKropax

OcockoB I'A. ObpaboTka gaHHbIX PBI



[NaHHbIe, U3MepeHHble B 3KCMepuMeHTax, U NoCTaHOBKU 3aaay-2
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CBM akcnepumeHT
(fepmaHua, GSI, byaer
3anyuwieH B 2024 roay)
CkopocTtb nepepauu
AAHHbIX:

107cobbiTuUi B CeK,

~1000 TpeKoB Ha cobbITHE
~100 uMcen Ha TpekK
Utoro: 1 Tepabaiit/cek!

CDpafmeH:r AaHHbIX hoToaeTekTopa. B
cpepHem 1200 To4yek, obpasyrowmx 75 Konew,

Tracks of produced particles

hits in the STS

Bupa mogenbHoro cobbiTuit B3aumogencreua Au+Au B BepLUMHHOM AeTeKTope

NMpobnembl CBM, peluaembie metoaamu

MaLUMHHOro oby4yeHun: pacno3HaBaHue BCeX 3TUX
TpeKos u Koney, RICH 1 oueHKa Ux napameTpos, €
Y4YETOM MX NEePEKPbITUIA, LUYMOB U ONTUYECKUX
MUCKaYXeHUI, BeAyLMM K SNIMNTUYECKUM
dopmam Koney (noaroHka anaumnca), e
naeHTuUPmnKaymua 4actTul, aHanu3 CNeKTpoB

MHBAPUAHTHbLIX MAacCC KOPOTKOXUBYLWINX YaCTuUl,
NMOUCK Pe30HAHCOB.

Ao 2015 roga Bce 3TK 3apaym pewanvucb C NOMOLLLIO MEePCEenTPOHOB C
OOHUM CKpPbITbIM crioem, Henpoceten Xondunga, punsrpa KanmaHa,
pobGacTHbIMM MeToA4aMU U NPUMEHEeHeM BeuBreT-aHannsa.

My6okoe oby4yeHune X[ano HOBbIX KOMNbIOTEPHbIX TEXHONOMUN
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OcHOBHbIe 3Tanbl aHanu3a AaHHbIX B 3KcnepumeHTax ®B3

C60p pAaHHbIX CO MHOMMX KaHaN0B Ha MHOIMX cybaeteKkTopax (MaH/ceK)
PewuTb, cunTbiBaTb UAK OTOPOCUTL COOLITUE (TPUTTEPbI Pa3HbIX YPOBHEMN)
Pexoncrpyuposa'rb cobbiTne (cobparb BClo MHPOPMaLUIO)

OTnpasuTb AaHHbIe Ha XpaHeHue w [puMeHsieMble MeTOAbI MALIMHHOrO 0by4eHus

AHanusnposatb ux Mpeo6pa3oBaHua Xada,
* KOPPEKTUPOBKA AAHHDIX C YUETOM UCKaXKeHM KIETOURLIE ABTOMATLI

AeTeKTopa: KanubposKa, anauHMeHT K
* HaxoXXAEeHWe XTOB, TPEKUHT, NOMCK BEPLUUH, > couneTp Kanmana,

pacno3HaBaHMe YePeHKOBCKUX Konel, UCKYCCTBEHHbI€ HEMPOHHbIE CETH,

* yAaneHue NoXHbIX 06beKToB (Peiikos) pobacTHoe oLeHuBaHue,
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* a/IrOPUTMbl aHanu3a ot PU3NKoB-No/Ib3oBaTeNen ) BeuBrieT-aHanus3 " T.4.
* yMmeHblUeHne o6bema AaHHbIX / 2
oE w-meson
”AETaI'IbHOE MOAEﬂMpOBaHMe BCeX npoueccos 3KCﬂepMMEHTa E
* B3aMMOAENCTBUA NyYKA C MULLEHbIO MW HAJIeTaloLWel YacTuLei saf ¢-meson
* pacceAHWA NPU NPOXOXKAEHUM YaCTUL, Yepes AeTeKTopbI 125
* WUCKaXXeHuM npu oundppoBKe U T. 4. "oF
s*CpaBHeHMe Teopnmn n GU3nYeCcKUX NnapameTpos, ke to Anma
NO/Iy4YeHHbIX B 3KCNepumMeHTe — 2| 0 AN SENEERST
* aHa/NU3 CNEKTPOB UHBAPUAHTHbIX MAacC KOPOTKOXKUBYLLUX YACTUL, Pe30HAHCOB %020 04 05 06 07 08 09

< WMcnonb3oBaTb COBpeMeHHble CpeacTBa KOMMNbIOTUHIA ANA AOCTUKEHUA
HamsbICLLEN CKOPOCTU U MaciTabupyemoctu 06paboTku

HensbexxHOCTb CO34aHUA BCEMUPHOU UHTEPHET-ceTU pacnpegeneHHbix Bbluncnenmnin (Worldwide LHC Computing Grid -WLCG)

Parallel programming of optimized algorithms Grid-cloud technologies which changed considerably HEP data processing concept
See Scientific data 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

NUCKYCCTBEHHbIN UHTENNEKT -

— MawunHHoe obyuyeHue —

MawwnHHoe obyuyeHune (Machine Learning-ML), ato
KOrga KOMNbOTEP He NPOCTO UCNO/b3YeT 3apaHee
HaNnUCaHHbIW AITOPUTM, @ UCNO/Ib3YA AaHHbIE,
cam obyyaeTca peweHUI0 NOCTaBIEHHOU 3a4a4M.

ny6okoe
O6yuenune

— nybokKoe obyueHue
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CnocoObl MalLMHHOIro oby4yeHunA

-oby4yeHue c yuurtenem (supervised learning), korga y Hac eCTb AaHHble, HA OCHOBaHUN KOTOPbIX HYXXHO
YTO-TO NMpeacKasaTb, KOHeYHbIN HA0OOP N3BECTHLIX peLlleHUUn u ueneBast (pyHKUUA, onpeaensowas
Ka4yecTBO pelueHms. [1pnmepbl 00ydeHna ¢ yuntenem —

» 3agayun perpeccum, T

» Knaccudukaumm,

> BbISBIEHUS aHOMaInH,

» pacrno3HaBaHne obpasos.

- obyyeHue 6e3 yuutensa (unsupervised learning), korga
Yy Hac eCTb TONIbKO AaHHble, CBOUCTBA KOTOPbIX Mbl U
XOTUM HauTu. [pumepbl 0byvyeHns 6e3 yuntens —

» 3afayun Knacrepusauum

» YMEHbLUEHUS pa3MeEPHOCTN AaHHbIX
» PacnosHaBaHue TpaeKTopun YyacTul, (TPEKUHr) HenpoceTsamm Xondunaa

» £3blkoBOE MogenuposaHue

- OobyuyeHue c noakpenneHuem (reinforcement learning), korga HeMpoCceTEBOW areHT B3aUMOLENCTBYET C

OKpY>KalLlen cpedon, a OHa ero 3a 3T AencTBmsa noowpdeTt. AreHT He 3HaeT, Kak eMy AencTBoBaTh garnblue,
HO 3aTO Y3HaeT, Kakoe AeNCcTBUe NpuHeceT MakcumarbHyo Harpagy. [pumepsbl
» BCe UrpoBble Nporpammeil,
> poboTOoTEXHUKA,
» caMoynpaBsnsieMble aBToMobunu.

Haunbonee nonynsipHbie MeToAbl pelleHust 3TUX 3agayv:
OEPEBbS PELLEHNIA, METOL, OMOPHbLIX BEKTOPOB, POEBLIE anropuUTMbl, FEHETUYECKNE anropUTMBbl,

HEeMPOHHbLIE CeTM.
28.08.2023
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3 KNnacCuyecCkKux MeTO/a ML npUMeHsAeMble Npy 06paboTke AaHHBbIX
1 I'Ipeoﬁpa3OBaH nA Xaq)a (Houg h Tran Sform) 3TO Npeo6pa3oBaHue AN NOUCKa IMHUNA

NPAMbIX, OKPY>XHOCTEN, KOraa TOYKU U3 NPOCTPaHCTBa KoopAMHaT Npeobpa3yroTca B
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3apgava — HanTu 20 Tovek,

nexalwmx B6nm3m npsiMon,

cpeon mHoxecTtBa n3 200

APYIrnx To4ek
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TOYKU B I'IpOCTpaHCTBe napameTpoB KpMBOM

AHaNOTNYHO ANA OKPYKHOCTHU
(x-Xo)?+(y-yo)*= R?
nonyyaem mouky (X;,Y o, R)
B TPEXMEPHOM MPOCTPaHCTBE
napameTpos

X
Mpamasa y=ax+b u eé BMa B

npocTpaHCTBe NapaMeTpoB (aB). B npuMeHeHusX, ropasgo
/4

| NpaKTUYHee OKa3aica MeToz,
! NOBOPOTHbIX TMCTOrPaMM.
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x cosO +y sinb =p
®Pusunk N.C. Xadh ncnonb3osan
napameTpsbl (p,0), 4TOObI U3bexaTb
obpalweHns B 6eCKOHEeYHOCTb
napameTpa a B ypaBHeHUU y=ax+b
npu NpUoNMXeHUN NPAMOM K
BepTUKanw.

>t - CYTb MeToada COCTOUT B d)paI'N\EHTaLI,Ml/I ncenegyemoro permoHa Ha yskume
= napananesibHble nosiocbl, B KaH(,ﬂ,OVI N3 KOTOPbIX NOACHNTbIBAETCA
—_—

= ~— KONnN4ecTBO I'IOI'IE\,EI,E\HVII?I. MeHan Yyron Hakn1oHa noaoc o
r1l

[ | | .

X, X, X X, Ky % OT Upin A0 Upax, HAXOAUM MaKCUMYM B TMCTOrpamme ,

COOTBETCTBYIOLLMM Fpynne To4YeK nexkawmx 6amsko Kk npamont. Kputepumn
NoBOpOTHLIE rTMCTOrpaMMbI .
OOHapyXeHUA NTNHUN, - MAKCUMYM AO0NXKEH NPEBbICUTbL 3a4aHHbIN

nopor
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... 2. PoODacTHasa perpeccus

, 3To cneuuvanbHbIA UTEPaTUBHbIN BapMaHT MeToAa HAaMMeHbLUMX KBaapaToB, rae
e P24 BMECTO NOCTOSIHHbIX BecoB W=1/02 BBoAUTCS BecoBasi (PYHKLUMA, yYUTbIBaloLWas
e e paccmﬂHMe OT - TOUYKM p,o noaroHsieMon KpmBow. [insi npsiMmon aTo 6yaer

T o 2_
e 2iwi(yi — — b)*=Y,;w;e;” -->min
// “.. .. ¢ BkavectBe Becosow ¢hyHKUMM Yalle BCcero Ucnosnb3yrT uBecaTbOKK
/.'-0 . .“.o. ......:.: 2 3‘0."'
| ( e )’ el < , rae 06bIYHO ¢y =3+5. 25
8 AR - ecnn e 0, |
' ? UJ(E) - GTO' 3 CT * ?.,Z

0 B OCT@IbHBIX CIYIDAX : \
0.5

UTepauuun HauMHaKOTCA C NOCTOAHHOIO Beca Nnpu o, paBHOMY cpeAHeKBaapaTUYHOMY pa3bpocy BCcex TOYeK,
HO NMOTOM 3Ha4YeHUue NOANEXUT NepeBbLIYUCIIEHUIO Ha KaXaon K-n ntepauum

2
& _ (k-1) £ (k1) {*x-1)
no dopmyne 9 = \/Zwi Ci / 2w
f ¥

Kopugop c;0 6bICTPO CcyXaeTcsl, Tak YTO NOAroHKa cxoauTtcsa 3a 4-5 utepauum
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Mpumepbl NPUMEHEeHUss MeToA0B PO6AaCTHOW NOATrOHKM

1. NA-45. OnpegeneHne KOopaAUHAT BEPLUNH COObLITUM MO TONBLKO ABYM MHOIFOKPaTHO M3MepPEeHHbIM TOYKa

SDD-1  §DD-2

TARGET
{8125 m Au}

NA-45 KoopAUHaTHbIA AeTeKTop

110 mm

e
15 mm

pobacTHON NOAroHKM CXOAUIICS BCEro
3a NATb UTepaunin, XOTS 3a Ha4YanbHYO
annpokcumaumio bbina rpybo B3sTa
cepeguHa Bcen 06ractn MULLIEHMN.

OavH un3 ABYX CUJTMKOHOBbLIX ANCKOB

2. Opera. PobacTtHasa noaroHka ans agpoHHbIX IMBHEN U MIOOHHbLIX TPEKOB
¢ 2D Becamu, 3aBUCALLMMMU He TOJNIbKO OT PacCTOSAHUW, HO U aMNNUTYA TPEKOBbIX XUTOB

Event 126 wall 8

1 1 1
=200 =150 =100 =50

ALOpPOHHLIN NUBEHb

28.08.2023
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MwuLleHb cocTosna N3 BOCbMU 25-MK 30/10TbIX AUCKOB. 700 TpeKoBbIX
COOBLITUIW B Y3KOM YrroBOM rnpuemMe 1 6orblloe KONMYecTBO LLIYMOBbIX
OTCYETOB He MO3BOSIUNU pacno3HaTb oTaernbHble Tpekn. OaHako MeToA
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[BymepHasa BecoBasi hyHKLMA



Mpumep npumeHeHns MO anst KOppeKkunn annapaTHbIX M3M9peva|

vs

1. Kannb6poBka apendoBbIX Kamep
Mpumep kanu6poBku apendcoBon kamepbl HERA-B OTR: —
Bpemsa gpeudra, namepeHHoe B orcyetax TDC (Bpemsa-uncpposou
npeobpa3oBartersib), crieayeT nepeBecTu B paguycbl apenda ansa
nony4vyeHusa Kannbposo4yHou pyHKUuuuM r(t). r(t) Obina nony4vyeHa nytem ,
po6acTHOMU NOAroHKM KyOn4eCcKMx cnnamHoOB HEeNnocpeacTBeHHO K o |
2D ructorpamme otc4yetoB TDC co MHOrMmu Tbicsas4yamu 6MHOB ;

2. [Ipobnembl ananHMeHTa. 3neKTPOoHHbIe AeTEeKTopPbl i |
COCTOAIT U3 MHOIMX TbICAY MoAYyJien, KOTopble, Aaxe npu camomn -
TWaTenbHOU COOpKe B 3KCMepUMEHTalrIbHYK YCTaHOBKY, HEN30eXHO
OKa3biBakTCA nNoaBepXeHbl pa3nMmUYyHbIM MEeJIKMM AUCTOPCUAM, TAKUM Kak
CABUIN MU HaAKMOHbI, BeAYLUM K UCKaXKaloLWUM pe3ynbTaTbl U3BMEepPEeHUMN.
NMoaTomy Ana obHapyXeHUsA U yCTpaHeHUA BO3MOXHbIX UCKaXXeHUU Heobxoauma npoueanypa anamHMeHta. Takme
ANCTOPCUM MoAyNen AeTeKTopa MOXHO HaUTU NyTeM aHarnu3a pacxoXaeHUn Mexay N3mMmepeHHbIMU 3HAYeHUAMU U
NnoAorHaHHbIMU KOOpAUHaTaMM TpeKa. ATU pacxoxXaeHns PyHKLMOHaANbLHO 3aBUCAT OT ABYX TUNOB NapamMmeTpoB: CamMoun
MoAernn Tpeka U napamMeTpoB npoueaypbl anamHMeHTa.

Taknm ob6pa3om, MaTeMaTUYeCKU Npobnema anamHMeHTa opMynupyeTcs, Kak 3agaya MMHMMU3aumm cbyHKLMOHanNa,
CYMMUpYIOLLEro KBaapartbl BCeX PacXoXAeHUU No 060MM TUnam napamMmeTpoB, YACIIO KOTOPbIX AOCTUraeT MUIJIMOHOB.
B kayecTBe pelweHUA nony4yarLwencs 3agavym ¢ HeorpaHMYeHHbIM YNCIIOM cTeneHen cBob6oabl NpeanoxeH MeToA
pa3noXeHns No CUHIYNAPHbLIM 3Ha4YeHUAM. B pesynbsrate mbl nonyyunu Data-driven anavHmeHT!

175

0.2 -

Drift radius

150

0.1

126

-0.2

- drift radii : nts

TDC counf]s

03 T =Spay | e TS e L L L Llp
120 140 160 180 200 220
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3. BeunBner- aHanus

OoHomepHoOe BeuBneT-npeobpasoBaHue

curHana f(x) aensiercsa Wyla,b)f = J_ _[ T (
ABYMEPHOU (byHKUMEN YAaCTOTbl U BPEMEHMU,

rae gyHkuma ¥ - Bensnet, b - casur_(shift), a — macwrab (scale). Yenosue C, < © obecneunBsaeT
cywecTtBoBaHue ¥ u obpaTtHoro BenBneT-npeobpasoBaHus. Mponsson B BbIoope ¥ no3Bonun npeanoxuTb
MHOIO pa3HbiX TUNOB BenBnetoB. Cemenctso HenpepblBHbIX BeVIB.I'IeTOB MO)KHO I10]1y'~IVITb KakK BTOpyI-O
NPOU3BOAHYIO rayccuaHa g2(;,;) = (1 —x2%)e” % lNMony4yeHHbIN rayccoB BeuBneT ..

) s,

o.6

: : cTan u3BecCTeH Kak o
‘ : T | “MekcukaHckas wnana” > o=
: i Ha atom npumepe BMAHO, YTO pa3Hble o L . . 1
0 200 400 600 800 BepTuKanbHble YPOBHM BeUBIIeT-CNeKTpa COOTBeTCTByI-OT pa3|-|b|M

4YaCcToTaM CUrHarsna, a no ropn3oHTasimM BUOAHO B KaKOe BpemMA CUrHars
N3MeHsAN1 CBOe noBeageHue.

| HenpepbiBHble BEMBeTbl OMeHb YCTOUUYMBLI K LUYMaM, OAHaKO OHMU

0 200 400 600 800 HeOpTOroHasribHbl. NTO3TOMY nocrie o6paTHOro npeodbpasoBaHUA
NPOUCXoAAT HeOoNyCTUMbIEe UCKaXXeHUsA curHana. Kpome Toro, peanbHble CUrHanbl, noanexatiiuue
KOMMbIOTEPHOMY aHanusy, Bcerga AuckKpeTHbl. [103TOMYy HenpepbIBHbIE BENBIIETbI MPaKTUYECKU He
UCNOSMb3YIOT, a MPUMEHSIOT OPTOroHasribHble AUCKPETHbIe BeNBreThl .

28.08.2023 11
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HenpepbiBHbIe BenBrieT-npeoopasoBaHus

3TO NYTb K BeUBNeT- AOMeHY, rae npobrnembl MO MoryT ObITb peLleHbl ropa3go npotue
OHM HYXHbI A5 paboTbl C UHBapUaHTHbLIMU Macc-CrneKTpamMmu, Korga oTHoweHue S/B << 1
W. b — Aa®/ %o G b—xqg
HenpepbiBHbI BeitBneT G2 npeobpa3syet rayccuaH g(x;A,xo,c) B Beusner toro ke Wa, (a, )9 (a2+02)3/2 72 \ Jaz 162
nopaAaKa, HO C NapameTpamM 3TOro rayccMaHa. 3To cnpaseasimBo gaa ntoboro nopsagKka n M No3BoAET HAXOA4UTb NapameTpbl
NMKa HenocpeAacTBeHHO B 06nactn G2 6e3 HBEpPTUPOBAHUA 2

0.7¢

0.6
oo

v

[ e e ——

1. oueHKa napamMmeTpoB ,
NMUKOB MO CNEeKTPYy vzl

WHBapUaHTHbLIX Macc ' : '
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2. Crna)kmsaHue nocsne BbluUTaHUA PoHa
6e3 noTepu cywecTtBeHHO MHPOopMmauumn \

&
=)
-
o
Y]
=]
w
=]
»
e
L]
=)
o
=)
~
o
-]
o
w
-

fhNois
Entries 512

Mean 0.4932

3. AUCKpeTHble BeABAETDI

RMS 0.2886

ol Wavelet
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BoccTtaHoBneHue TpekoB
— Krnro4yeBas npobnema pekoHCTPyKUummn codobitnn ®BI

PeKOHCTPYKUMA AONXKHA ONpeaenaTb napaMmeTpbl BEPLIUH U TPAeKTOpUi YacTul, (TpeKoB) AnA KaxXaoro
cobbiTna. TpaaWUUMOHHO aNrOPUTMbI TPEKUHIa, OCHOBaHHble Ha KombuHaTtopHom ¢unbTpe KanmaHa, ¢
60/1bLIMM YyCNEXOM UCNONb30BaIUCb B 3KcnepumeHTax PB B TeueHne MHOrux ner.

TpeKUHr nnu pacnosHaBaHue TPEKOB - 3TO NPOoLEeCcC BOCCTAHOBEHUSI TPAeKTOPUN YacTuL,
B AeTektope ®BJI nyTemM npocnexuBaH1Us U COeAUHEHUA TOUYEK- XUTOB (Xum — 3TO
PEKOHCTPYMPOBaHHbLIA OTKITUK OeTeKTopa), KoTopble Kaxaas YacTula ocTaBnserT,
npoxoAs Yepes NNOCKOCTM AeTeKTopa. N it atering 5 Track seeding

UTO Takoe TPEeKUHr?

4. Track fitting

//
(i

Mpoueaypa TpekuHra Bkrno4vaeT B cebsa dasbl: (1) nonydyeHua xutoB (hit
maBHas npoﬁnema COBpPEMEHHOIo TPpeKuHra- clustering), (2) noctpoeHus TpeKOB-KaHAUAATOB - HAOOPOB XUTOB C
BbICOKasi CBETUMOCTb MY4KOB yCKOpVITeneFI, Te. BblYUCIIEHHbIMM NapameTpamu (aHas. seeds), (3) npocnexuBaHUsa TPEKOB

fter tracking

o n (4) X NOArOHKN ypaBHEHUEM ABWXEHUS1 YacTULbl B MarHUTHOM none.
MerarepuoBbi TeMn noctynrneHna AaHHbIX U

OaH4YyeBas CTPYKTypa nyyka

28.08.2023 OcockoB I'A. ObpaboTka gaHHbIX PBI 13



JBOJIIOLIMA MEeTOO0B TPEKUHra

Hauanochk eue B anoxy ny3bipbKOBbIX Kamep, korga cobbITus perMcTpmpoBanucb Ha crtepeodoTorpadmax u
BBOAMINCb B KOMMbIOTEP BPYYHYIO, e SN AT e

nonyaBsToMmaramMmm Uim ¢ NOMOLLbHO T ‘4 T RNt
8 o e N s _ | 11 | U
CKaHUPYOLLNX YCTPOUCTB TUNA vy 3. it %}f#_:__g—_
«CnunpanbeHbI U3MepUTEnbY», B KOTOPOM 1 ER SSssoal
ornepaTtop CTaBWUI TOYKY B BEPLUNHY y ] HE LR 3;"5'} SSSSSR=SIS
cobObITUSA, OTKYAA LUNO CKAHMPOBAHWE i i : "f vl TSRS
k . Xy X; Lo Ky
CHMMKa Mo crnvpanu A TR Traa
CHUMOK coObITUSA. Ero oumncppoBka B nonsipHbix koopa. [MoBOpOTHbIE rMCTOrpaMmMbl

Korga npuwna apa aneKTPOHHbIX 3KCMepPUMEHTOB, aHHble U3MEPEHUN CTann oundpoBLIBaTLCA U cpady NnocTynarb
NpsMO B KOMNbIoTep. [locne MHOroaTanHon ounsTpaunm 1 npouenyp anavHMeHTa, HacTynasno BpeMs TPeKuHra.
Cpean MHOrMX METOOOB TPEKUHIa, camMmbiM 9EKTUBHBLIM OKa3arcsa MeTof, ncnonbayowmnmn punstp Kanmaxa,
MOCKOSbKY OH MO3BOMSET ferko y4nTbiBaTb HEO4HOPOLHOCTb MAarHUTHOIO MOJSIA, MHOITOKpaTHOEe paccesdHue n notepu

SHEPIUN maBHbLIN
Punbtp KanmaHa (PK) — 910 9pdeKTUBHBIN pEKYPCUBHBLIN OUILTL HegocTaToK ®K —
OoLleHMBaKOLWLNNA COCTOAHNE NMMHEUHOWU AUHAMMNYECKON CUCTEMbl, Heob6xoaAMMOCTb
NCNOSb3ys PS4 HETOYHbLIX U3MEPEHUI - 3HaTb Ha4vyanbHoe
BekTop cocTosHus X = ( x,y,t ,t,,q/p )T NTepaTUBHO N 5 ; 3Ha'ieHne BekTopa
OLIEHMBACTCS /iT151 MPE/ICKa3aHMst NO3MLMN TPeKa Ha Crieq. KOOPAMHATHOM %// b GZl oo COCTOSIHUA X,
MIIOCKOCTN C YH4ETOM N3IMEHEHNA KOBapauMOHHOM MaTpuLlbl 1 KOPNOOPOB & BbINOJITHUTDb
OLLINBOK.

«CUOWHIr» (aHrn.

28.08.2023 Ocockoi A. O6paboTka AaHHbIX PBI seed- cems ”



UCKyCcCTBEHHbLIU

Connection between BbixogHou curkan h;=g(Zw; s)) o
it and j*" neurons <
is characterized by J PyHKUMA akTnBaumm g(x). Kak o6bI4HO, 3TO
synaptic weight w;; curmomp g(x)=1/(1+exp(-Ax)), HO He ToNbKO
foputfer MHC B akcnepumeHTanbHOU husunke

Hidden layer

1. MpamotoyHaa UHC wnu mHorocrnounHbin nepcentpoH (MCI)
OGyu4eHue c yuntenem.

Llenb oby4yeHUus — onpeaenuTb Beca Tak, YToObl OOyYeHHasa ceTb peliana
3agady pacno3HaBaHUA UNU Knaccudukauummn.

Atanbl npuMmeHeHuns MCII1: 1. CospgaTtb o6y4arowyro BbIGOPKY Kak HaGop
nap (X;,Z;), rae X,— BXxogHoe 3Ha4yeHue, Z, — ero uereBoe 3Ha4eHue.

2. O6yuutb MCI1, T.e. TaKk NnOoACTPOUTbL Beca Wi, yTOObI CETb onpeaensana

2. MonHocBA3Haa UHC ’
npaBManbIM BbiIXo4 ANnA BXoAoB, HEe UCNMOJ1Ib30BaAHHbLIX an 06y‘-leHI/II/I

(ceTb Xondmnpa)
3. MNMpoTtectnpoBatb MCI1 Ha TecTOBOM BbIOOpPKE

4. O6y4yeHHas ceTb peanu3yeTcs Kak nporpamMmma Unm Hernpo4un O OYeHb
ObICTPOro NpMMeHeHus

3. KneTtouyHble aBTOMAaThHI Camopaseutue

CaMOOGy‘-IeHVIe MOXHO pacCcMaTpuBaTb KakK CeTU C JIOKaJibHbIMU CBA3AMMU

28.08.2023 OcockoB I'A. ObpaboTka gaHHbIX PBO 15



TanHbl 00yyeHUA. Yto BHYTpU YepHoro sawmka UHC?

gosib\ T “J
..§.°., J., .4 -s
1 ’» A% st

N w4 [MPOCTON NPUMEP: 06yunTL ceTb onpenensTb, rae To4Ka, - BHYTPU Kpyra Unm BHe Hero.
g ".:-'° 4, O6yyatowasn seibopka n3 1000 Tpoek 4Ymncen: Ha Bxod ceTu nogatoT no 3 uncna (X,Y, Z) :
4 KoopamHaThl TOYKU X,Y 1 npusHak Z (Z =1 - BHYTpu Kpyra unm Z =0 — BHe ero).
: %N PeweHune: NHC ¢ ogHNM CKpPbITbIM CNTOEM U3 5 HEMPOHOB, ABa BXOAHbLIX U OAUH BbIXO4HOM
Bcero 35 ecoB

| | Y1061 00yunTb MCI1 npuMmeHAOT MeToa, oOpaTHOro pacrnpocTpaHeHUs OLNOKM,
5 G | Korga MUMHMMU3UPYIOT MO BCeM BecaM (PYHKLINIO OLUNOKU CeTHU:.

) E=2.%; (y;™ =2z ™M) - ming, IE

V1= 9<Z Wishe) 1. Hapo pelwaTh cucTemy ns 15 ypasHeHuii w;; =0

C 15 HEN3BECTHbIMW 3HAYEHNSIMMU BECOB Wj; W, , NSl Yero TpedyeTcs
h=g(Zw; S;) | anpdepeHUnpyeMocTb akTUBaLMOHHOMN beHKLI,I/II/I g(x), onpegenatoLlen
BbIXOA, KaXKaoro HempoHa. Belbop curmonaanbHoM doyHKLMN

X) =
obecrneymBaeT K TOMY Xe NPOCTOe BbipaXXeHUe U Ans ee 9= l+e™
Npou3BOAHbIX, g¢'(x)=Ag(x)(1-g(x)) , BXxoAaAwWwmX B hopmynbl Ans MTepaTMBHov'l (no anoxam oby4yeHus)
noacTpouku BecoB. [1na BecoB BbIXOAHOrO CNOA UMeeMm Aw, (t+1) = 77(y zt)g (y )ht
ANA CKpbITOro cnos - Aw, (t+1)=-nxw, 9 (y )9 (ht)Xt , rae n - napameTtp cxopocm o6yqe|-m;|
CeTb cuntaeTtcs o6yqe|-||-|ou korga B 3noxe o6yqe|-w|;| t MakcumanbHaga owmnbKa obyyeHus
E=max ; |y {;j =z {; | yMeHbLIMTCA A0 3aA4aHHOWU TOYHOCTH.
28.08.2023 OcockoB I'A. ObpaboTka aaHHbIX PBI 16



[Moyemy MHC Tak BocTpedboBaHbI B husnke

Henpocetn ¢ x cnoCOOHOCTLIO K 00Y4YEeHUI0 U CaMOOOYy4YeHUI0 ABUINTUCL BeCcbMa 3(h(PheKTUBHbLIM
CpeACTBOM peLueHUs MHOMMX 3KCnepuMeHTaribHbIX 3agay, Tak YTo com3nku yxxe ¢ 1988 roga
Hakonusnu 6onbwou onbIT B npuMmeHeHnn MHC BO MHOrMx akcnepumMeHTax Ans pacno3HaBaHuUA
U300paKeHNn, TPAEKTOPUIN NIeMEHTAPHbIX YacTUL, U NPOBEPKU (hnU3N4YeCKMX runoTes.

B comauke 661N 0cobeHHO nonynapHbl, B YacTtHocTu, MCI1. UMeHHO dou3smnkmn Hanmncanum B 80-x
nporpamMmMHbIn HenponakeT JetNet n ObInM oAHMMU U3 NepBbIX NOSIb3OBaTeNIen HeMPOU4NNoOB.

NMpUYUnHLI:
°* BO3MOXHOCTb MOHTE-Kap/OBCKON reHepauumn obyvarLien BbIOOPKU nrodon
Tpebyemon AfiMHbI HA OCHOBE COBPEMEHHON (PU3NYECKOU TEOPUM ;

* MosiBfieHMe B TO BPeMs Ha pbIHKe HEMPOUYMNOB, peanm3yroLmnx ooy4YeHHYI0 HepoceTb AN ee
NPUMEHeHUs, KaKk CBepXObICTPOro Tpurrepa;

* nosiBNeHue yAOOHbIX B UCNOJSIb30BaHUM nporpamMmm ans KoHctpyuposaHua MCI1 u
peanusauun nx ooydyeHunsa Tuna uepHoBckon nporpammbl TMVA —the Toolkit for Multivariate
Data Analysis with ROOT.

28.08.2023 OcockoB I'A. ObpaboTka aaHHbIX PBI 17



HeunpoHHasa cetb Xondunaga (XHC)

JTO NoJsIHOCBsI3Has ceTb U3 BUHAPHbLIX HEMPOHOB S; C CUMMETPUYHOM

BECOBON MmaTpuueun Wi = Wi, Wy = 0. dsonrouna XHC npuBoauT ee B
HeKoTopoe COCTOsIHUE yCTowwlBoro paBHoBecusa. OyHKUMOHanN

3Heprnn cetn — 3To UNMHenHana pyHkuusa JisnyHoBa

E(s) =- 72 2;;5; w; ;.
Teopema Xondmnpa: B pesyneraTte aBonwouum E(s) yobiBaeT B nnokanbHble MUHUMYMBbI,
COOTBETCTBYHLME TOYKAM CTaOUNMBLHOCTU CEeTW.

Ona HaxoxaeHus rmob6anbHOro MMHMMyMa E ceTb TepmManuilyeTcsi.

B cooTBeTCTBMU C Teopuen cpenHero nosis COCTOAHUA HEUPOHOB

vV, = < s; >T ycpeagHsiloTCA No TemnepaTtype 7. IBonOLUA CEeTU onpeaensieTcsl ypaBHeHUeEM
AWHaMUKK cpegHero nonsa: v, =1/2(1+tanh(-0E/ov; 1/T) =1/2(1+tanh(H, /T)),

rae H, = <2, w;; s; >T — nokanbHoe cpegHee nosie HEUpoHa.

3HayeHus V; , nepecTaBLUue ObITb LleNIOYUCIIEHHbIMU, onpeaenatoT
YypOBeHb aKTUBHOCTU HEUPOHA, T.e. B cny4yae V; > V .. HEUPOH
CYMTaEeTCHA aKTUBHbIM. ”—Vﬁ
Temnepartypa yobiBaeT no cxeme glu) = : |
«MMUTauMoHHoOro omkura» (simulated annealing).

1+
A=/t E=E(t,W)

o~
T

28.08.2023
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Pacno3HaBaHue TpekoB. MeTon cermeHTOB.

UmeeTca MHOXecTBO N aKcnepuMeHTanbHbIX TOYEK
Ha nnockocTu. TpebyeTcsa BbIOpaTh (pacno3HaThb)
cpeAaun HUX Te, N0 KOTOPbLIM NMPOXOAUT HEKOTOpPOEe
YUCIIO HeNpepbIBHbIX FMaaKuX KPUBbIX (TPEKOB).

AHepreTnyeckum cpyHkumoHan (deHOu n MNeTepcoH, i
1988) cocTonT N3 AByx Yacteu:

E= Ecost + Econstraint J

1
Bieost = —= b;
[4 9 ijzkl g

BBoauTtca HeMpoH S;; Kak
HanpaBJieHHbIU CErMeHT,
Vi Uk, COeOUHSAIOLWNN TOYKMU |, | .

Wijki

roe

noowpsieT CBA3M HEMPOHOB NPUHaAIeXaLMX OQHOMY
N TOMY Xe TPEKY, T.€. KOPOTKNE CMEXHble CerMeHTbl  E_ .. 3anpellaeT Kak

C MasnbIM yrnom mexay HUMM. MeXTpeKoBble cBA3U (budypkauum),
TaK U Ype3MepHbIU POCT YMcna

CaMUX TPEKOB.

28.08.2023 19
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Mpumep npumeHeHUsa AnNA pacno3HaBaHUA COObLITUN
C KOPOTKOXUBYLLMMM YacTULLAMU

JkcnepumeHT EXCHARM - npobnema: paspewuntb oudypkaumm, Ho He 4ONYCTUTbL MACCOBbIX
BeTBJIEHUUN TPEKOB

Ha HyNneBOU

Ha 30-o#
nTepauumn / oy
Bcero 244 g

N - V
- e ij >0.5
HENUPOHA <
p - \\ y 26
3amMeTumMm: noanneHMe p,azke HeVIpOHOB
€AVUHCTBEHHOMN LUYMOBOW TOYKU \
npuBeno Obl K noaBneHnto ~80
AOMNOSTHUTENbHbIX MeLUarLWmx

HEMPOHOB

OpHako Yype3mMepHasna 4HyBCTBUTEJIbHOCTb K LUYyMaM U TaKne HeaAOCTaTK NnpuMmeHeHuUs
NMOJTHOCBA3HbLIX HeﬁpOCGTeﬁ, KakK CJIMWUWKOM MeAJieHHaA CXOoANMMOCTb U TO, YTO HE Y4YUTbIBaeTCAA
n3peCtHoe ypaBHeHne ABunXxeHunAd 4actuubl B MarHUTHOM norne, I10Tpe6OBaJ10 NMOUCKa HOBbIX

noaxoAoB K Npobrieme TPEKMHra ¢ npuMeHeHueM rinyooKmx HempoceTeu
28.08.2023 20
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NMpumep npumeHeHna MCI1 B ®BI:. naeHTudukaumus

yacTtuy no AaHHbIM getekTtopa RICH

CnepoBano BbIOpaTb HaMbonee 3Ha4YMMble XapaKTepPUCTUKU NMOSTyYeHHbIX Korey, YTOOblI
0 yaanutb NoXHO HanaeHHble KonbLua, - 3TO AerlaeT nepBasg HEMPOCETb, NOCIe KOTOPOMn
cpeamn «XOpoLUX» Konew BTopas HeMpoceTb BbIMNOSHAET
4 naeHtudmkaumro yactuu
B ntore Boiopanu 10 xapakTepucTuk:
KONMM4YecTBO TOYeK B HangeHHOM Konbue |'|ep|3|:,|e 5 npu3HakoB
paccTosiHMe OT LeHTpa Kornbua A0 Onvkauwero Tpeka ncnosnb30oBanuchb Ans
CyMMa Tpex HanoonbLKUxX yrnoe mexay coceaHMMU TOYKawm BBOAa B nepByro
paananbHas Nno3nuusa Ha NJIoCKocTu dportopeTeKkTopa HenpoceTb
X2 aNNUNTUYECKON NOAroHKM KonbLua
6onbwasn (A) n (8) manasa (B) nonyocu annunca
yros noBopoTa annunca ¢ OoTHOCUTEJSIbHO OCHU abcuucc
asnMmyTanbHbIU Yron Tpeka "
UMNYJibLC TPekKa

OGy4yeHue 1-u cetn Benocb Ha MoHTe-Kaprno BbIOOpKe U3 "
cobbiTnn ¢ 3000 anekTpoHoB (+1) n 3000 nn-me3oHOB (-1) K
nokasano 93%-un acppeKTUBHOCTbL OTOOpPa XOpoLUMX Konelw,
Btopas MHC nmena Bce 9 BXOoAHbIX HEMPOHOB, 20 CKPbITbIX U OAUH |

10

Entries

©CNOoOOGORWNE

10

TR - IV

v v L L L L P H
BbIXOQ4HOW HEUPOH, oOby4yanacb Ha BbIOOPKe N3 XOPOLUUX Korel, 1 oS ’ *s AN cutprt
Mopor -0.5 ans Bbixoaa cetn obecnevynn naeHTUPUKaLNIO INEKTPOHOB C 3Ha4yeHUA BbIXOOHOro HeMpoHa
npuemMnemMbiM YpoBHeM nopaBrieHUsa NUMOHOB Ana noetucdomkauum yactuy,

21
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NMpobnembl TpeknHra gna GEM n nonocKkoBbIX OeTEKTOpPOB

[MmaBHas TPyAHOCTb, Bbl3BaHHas cneundukon GEM geTeKkTopa — NOSIBNEHME NOXHbIX OTCHETOB U3-3a NULLHNX
nepeceyeHuii CToMnoB. [nsi N UCTUHHBIX XMTOB UMeeM h?%- N henKoB! '

|
mmm trackid: 4
-—

ALL EVENT HITS

% - MCTHMHHBIA XWUT ol L
o o0 (5] u o o - NOoXHOe NnepecevyeHue n
AR G SN SN SN MoOXHO YMEHbILUTb o 1
‘:‘ 2 'O 2 z 2 Konu4ecTBo (heiKoB — ¥ |
o 1 &1 4 I I MOBEPHYTb CMNOW CTPUNOB Ha
ManeHbKuH yron (5-15 P o
o % 0 o 0 0 rpagycoB) No OTHOWEHUIO K i
OpYroMy Crok
TR T /¢ 4 =
i - HaknoH 15° usbasnsaer Hac ot TpeTtu ¢peiKos,
0o LI HO 60/bLIAA UX YacTb OCTaETCA.

[1Be OCHOBHbIX NPO6siIeMbl - Hann4une PenKoBbIX 3aCOPEHUMN AaHHbIX U, TMaBHOEe, CBEPXBbICOKUMU
TeMn UX NOCTynJIeHMs N3-3a BbICOKON CBETUMOCTU HEN3OEXKHO TPeOoyoT pa3paboTKku HOBLIX
METOAOB TPEKUHIa C UCMNOJS1b30BaHNEM FMYyOOKMX HEMPOHHbLIX ceTeun
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MpeAnocCbLINKMN U HEN30EXHOCTb NOSABMEHUA rMyOboKUX HeupoceTeun

HoBble TexHonorn4yeckue OoCTUXKeHUA. CynepkomnbioTepbl, KapTbl GPU, napannenusm
006paboTKku, BUpTYyanusauumsa u oonavyHblie TEXHONOMN.

bruonornyeckue oTKpPbITUA O MO3Ire: MHOroCIIOMHOCTb apPXUTEKTYPbl, HENOCPEeACTBEHHOE
BOCMpUAITUE NPOCTPAHCTBEHHbIX OO BLEKTOB.

Jnoxa bonbwunx JaHHbIX. [JocTUrHYT yXe 3k3a6alTHbLIN YPOBEHb MOTOKOB MOMy4YaeMbIX

AaHHbIX B COBPEMEHHbIX U, 0COOEHHO, NTaHNpPyeMbIX IKCNepumMeHTax B pu3nKe BbICOKUX IHEpPrum
U OPYrMx Hay4YHbIX U 3KOHOMUYECKUX obnactax

Pewaemblie 3agayum cTaHOBATCA BCe Oonee CrIoXXHbIMU U, YTOObI MpocTas HeMpoceTb Morna ux
afeKkBaTHO MoAenuMpoBaTb, NPUHUMAaTbL Ha BxoA 2D u 3D 06beKTbl, ee apxXuTeKTypa A0orKHa
CTaHOBUTbLCA BCe bonee rnybokou, nytem nobaBneHus 6ornblue CKPbITbIX CNOEB, YCITOXXKHEeHUS
CTPYKTYpbl U NapamMeTpu3auum.

OpgHako npocToe yBesrinyeHue Ynucna CKpbITbIX CrioeB NPUBOAUIIO K 3KCMOHEHLManbHOMY POCTY
MEXHEUPOHHbLIX COeAMHEHUN U NPOoONeMe C «NpPOoKNATbLEM Pa3MepPHOCTUY, K NepeodyvyeHnto ceTu
WK 3acTpeBaHUIO €é MUMHUMN3UPYEMOUN OLUNOKN B NNOKaribHOM MUHUMYMeE.

Bo3Hukna Heo6xoaMMocTb B rMyO6OKUX HEMPOCETAX U HOBbIX MeToAax UX obyyeHus,
obecneynBarOLWUX BbICOKYH 3dhEKTUBHOCTL PabOThl, NapanfienbLHOCTbL U

MacLUTadOupyemMoCTb peanu3auuvm 23
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PasnunyHbie TUNbI rMyOOKNX HEUPOCETEM un npobnembl Ux 0ByUeHUs
1. MHOrocnovHas NnpssMoTo4YHasi HeMPOHHas CeTb

3apaHa oby4yarowan Bbibopka (X;,Z;). UHuuunpyem Beca w;;, BbiIoMpaemM akTMBaLMOHHYO (PyHKUMIO g(X) (06bIYHO curmomnp,
o(X)) n obyyaem ceTb.

[MpeXHUi onbIT: YTOObI OOY4YMTL CeTb MPUMEHAKT MeTo4, 0bpaTHOro pacnpocTpaHeHUs OWMNOKK, Korga MeToaoM
rpagueHTHOro cnycka MMHUMMU3UPYIOT NO BCEM BecaM KBaapaTUUHYH0 (PYHKLUIO OLUMOKU ceTu:

—_ 2 .
Bo3HuKalowme npobnembi: E=2 % (y;™ =z M )2 - ming,; .]H\'
X [g tanh
1) npoknATbe pa3mMepHOCTH Mpo6nembl 3TM yAaN0Ch peLmnThb \(/ w \\:{
2) nepeoby4yeHune TONbKO B 20-X roaax 3Toro BeKa, " ne’% @"% 2 4“'3\0
3) 3actpeBaHue E B NOXHOM MUHUMYyMe Koraa 6b11M NPUAYMaHbI aIrOPUTMBI /‘\ W X
MMHUMMW3ALUU MHOTOMEPHbIX A

N/
Nl

4 TyX U UITN B3PbIBHOU T MeHT o .
) 3aTyxaiow nn B3p ou rpaaune dYHKUMI OWNBKKN HeilpoceTn n

5) Bblbop pyHkUMM aKTMBALMK § NOABMANCL KOMNbIOTEPbI, NO3BONAIOLME
6) MHVILWIa.I'IVBaU,VIﬂ 3Ha4eHUn BeCcoB HENpoceTn peanu3osaTb 3TN aJITOPUTMbI.

7) Bblbop agekBaTHOM (hYHKLMM NOTEPb
https://www.researchgate.net/publication/322673516_Shallow_and_deep_learning_for_image_classification

Hanpumep, ana gna peweHua npobaembl NOXKHBIX MUHUMYMOB MOXXHO NMPUMEHUTD Y)Ke YNTOMMUHABLUMMUCA
meTopg, oTkura. OgHako 6onee appektTnseH CtoxacTnueckum rpagmeHTHbiu cnyck (Stochastic Gradient Descent —
SGD), npu KoTopom TpebyeTca TONbKO 0a4UH Npoxoa No 0byyalowmMm AaHHbIM, KOraa 3HauyeHue rpagueHTa
annNpPoOKCMMUPYIOTCA rpagmneHTom GyHKLUU OWNOKK, BbIUUCI@HHOM TO/IbKO Ha O4HOM 3/iIeMeHTe 0byueHus, uTo
paboTtaetr mHoro 6bicTpee. Bbibop Touku obyueHmna B SGD npoucxoauTt cnyvyaimHo, HO NonepemeHHO U3 pasHbIX
KN1aCCOB, YTO TaK}Ke NOBbILLIAET BEPOATHOCTb BbIX0Aa U3 JIOKA/IbHOTO MMHUMYMa.

Bce 3T1 Bo3amoXkHocTtu BKkntovaetr metoa ADAM (Adaptive Moment Estimation)
28.08.2023 Ocockos I"A. O6paboTka AaHHbIX DB
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2. CBepToOYHbIe HeNpoceTu And pacno3HaBaHUA U300paxeHUn

MoTtuBauus: NMpsamoe npumeHeHune perynsapHbix MHC Kk pacnosHaBaHuio
n3obpaxeHUn 6ecrnoriesHo U3-3a ABYX OCHOBHbIX dpakTopoB: (i) BxogHoe 2D-
n3obpaxeHne B BuUAe ckaHuposaHHoro 1D-BekTopa 03Ha4yaeT NnoTepro TONONorMn
npocTpaHcTBa nsobpaxeHus; (ii)) nonHocBAsHocTb MHC, rae kKaxabi HEMPOH

NOJIHOCTbLIO CBSsI3aH CO BCeMU HEMpOHaMu npeablayLliero Cnosi, CANLWKOM
pacTounTeNbHa U3-3a NPOKNATMA Pa3MepPHOCTU, KPOME TOro, OFPOMHOE s
KONM4eCcTBO NapamMeTpoB ObLICTPO NPUBOAUT K NepeodyyeHUuro :

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

0
Iy n

Cxema CNN

BmecTto atoro, cBepto4Hble cetn - Convolutional Neural Networks (CNN) npuHumatot
Ha BXoA ABYMeEpPHble LuBeTHble n3o0bpaxeHus, a HeupoHbl B crnoe CNN cBA3aHbl TONbLKO

C Manowu obnacTtbio npeabiAyLWEero cros
28.08.2023
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OcHoBbl apxutekTypbl CNN

Apxutektypa CNN: nocnegoBaTenbHOCTb CrOEB, KaXAbl Crnon npeobpasyeT oanH Habop akTuBauuin B OpPYrou
yepe3 punbTp-cBepTKY € AapoM. OcHoBHble TuMbl cnoeB Anst CNN: CBepToyHbIn crion, Crnion obbeanHeHus
(pooling) 1 CKpbITbIX CrIOM nepcenTtpoHa ¢ obyydyeHuemMm backprop). Takke cywectByoT cnon RELU (rectified

linear unit), BbinonHawowme onepauymto max (0, X) .

Convolutional
layer

feature map

> S RELU RELU RELU RELU RELU RELU
CONVl CONV lCONVl
&
- :
z -
e
. . -
. ] =i -2 F] & L
“a (el RELL —
.2 Activation: ReLU @
' -
Input or L

Example of classifying by CNN

Single depth slice

t 1 0o 2 3 Kaxabin cnon npuHumaeT BxoaHble 3D aaHHble (X, y, RGB) n npeobpa3syeTt ux
X B BbixoaHble 3D AgaHHble. YTOObI NOCTPOUTL BCe (PUNLTPbI CBEPTOUYHbIX
6 6 8 6 8 cnoeB, CNN pomnxHa ObITb 0Oy4yeHa Ha MOMeYeHHbIX N300paXeHUsX ¢
3 1 1 0 3 4 noMoLbI0 MeToaa o6paTHOro pacnpocTpaHeH!s OLNOKM.
1 2 2 4 pooling with 2x2 filter
>
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NMpumep npumeHeHUs CBepPTOYHOro HempoknaccudpunkaTopa ans
aHanusa .anHblx ;lp,epHoro pacnana kanudopHusa >>-Cf

r‘"“ '3# l l \-\'\ E
2Ty " . 65 5 i
,‘ "‘;3‘:.‘5"; Y { o ] N |
. . A N ﬁzCr \‘\.k :I
415 '\'\_ i
£} GOQV,
~ = Ny
2 %Ti //
N i L — o e
KoppensuunoHHas A ;
AanarpaMma mMacc |
CMOHTAHHOIo AeneHuns _ 13470
KanudopHus, 7 J0 N AN ] SN NS .| S
npe.D,OCTaBneHHaﬂ 120 125 130 135 140 145 150 155
y M, (u)
rpynnou npod. lNaTtkoBa
3amMeudaHue: KpacHble MYHKTUPHbIE NIMHUK
' i ‘ 0003Ha4alT Maccbl Marm4yecknx aaep
120 130 140 150 160 . .
3apava: gokKasaTb, YTO 3Ta "agepHas po3a” He
NMocTtaHOBKa 3apayu: M, (u)

ABNAETCA Crny4YaMHbIM HAOOPOM TOYEK
* paspaboTaTb YMCFEHHYIO MoAaerb "po3bl”

e co3a4aTb Habop pasMeyvyeHHbIX AaHHbIX ANs 00y4YyeHUA HenpoknaccudumkaTopa
* 00yu4YMTb HEeMpoknaccudukaTop oTnmyaTtb Habop WyMOBbIX TOYEK OT "po3bl”
« y0eaAuTbCA, YTO BEPOATHOCTb HEBEPHOro npeAackasaHusa "po3bl” cpean Habopa LWYMOBbIX TOYEK
npeHedbpexmMmo Mana
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UameHsaOWMNCA MUp TpedyeT peKyppPEeHTHbLIX HEUpoceTeun

* B XM3HM Mbl MMeeM feno ¢ 06beKkTamMn, U3SMEeHAKLWUMUCA BO BpeMeHU, U Hall Mo3r, paboTas, Bceraa
NCXOAMUT U3 3HAHUSA TOrO, YTO YyXe ObINo.

« OpHako OObIYHbIE HEMPOCETU C OOAHUM CKPbITbIM CroeMm, rinyboKme cetn u gaxe Takme NpoaBUHYTbIe
CeTU, KaK CBepTOYHble, npeaHa3sHadeHbl AnNA paboTbl CO cTaTuyeckuMmm obbektamu. OObLIYHOe
oOy4yeHue He NOMOXeT TPaAULMOHHOU HEUPOCeTN cMoaeNIMpoBaTh byaylee cOCTosiHUe O0beKTa.

 [na onucaHnAa oUHaAMU4YeCKOro oobeKkta HEMpPOHHaA ceTb AOJMKHA obnaaaTb HeKoen NamMATbIo, YTOObI
MCXOOA He TONIbKO W3 HACTOSILLEero ero COCTOSIHUA, HO U U3 MpoLIoro, HempoceTb Morna Obl
MoAennpoBaThb €ro nocneayrouiee CoctosiHue. @

3Ty npobnemy pewaetr cemencTBO HOBbIX NYBOKUX HeUpoceTen, Ha3blBaeMbIX PEKYPPEHTHbIMMU 4

(Recurrent Neural Networks - RNN). OHu coaepKaT B cebe ob6paTHbie cBA3M, NO3BONAIOLWMNE COXPAHATD L

A
npownyto uHpopmauuto. Tak moaynb A npMHUMaAET BXOAHOE 3HaYeHUe X, U BO3BpaLlaeT 3HayeHue h,. 7y
BHYTpM 3TOM AYEUKM O0ObIYHAA HEMPOCETb C OAHUM CKPbITbIM C0EM. ®

t

YTo6b1 RNN Morna ceBa3sbiBaTh npeabiayLyo nHopmMauuio ¢ TeKyLlen 3agaden, Tpedyercs ee
ycoBepuieHcTBOBaHMe Ao LSTM cetu (Long short-term memory - gonrasa KpaTkocpo4yHas namsTb) C
YeTbIPpbMSl B3aMMOAEUCTBYHOLLMX CIOSIMU, NO3BOSIAOLWMMM yAaNATb UHPOPMaLUIO U3 COCTOAHUSA AYEUKN C
nomMmowbio pUNLTPOB - gates. PUnbTPbI COCTOAT U3 CNOSA curMmonaaribHOou HeMpoOHHOM CeTu U onepauun
NOTOYEYHOIro YMHOXEHUA U NO3BONAKT obpabdaTtbiBaTb MHOPMaALUIO HA OCHOBaHUU 3aaBaeMbIX YCITOBUMN.
C nomouwbto ynpouweHHon Bepcuen LSTM GRU (Gated Recurrent Unit) Ham yaanocb pewunTb 3agavy
BOCCTaHOBJIEHUS TPAEKTOPUU IfIeMEeHTapHbIX YacTtuy B aetektope GEM akcnepumeHta BM@N B OUAMN.

28

28.08.2023 OcockoB I"A. O6paboTka aaHHbIX PBO



JlokanbHbIU N rNobanbHbIN NOAXOAbI K TPEKUHTY

D,Ba noaxoaa K peann3aumum «FHY6OKOFO TPEeKUHIra»
1. JlokanbHbIA TPEKUHT, KOrgaa TPeku BOCCTaHABNMBAIOTCH OAMH 3a APYrMM, Kak B anroputme cdunstpa Kanmana.
HepocTtaTkn: MeaneHHo, HET BO3MOXXHOCTU YBUAETb 3aBUCUMOCTb MeXAy OTAENbHbIMU TPEKaMM UNK rpynnamMu TPEKOB U Takne
SIBMEHNS KaK BTOPUYHbIE BEPLUNHBI, HEOOXOAMMOCTbL peanusauumn crneynanbHoro atana ans nomcka BTOPMYHOM BepPLUUHbI.
2. MnobanbHbIN TPEKUHI, NPU KOTOPOM pacno3HaBaHMe TPEKOB cpeau LyMOB NMPOMCXOAMUT cpa3y No BCer KapTUHe cobbITus

1. llokanbHbIN TpekUHr ansa aetekropa GEM akcnepumeHta BM@N oco6eHHO cnoxeH n3-3a Hanm4us
FMraHTCKOro Konmyecrtsa (peMKoBbIX XUTOB, YTO KpanHe 3aTpyaHsAeT MNOUCK TeX XUTOB Ha nocreayroLwmx
CTaHUMAX OEeTEeKTOopa, KOTopble SABMAITCA NPoAoKeHneM odopabaTsiBaeMoro Tpeka.

Convolutional 2xGRU OaHaKo rmbkocTb KOHCTPYKUumMM RNN no3soaunia Ham Nnpeogonetb 3T TPYAHOCTU U
s T A ™ NPUAYMaTb HOBYIO CeTb, KOTopasa obbeanHaeT oba 3Tana B OA4HY CKBO3HYIO
TrackNET ¢ perpeccMoHHOM 4acTbto U3 YETbIPEX HEMPOHOB, ABa U3 KOTOPbIX
NpeACKa3biBaOT TOYKY LLEHTPA 311MNCa Ha caeayolein KoopaAMHATHOM NNOCKOCTH,
rae HYXXHO MCKATb NPOAO/IKEHME TPEKa-KaHAMAaTa, a ele ABa - onpeaenatoT

ny MOAyOCb 3TOro annAuMnca.

PADDING

- X-coord

— Y-coord

(S

semiaxis - 310 paeT HamMm BO3MOMXHOCTb 06YYUTb OAHY - Station
R2 T
" cemiaxic CKBO3HYIO MOAE/b, UCMONb3YA TONbKO UCTUHHbBIE Stationy | i, ‘
g TPEKM, KOTOPbIE MOXHO U3BJ/IEYb U3 CUMYAALMK 7T e 1 ‘
S i @ b
MoHTe-Kapno. Takum obpasom, mbl noayumnm ,tat'°" 0 o

Scheme of the recurrent TrackNETv2 HePOHHYIO CETb, BbIMONHAIOLLYIO NPOCAEKUBAHUE 877 TR

neural network TPpeKa I10p,05H0 (I)Vlﬂpry KanmaHa, xota n 6e3 ero % |
See https://doi.org/10.1063/1.5130102 ’
4acCTU NOAroHKU TpeKa //
targei//
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[Mpobnembl NpU NPUMEHEHUA NOKANbHOIO TPEKUHTA

peanbHble TPeKn
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6enble TOYKM —3apPeruMcTpMPOBaHHbIE XUTbI

Mpumep pe3ynbTaToB NOUCKA TPEKOB-KAHAWAATOB

Ona Hanbonee ynotpebutenbHbIX TUNOB TPEKOBbIX
AeteKtopos Tuna GEM mnau Strow Tubes xapaktepHo
HensbexxHoe noABeHMe OrPOMHOro KOJIM4YecTBa
JIOX¥KHbIX OTCYETOB - GEMUKOB, YUCI0 KOTOPbIX HA ABa
nopsAAkKa Bbille peanbHbiX uamepeHun, Kpome toro, us-
3a HeapPEeKTUBHOCTM CaMUX CTAHLMIA JeTeKTopa
NOABAAIOTCA NPONYCKU Cpeaun XUMToB, 06pasyoWmx TpeKku.

Bc€ 3TO NpuBOAUT K TOMY, YTO B npouecce
npocaeXXnBaHMUA BO3HUKaET 60/bLLOe YUC/I0 JIOXKHbIX
TpeK-KaHAuAAToB, 06pa3oBaHHbIX Nepexoaom npu
NPOAONXKEHUU HA COCeaHUN TPEK AN NPOXOAO0M NO
LUYMOBbIM XUTaM.

Nostomy GRU Henpocetb TrackNET, o6yueHHasa Ha
UCTUHHDbIX MOHTE-Kap/1I0BCKUX TPEKax, Npu TeCTUPOBaHUMU
He BCerga OTCenBasa 3TU IOXKHbIE TPEKU U YaCTb U3 HUX
HeBEepHO pacno3HaBa/IMCb KaK HacToALlMe.

®u3KKK Ha3bIBalOT UX «npuspakamm» (ghosts) — rocramm.

Hanpumep ana cumyampoBaHHbIX AaHHbIX 7-ro paHa BM@N obyuyeHHan TrackNET Hawna peanbHble TPEKU € A0CTaTOYHOM

3pPeKTUBHOCTbIO 97%, OAHAKO A0NA rOCTOB NpU 3TOM npeBbicuna 50%, 4To HeaONYCTUMO.
Mosatomy notpeboBanacb mogudpukauma TrackNET ¢ 3ameHoir 06nacTn npeacKkasaHUA € INIMNTUHECKON HA TPEXMEPHYIO
cdepy u, rnasHoe 6bin BBEAEH BTOPOU 3Tan TPEKUHrA, rMobasibHbIi, yYUTbIBAIOLLMIA B3aUMMOCBA3b BCEX TPEKOB KaXKA0ro

cobbiTuA . OcockoB IA. 06paboTKa AaHHbIX DB 30
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Boigenmum Tpu rnobanbHbIX MeToAa, Korga pacno3HaBaHUe TPEKoB

2' I-IIOGan bH bl M TPEKM H r cpeau WyMOB OCYLLECTBNAETCA Cpa3y NO BCeil KapTuHe cobbiTua.
2.1. MpnmeHeHue rpacpoBbIX HEMPOHHbLIX CeTen. AKcnepumMmeHT BM@N

PaccmoTpum cobbiTue Kak rpad, B KOTOPOM BepLUUHbDI ABAAIOTCA XUTAaMU. Y3/1bl MeXKAY COCEAHUMMU CTaHLUAMU MOTYT BbITb
coeAuHeHbl pebpamu, KoTopble ABAAIOTCA BO3MOXHbIMU CErMEHTaMU TPEKOB. Y3/1bl He CBA3aHbl BHYTPU O4HOrO C/10A
AeTeKTopa. 3agauy TpeKkuHra ana rpadosbix HeMpoHHbIX ceTen (GNN, ot aHrn. networks) moxHo cdpopmynuposaTtb Kak
3agauy Knaccudpukauum pebep rpada — onpenenntb, Kakme U3 CErMeHTOB OTHOCATCA K peasibHbIM TPEKAM, A KaKue HYXKHO

OT6pOCVITb, KaK JIOXKHble.

-1.00 -0.75 -0.50 -0.25 0.00 0.25 0.50 0.75 1.00
X

lpadurueckoe npeacraBneHne cobbiTUA
C+C, 4 B akcnepumeHTa BM@N.
YepHble y3nbl n pebpa coOTBETCTBYIOT
denkam, 3eneHble y3nbl n pebpa -
HaMAEHHbIM TPEeKam

28.08.2023

9Ta cXema NOXO0XKa YrKe U3BeCTHbI rmobanbHbin noaxoa AeHb6bu-NeTepcoHa ¢ CErMEHTHOM
HeupoceTblo Xondunga, rae HeMpoceTb NoAoAry obyyanacb oTaeNbHO ANA KAaXKA0ro

cobbiTua, B To Bpema Kak GNN, rae Haao HauTu Te pebpa, UTO ABNAAIOTCA CErMEeHTaMM
peanbHbIX TPEKOB MOXKHO 06y4ynTb Ha BbibopKe n3 rpados cobbiTUiA, rae 3TM UCKOMble
pebpa cHabXeHbl meTKamu B Buae 6MHapHOro BeKTopa, yKka3biBaloLWEero, ABNAAETCA N
KOHKpeTHoe pebpo uctnHHbim (1) nnum Het (0). Takon noagxopm, 6bin ycnewHo peasnn3oBaH B
LLEPHe gna moaenbHbIX cOObITUIA C NMKCENbHOTO AETEKTOPA, HO HAalUM NONbITKK
apantuposatb ux GNN gna BM@N cobbiTnii c orpomHbim perkoBbim GoHOM noTtepnenu
HeyAauy M3-3a BOSHUKLLUMX Npobaem c o6 bemom namaATu gaa 3arpysku rpada.

3TK npobaembl oTNanun, Koraa Ha BTOpom 3tane TpekuHra GNN 6bina npumeHeHa
K AaHHbIM Ha Bbixoae TrackNET, nonyyasa Ha Bxopg cobbiTne, npeacrasnieHHoOe B
Buae rpada TpeKoB-kaHANAATOB, CGOPMMPOBAHHDbIX HA NEepPBOM 3Tane, YTo Aano
B UtTore npunemaemyio 3¢PeKTMBHOCTb TPEKMHra
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2.2. MpuMmeHeHune rpadhoBbIX HEMPOHHbLIX CeTeUu, akcnepumeHT BES-II|

3 Iaygrs CGEM BES EVENT
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akcnepumeHTa BESIII, coctoawmit us tpex
BESIII - konnampepHbI SKCNepUMEHT AETEKTUPYIOLMNX LUINHAPOB Bce xuTbl MogenbHOro cobbiTna

Npad cobbITUA MHBEPTUPYETCS B NUHEUHbIN aurpad, Korga pebpa npeacTtaBnfaAlOTCA y3namMmu, a y3nbl
ncxogHoro rpada - peébpamu. B aTom criydae nHopmauusi 0 KpMBU3HE CErMEHTOB TpeKa BCTpamnBaeTcs B pebpa
rpadgpa, 4To ynpoLlaeT pacrno3dHaBaHue TPekoB B Mope PenkoB U LUYMOB. B npouecce o6yuyeHus ceTb NOAy4YaeT Ha BXOA,
WHBEPCHbIN gurpad ¢ MeTkamm UCTUHHDbIX pebep - CerMmeHTOB peanbHbIX NyTei. Y>Ke obyueHHaa HeMpoHHanA ceTb GraphNet B
pe3ynbraTte CBA3bIBAET Kaxkaoe pebpo co 3HaueHnem x € [0,1] Ha Bbixoge. UcTUHHBbIE pebpa nyTh - 310 Te pebpa, 4NA KOTOPbIX
X 6onblue HeKoToporo 3agaHHoro nopora (> 0,5). (http://ceur-ws.org/Vol-2507/280-284-paper-50.pdf)

OueHKu 3 peKTUBHOCTM TpeKMnHra. OueHKa accuracy Kak Aona HanAeHHbIX TPEKOB K 06LeMy Yncny TPEKOB-KaHANAATOB —
6ecnosnesHa 1 ga)ke onacHa, T.K. Hala BbIbOPKa o4eHb CnAbHO HecbanaHcupoBaHa. NPUHATO UCNOb30BATb ABE METPUKU —
recall n precision. Recall — 310 01A UCTUHHbIX TPEKOB, KOTOPbIE MOAE/Ib CMOI/1a BEPHO PEKOHCTPYUPOBATb,HANASA BCE €r0
XWUTbl. Precision (YMcToTa) — 370 4,014 UCTUHHbBIX TPEKOB Cpean TeX, KOTOpPble MOAE/Ib PEKOHCTPYMpOBana

| GraphNet | recall | precision BepLluMHHbIN aeTekTop BES-1Il umeeT Tpu uuaMHApUYeckux ctaHumm Tuna GEM. OTcrioga
‘ BES-III | 96.23 ‘ 90.64 MHOecTBa peMKOBbIX XUTOB, a TAKXKe TO , YUTO NPONYCK OAHOrO XUTa UX TPeX He AaéT

BOCCTAHOBUTb TPEK B MarHUTHOM 6e3 3HaHuA KOOpAUHATA BEPLUUHDI.
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2.3. Mnob6anbHbIN noaxoa LOOT, akcnepumeHT BES-II!

CM. Goncharov et al http://ceur-ws.org/Vol-2507/130-134-paper-22.pdf

i Cobbitue, Kak 3D unsobpaxxkeHue B CNN.

ALL TRACKS
\ _ EE : * B CNN U306paxkeHusa nmerot popmar 3d: BbicoTa + wunpuHa + RGB;
e * Y Hac AaHHDbIE C KaXKA0M CTAHUUUN - paspeXeHHas MaTpuLa Hyleu 1
\ eguHUL, rae eguHULbI YKa3biBalOT HA NOAB/EHUE XUTOB;
\‘ e CobbiTua TaKKe umetrotr popmart 3D: BbicoTta + LUnpuHa + CraHuum.
\\* . BbicoTa u LLnpuHa - 310 pasmepbl camoit 601bLIOMN U3 CTaHUMIA
) T~ (o6b14HO 3TO NOCnepHAA).
% W \ , & Hawa ocHoBHasa naea — ncnosib3osatb pasmep OZ emecto RGB KaHanos.
% ) 9TO paiuKaNbHO HOBbIA NOAX0A, NO3BONAIOWMNA HANTU KOOPANHATDI
—40 0 BEPLUIUHDbI CO6bITUA
Ncnonb3yeTtca HoBas HempoceTeBas moaenb Look — ESChhiae :
Once On Tracks (LOOT) iy ... N e P
MOCKONbKY 0BblYHbIE CBEPTOYHbIE HEMPOCETU HE MOTYT MpU Cencatenate . . |
06y4eHUN HayUUTbCA HaxXO0aMUTb KOOPAMHATbI U3 BXOAHbIX " “ " " "
[laHHbIX, UX NOAAIOT Ha BXOA M NpeobpasyoT NOTOM B COnv.Laym S
NHAeKcbl AveeK. CeTb obyyaeTca npeacKkasbiBaTb oz Tiiea — e A
NPOAO/IKEHNA TPEKOB Ha CNeayioLLMe CI0M C MOMOLLbHO et e
npoueaypbl C4BUros

XoTA Ha moaenbHbIX AaHHbIX 6e3 ¢pelKoB pe3ynbraTbl 6biIn Xopolwune, yyet npobaem c perkamu norpeboBan BBegeHuUA
HoBoOM apxuTtekTypbl U-Net. B pesynbrate pabotbl mogenb nocne obyuyeHusa npeackasbiBaeT KOOpAUHATY Z NepBUYHOMN
BepPLMHbI cObbITUA C Npemnemoin cpeaHeKkBagpaTUUHOM owKnbKom B 1 cm, npuuem Bpemsa pabotbl 06y4eHHOU moaenu He
33aBUCUT OT MHOXKECTBEHHOCTU cobbiTnA 3
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LHC Run-4 Tracking crisis — 8 akcnepVIMEHTbl C BblCOKOﬁ

10-100 baillion events/year

CBETUMOCTbIO. KpU3nc TpeknHra

ANA fOCTUXKEeHUA HaMeUEeHHbIX YIbTUMATUBHbIX Lesieil CBeTUMOCTb
Boabworo agpoHHoro Konnangepa s LLEPHe 6yaert ysennueHa, Tak 4to
KOZIMYEeCTBO A0NO/IHUTE/IbHDbIX CTOIKHOBEHUIA BOCTUTHET YpoBHA 200
B3aMMOAENCTBUIA HA NepeceyeHue NyyKa, YTo B 7 pa3 npesbillaeT
TeKywyto (2017 r.) cBeTMMOCTb. 3TO CTaHEeT BbI3OBOM AJ11 SKCNEPUMEHTOB
ATLAS n CMS, B 4aCTHOCTU ANA a/ITOPUTMOB PEKOHCTPYKL UM TPEKOB.
AHanorunuyHble nnaHbl ecTb B meracaHc npoekrte NICA 8 OUAU

10k tracks / event = 100k points et W g ‘ . ~15cm
Point precision ~5 pm to 3mm il 11 B yCcnoBunax 60/bLUOW CBETUMOCTHU 4yactuuybl § ' '

High Lumi-LHC : 200 parasitic collisions due to pile-up from buiich-collision
YCKOPAKOTCA HEe NO OTAEe/NIbHOCTU, a
MopenbHoe cobbiTna B HL-LHC rpynnamu - 6aHuamu (aura. bunch)

MNo3ToMy MOMEHTbI CTO/IKHOBEHUI NPOUCXOAAT TaK 61M3K0, UTO TPEeKU cobbiTnin
CUNIbHO NepeKpbIBalOTCA B 15 caHTUMeTpoBOI 061aCcTH BCTpeUun NyyKos.
TeKywana cutyauma: 20 napasuTtHbix ctonKkHoBeHuUi, High Lumi-LHC: 200 napa3uTHbIX CTONIKHOBEHUA.

Taknm o6pa3om, peKOHCTPYKLUSA TPEKOB YacTuL B NIOTHbIX cpeaax, Taknx Kak getekropbl BAK Bbicokon
ceetumocTtu (HL-LHC) n NICA, npeactaBnsieT co60M CroXxHyr npodnemy pacnosHaBaHus oopa3oB Ans

pelleHusi KOTOpOM HeoBXoAMMO pa3BUTUE HOBbLIX anNropuTMOB FNyO60KOro TPeKUHra u ux pacnapansenuBaHue Ha
cynepkomMnbioTepax
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JKCNnepmmMeHTbl C BbICOKOU CBETUMOCTbIO
Y10 y}Ke caenaHo no TpeKUHry

e B 2018 roay ¢un3nkm ns LLEPHa n gp. dnsmnyeckmnx UeHTpoB mumpa, BKAOYaA Poccuto, yCTpomuam copeBHOBaHME -
TrackML challenge no pelweHnn npobaembl MaWMHHOIO 0by4yeHUa Ana TPEKMHIa YacTuL, B GU3NKe BbICOKUX
sHepruin (DOI 10.1109/eScience.2018.00088)

e [lna storo Ha nnatdopme Kaggle caenaHa nporpamma-cMmMynAaTop C UCXOAHbIM KOAOM, r4e TUNUYHbIM NOAHOCTbIO
NUKCceNnbHbIN TpeKknHr-getektop BAK 13 10 cnoes reHeput pusndeckume coboitna (Pythia ttbar), HanoxeHHbie Ha 200
AONONHUTENbHbIX CTOIKHOBEHUW. ITO AaeT, Kak npasuno, 10000 tpekos (100000 xnToB) B KaxA0M cObbITMM.

 CopesHoBaHue TrackML ctumynmnposano mHoro nccnegosanuu, rae TrackML dataset ncnonb3osancs ans
obyyeHua n BepuPnKaumm pasHbix HEMPOMOAeNeN TPEKUHTA
= MHoro nporpamm ana rpadosbix HeupoceTei, Hanpumep https://arxiv.org/pdf/1810.06111.pdf

= BO3HMK TaKXe UHTepec K NpumMmeHeHuIo HelipoceTeit Xondunga, HO cCOBCeM B APYrom acnekTte, meaNeHHYIo
3BO/IIOLMIO CETU NpeaiaraeTca pe3ko YCKOPUTb NyTeM KBaHTOBOIO OT}KUra, BbINONHEHHOro Ha KBaHToBom D-
Wave KomnbloTtepe https://doi.org/10.1007/s42484-021-00054-w

* Bonee TOro npeanaraeTca TakXe NPUMEHUTb KBAHTOBbIN OTXKUT U ANA YCKOpeHUa paboTbl rpadoBbix
Heupocetei arXiv:2109.12636v1 [quant-ph] 26 Sep 2021

" 31K paboTbl BO MHOFOM CTUMY/ZIMPOBA/IM HOBbIE U BMNOJIHE NepPCneKTUBHbIe Uccnepso0BaHUA No rnyboKkomy
TPEKUHry, nposegeHHble ¢ 2018 roaa 8 M/TUT OUAU

* [loAaBUANUCH yXKe BHE PaMOK COPeBHOBAHUA OTYETbl O BbINOJIHEHUU peasibHbIX 3a4a4 TPeKuHra no gaHHbim LHC RAN
2 Ha AJINCe https://www.mdpi.com/journal/particles

n nocnegHero RAN 3 Ha AT/1ACe arXiv:2308.09471v1 [hep-ex] 18 Aug 2023



https://arxiv.org/pdf/1810.06111.pdf
https://doi.org/10.1007/s42484-021-00054-w

TpeKUHr ana AaHHbIX 3KCNepUMEHTOB BbICOKOU cBeTumocTu. SPD NICA

SPD (Spin Physics Detector) paspabartbiBaeTca Ans uU3y4YeHUs CMIMHOBOM CTPYKTYpPbl NPOTOHA, AEeUTPOHA U ApYyrux
AABMEHUU, CBSI3aHHbIX CO CMWHOM, C MOMOLLLIO MOSIAPU3OBaHHbLIX MYYKOB MPOTOHOB U AEUTPOHOB MNPU IHEpPrum
cTonkHoBeHusa po 27 MaB mn cBetumoctn pgo 10%2 cm 2 s 1. [laHHble 0 cobGbiTMAX M3 SPD 6yayT noctynatb €O
ckopocTtbio 3 My B Buae taum-cnamncoB B 10 Mc, B KaXXAOM U3 KOTOpPbIX OyaeT npoucxoautb B cpeaHeM 40 cobbiTum,
T.e. OAMH TauM-cnanc éyaet copepxatb B cpegHem 200 TpekoB n 1100 xMToB Ha OAHY cTaHUUIO (Npuyem 82,26% Bcex
XuToB ABnsaTcA cenkamum). NnaHupyetca paspabortaTb anroputTMm Ansa oHnamH cunbTpa, YTobbl obpabaTbiBaTh He
MeHee 100 TanM-crnanMcoB B CEKYHAY.

OcHoBHble npobaembl Npu
. A2 2 i TpeKuHre ato “neso-npaso”

P = Poérdcy  HEOMPEMENeHHOCTb o

| | magret systen CTPOY-TPYOOK, OrpomHoe 050
Bean pipe KoNn4yectBo (PeMKoBbIX
STédap  CUFHANOB M MPOMYCKU
fstrdr  OTCYETOB M3-3a
HeapdeKTUBHOCTH o
AETEeKTOpPOB.
BHeceHne coOTBETCTBYHOLMX
YCNOXKHEHUIN B MPOrpammy
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RS

88C

-0.75

-1.00
TrackNET Hen3bexHo %ﬁm
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3amMmegndert ee pa60Ty " :
O61wan cxema ycraHosku SPD. ST - Straw-Trecker. CHUMKaeT 3¢¢EKTI/I BHOCTb Mpumep Tanm-cnaiica B akcnepumeHTte SPD. TpeKn NnoKasaHbl LBETHbIMU

Ero 0CHOBHOWM MOAyNb COCTOMT M3 31 ABOIHOrO JIMHUAMMU, X NepBUYHbIE BEPLUNHbI — TOYKAMU COOTBETCTBYIOLLLETO LiBeTa.
cnos cTpoy-Tpy6okK deliKoBble XMUTbl MOKa3aHbl CEPbIMU TOUKaMM.
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SPD tanm-cnamc Tracking with TrackNET. Inference optimisation

AonoxxeHo A1.PycoBbim Ha SPD mutuHre

@ Input 2xGRU | . Linear . “Softplus‘ Testing setup: — ::E -:3 -
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Sphere predictions sphere center

(x,v,271)

> Prolong candidates and pass

@Check sphere attendance / them to |the model @

BneuaTtnstowme pe3ynbratbl yaanocb noKasatb 1.PycoBy npu nporoHe 25 000 mogenbHbix cobbiTnia SPD,
npeacrtasasoWmx 625 Taum-cnamcos ¢ 40 cobbiTuAMM B KaXKA0M, Ha cynepkomnbioTepe FTOBOPYH (Xeon(R) Gold 6148
CPU @ 2.40GHz, Single Nvidia V100 32Gb GPU). Bbina gocturHyTta ckopoctb 06pabotku ~ 1800 cobbiTnii B CEKYHAY
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NTorn n nepcnexkTussl

* [lpumeHeHne MmeToa0B MaLLMHHOTO 0byyeHnA 6b110 aPpPEeKTUBHLIM Ha BCEX CTAAMAX Pa3BUTUA CUCTEM
06paboTKKM aKCNepuMeHTabHbIX AaHHbIX PB, nporpeccmpys BMecTe C Pa3BUTUEM BbIYUCAUTENbHbIX
TEXHONOTUN N aNTOPUTMMNYECKOU Ha3bl.

* PagmKanbHble NPOEKTbl NOCAeAHUX NeT A1 SKCNEPMMEHTOB € BbicOKoM cBeTumocTbto (HL-LHC) u
NICA, CTaBAT CIOXKHYIO Np0ob/1eMy PEKOHCTPYKLMA TPEKOB YaCTUL, B MJOTHbIX Cpeaax, ANA peLleHms
KOTOPOWN HeEOHXOAMMO Pa3BUTUE HOBbIX aITOPUTMOB ryOOKOro TPEKMHra U X pacnapanaenmBaHma Ha
cynepKomnbloTepax.

e Cnegyet OTMETUTb NEPCNEKTUBHOCTb UCCAEA0BAHUN NO NPUMEHEHUIO HEMPOCETEBLIX MOAENEN
TpaHchOpPMeEpPOB, MO3BONAKOWMX, B YACTHOCTU, 3PPEKTUBHO OTGUNBTPOBbLIBATL GEMNKOBbLIE UIMEPEHUA
N BbINOJIHATb TPEKMHT Ha CbIPbIX AAHHbIX, MMHYA 3Tan C NOJNYYEHUEM XUTOB.

* B 6onee ganekom nepcneKkTMBe CieayeT TaKKe yaenAaTb BHUMAHME METOAAM KBAHTOBOIO OTXKUra B
NPUNOXKEHUAX KaK K 1106a1bHOMY TPEKUHTY, TaK U NOKa/IbHbIM MeToAaM NMPOCAeXNBaAHUA,
obobuwatowmx anropntmbl puastpa KanmaHa.

* Ha Bo/IHE ycnexa reHepaTUBHO-COCTA3aTE/IbHbIX HEMPOCETEN B CO34aHMM KAaPTUH U AMUCCepTaLmi
cneayeTr oTMETUTb NybanMKaumm 06 nx ycnelwHom NpUMEHEHUU AN CUMYAIALUM B3aUMMOAENCTBUIN B
3KcnepmmeHTax ®B>



[.A.OcocKoB
MeToapbl 06paboTKM AaHHbIX B SKCNEPUMEHTAX
PU3UKU BbICOKUX SHEPIUN.
NcTopua, npobnembl U NepCneKTUBDI

Cnacubo 3a sHumaHue!

Mory oTBeTUTb Ha BOMPOCHI TaKXxe Nno noyrte
email: gososkov@gmail.com
MHoro matepuanioB Ha MOeM canTe
http://gososkov.ru 39
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Pe3ynbTaTbl cetu Xondpunaa 8 cobbitun 3 10 Tpekos SPD

0 WwymoBbIX XUTOB 100 wwymoBbIX XUTOB 1750 WyMOBbIX XUTOB

/ /
A L
\

|

e AKTMBHbI CErMEHT Ha TpekKe (true positive)
e AKTMBHbIN CErMeHT He Ha TpeKe (false positive)

* HeaKTuBHbIN cermeHT Ha TpeKe (false negative)

* HeaKTUBHbI CErMEHT He Ha Tpeke (true negative)
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Kneto4yHble aBTOMaThbl (KA)

KA — 3TO guckpeTHas AMHaMM4YecKasi CUCTeMa, oOpa3oBaHHaA perynsapHoOM peLeTKon s4eekK, Kaxaan
MMeeT HeCKONbKMX COCTOSAHUU, Hanpumep 1 u 0. [ina kaxxaon s4enkn onpeaeneHsl ee coceau U npasuna
nepexoza 3 ogHoro cocroaHua B agpyroe. lMpaBuna nokanbHbI, T.e. 3aBUCAT TONbLKO OT cocenemn.
N3meHeHUs 3HaYeHUUN BCeX KIeTOK npoucxoanat oaHoBpemeHHO. [Ixx.KoHBen npeanoxun npasuna KA

na urpbl «KU3Hb»: " " .
A P 3 ecnu KneTka uMeeT ABYX "XMBbIX" cocenen, oHa OCTaeTCA B NPeXHeM COCTOSHUMN.

Ecnun knetka umeet Tpex "XuBbIX" cocenen, oHa nepexoauT B "xusoe"
.‘. cocTtosiHue. B ocTtanbHbIX cny4yasax KneTka "ymupaert'.
o0

NMpumeHeHne NOAOOHbLIX NpaBus K 3allyMNIeHHbIM AaHHbIM U3MepeHun ans
opraHu3auuu «BbIMUPAHUA» U3ONTMPOBAHHbLIX LUYMOBbLIX TOYEK OKa3arnocb BeCbMa
3 PheKTUBHLIM CNOCOOOM

Ewe 6onee none3HbIM oKa3anocb npumeHeHne KA ona peKoOHCTPYKLUUKU TpeKoB. B KayecTBe KNneTokK doepyT
cermeHThbl (tracklets), coeanHsaOWNeE 3KCNEepUMEHTarlbHble OTCYeTbl Ha COCeAHUX KOOpPAUHATHbLIX
nnockoctax. Knetka =1, ecnn Ha AaHHOM 3Tane CerMeHT CYMTAeTCs 4YacTbio Tpeka, un 0, ecnu oTpe3ok

cCoeAUHAET TOUYKU, He Nnexawme Ha ogHom Tpeke. CoceacTBO ycTaHaBNMBaeTCA
no coBnageHuro KOHeYHOU U HaYanbHOM TOYEK CerMeHTOB U ux 0yin3ocTu no

W HanpaBfieHuIo (Mo ManocTu yrrna mMexay HUMn).

<:IUU - nm_:'\_>

Collect tracks Create tracklets
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