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BBenenue. 3agaun aHanuza OJHOMEPHBIX CHUTHAJIOB C BPEMEH-
HOW pPa3METKOM BKJIIOYAIOT BIJENICHUE COOBITHH (C YKa3aHHEM BpeMEHH
Hayasa ¥ KOHIIA), UX KJIACCH(UKAIMIO 10 THUIAM, a TaKXXe MOoJTy4eHHUEe
arpernpoBaHHON OIIEHKH COCTOSHHUS 110 OKHY HAONIOACHUS WIIH 10 BCEH
3anucy. Takue MoCTaHOBKHM BO3HUKAIOT TP MOHUTOPUHIE€ TEXHUYECKHUX
00BEKTOB, TEIEMETPHH, aKyCTHKE, KHOSP(PUIUIECKIX CHCTEMaX U MHBIX
WCTOYHMKAX ITAaHHBIX, Te WH(GOPMATUBHBIC SMU30AbI JOKAIU30BAHbI BO
BPEMEHH U YacTO pa3pekeHbl OTHOCUTENIBHO (hoHa. [l mpakTHyecKo-
TO IPUMEHEHUSI BOKHBI JIBE TPYNIBI TPEOOBAHUN: TOUHAS JIOKAIN3AIHS
rpaHMIl COOBITHI, TOCKOJIBKY OIIMOKA B Pa3METKE 110 BPEMEHH MPUBOIUT
K CMEILIEHUIO NHTEPBAJIOB U YXYALICHUIO HHTEPIPETALUN U YCTOMUNBOE
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MOJIEIMPOBAHUE JAIbHETO KOHTEKCTa, NMOCKOJIBKY peIIeHrne MOXKET 3a-
BHCETh OT CTPYKTYPHI CUTHAJIOB Ha OOJIBIINX BPEMEHHBIX MaclITadax.

Kraccrueckne cBepTodHBIE TOAXOIBI U X TEMIOpPAIBHBIE BapHaH-
ThI TIOKA3aJIM TIPATOJHOCTB IS ITUPOKOTO KJIACCa 33714 IOCIIeIOBATeIhHO-
CTeH, HO KaueCTBO U YCTOMYMBOCTD Ha JUTMHHBIX 3aBUCUMOCTSIX 3aBHCSIT OT
PELENTUBHOTO MO M COcO0O0B arperanyy npu3HakoB. U-oOpasHble SH-
KOZIEp-JIEKOJIEp apXUTEKTYPhI IIUPOKO MCIIONB3YIOTCS JUIS 3a/]1a4 IUIOTHOM
pa3MeTKH Onaromapsl COYETaHWI0 MHOTOIIKATBHBIX MPU3HAKOB U CBS3EH
nporrycka (skip-connections), TO3BOJSIFOLIMX COXPAHSTH JIOKATBHBIE JIeTa-
JIM TIPM HAJIMIUW KOHTEKCTHOH nHpopmarwu [ 1]. B To e BpeMst Mozeny Ha
OcHOBe self-attention Moyy4riIM BEICOKYIO THOKOCTD M Ka4eCTBO B 3a/[a4ax
MOCJIeOBATENBFHOCTEN, OHAKO 0a30Bas ornepanys BHUMAHUS UMEET KBa-
JPaTUYHYIO 3aBUCUMOCTH TI0 JUTMHE MOCIIEA0BATENbHOCTH, YTO 3aTPyIHSIET
WCTIONH30BAHUE HA TMHHBIX OKHAX 03 CIIeMaTbHBIX MOAU(DUKAITHA.

Lenp HacTOSIMIIEH CTAThH COCTOUT B (HOPMYITHPOBKE apXUTEKTYPHI,
OPHEHTHPOBAHHON HA COBMECTHOE pellIeHHE 33134 INIOTHOH BPEMEHHON
CerMEHTAIMH, JCTeKIIMU WHTEPBAJIOB COOBITUH M KiacCU(UKALMU CO-
CTOSIHUSI, C aKIIGHTOM Ha JUTMHHBIE TI0CJIEA0BATEIbHOCTH U Pa3pPEIKCHHBIC
coObiTHs. [Ipennaraercst coObITHHHO-TOKeHHAsT U-00pa3Hast apXUTEKTY-
pa (mamee — EGSS-U-TokenNet), mcmonp3yromas celleKTUBHBIC state-
space OJIOKM B KadecTBe OCHOBHOTO MEXaHHM3Ma JAIBHEr0 KOHTEKCTa
1 KOHTYP TOKEH-YTOUHEHHS AJIs1 0OBEKTHOTO MPEICTaBICHUS COOBITHH.

OcHoBHass 4acTh. [lycTh HaOMIOMACTCS MHOTOKAHAJIBHBINA JHC-
KpeTHbIi curHan X€R™C, rne T — anuna okHa B otcuerax, C — YUCITO
KaHajoB. PazmeTka mo BpeMeHH 3aJaeTcs KaKk MHOXKECTBO WHTEpBa-
noB cobbrtuit {(k, tV,t ")}, re ke {l, ..., K} — kmacc cobbitus, ts(i),
te(i) — Havajgo u KoHel. TpeOyeTcs MONyYUTh IJIOTHYIO CETMEHTAITUIO
y(t) € {U, ) K} qutst kaxxoro t (0 — ¢hoH), mpencka3aHHbIe HHTEPBa-
JIbl COOBITUH C OLIEHKOH YBEPEHHOCTH P}, arPETMPOBAHHYI0 METKY MIIH
pacrpejieNieHue 110 COCTOSHUAM C, JUTs OKHA/3aiCcH (HampuMep, pesKUM
paboThl, HaNMUUE Je(eKTa, KIIacC KOHTEKCTa).

U-o0pa3Hble 3HKOAEP-IEKOAEp CTPYKTYPHI SBISIOTCS 0a30BBIM
pelieHneM ISl TJIOTHOW pPa3METKH, TOCKOJBKY SHKOAEp (OopMHpYET
MHOTOIITKAIbHBIE MPHU3HAKH, a JEKOJEepP BOCCTAaHABIMBAET BPEMEHHOE
paspelieHre ¢ UCIoab30BaHueM sKip-CoeIlMHEHNH, YTO KOHLENTYalbHO
ananoruuno U-Net [2]. Jns 1D-cermeHTanuum BpeMEHHBIX PSIOB pa-
Hee JIeMOHCTpHpoBaiuch Moandukanmu U-mogxona, oOpadaTeIBaroe
JUTMHHBIE 3alTUCH W BBIAIOIINE MJIOTHBIE KapThl KJIACCOB C MOCIEMYIO-
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el arperaiueil noJ JOCTYIIHYH0 Pa3METKY, YTO MOATBEPKAAET IIPUMeE-
HumocTh U-nipunnumna B 1D-ciienapusix [3].

OnHako B 3a1a4ax ¢ JUIMHHBIM KOHTEKCTOM H pa3pe:KeHHBIMH COObI-
TUSIMH BO3HHUKAET MPOTUBOPEUHE: JIOKaJIbHAS TOYHOCTh TPAHHMI] TpeOyeT
COXPaHEHUsI BHICOKOYACTOTHBIX AETalleid, a KOPPEKTHas KJIaCCU(PUKALHS
COOBITHS M OKHAa MOXKET 3aBUCETh OT JAJIBHHUX 3aBUCHMOcTei. CTanaapT-
uelii Transformer ommpaercs Ha self-attention, koTopblii obecrieunBaeT
KOHTEHT-3aBHCHUMYIO arperamuoo, Ho UMeeT HeOIaronpusTHyI MacIiTa-
OMPYeMOCTb IO JIJIMHE TOCIE0BaTeNbHOCTH B 0a30BoM Bujae. SSM-ce-
MEICTBO TpejyIaraeT ajJbTepHATUBY: MOJIEIIMPOBAHUE TTOCIIEI0BATENHFHO-
CTH 4epe3 CKPBITOE COCTOSHHE, YTO TI03BOJISIET MPEICTABIAThH JITUHHBIE
3aBUCHMOCTH; S4 dopMmanmmsyer >(h(HEeKTUBHBIA BBHIYACIUTEIHHBINA YTh
st cTpykTypupoBaHHbIX SSM. CenextuBabie SSM (Mamba) BBOmAT
BXO/I03aBHCUMOE yTIpaBlIeHHE IIEPEHOCOM/3a0pIBaHIEM HH(OpMAIINH, CO-
XpaHsist TMHEHHYIO 3aBUCUMOCTD BBIYMCIIEHHUH OT JUTUHBI [ 1].

VYkazaHHbIE COOOpaKeHUs IPUBOAST K BBIOOPY Cieyromield KoM-
Oounanmu: U-o0pa3Hasi MHOTOIIKANIbHAS CXeMa JJIsi TOYHOW JIOKaln3a-
1uy; state-space GIOKM B KaueCTBE MEXaHM3Ma JaJbHEr0 KOHTEKCTa Ha
KXJI0M MaciiTade; COOBITUIHBIE TOKEHBI KaK OOBEKTHOE IpEe/ICTaBIIe-
HHE, MO3BOJISIIONIEEe arperupoBarb HHPOPMAIIUIO O COOBITUSX, CBA3ATh
CEerMEHTAIIMI0 M KJIACCU(UKAIIUIO Yepe3 CAMHBIN “O0BEKTHBIN™ CIIOH,
peanu3oBaTh KOHTYP YTOUHEHHSI, KOPPEKTHUPYIOLINI TUIOTHBIE KapThl HA
OCHOBE KOMIIAKTHOW COOBITUHHON CTPYKTYPBI.

APXUTEKTYypa BKIIIOYAET YEThIPE JIOTUIECKUX MOJCHCTEMBI:

1) CTemM 1 MHOTOIIKAIIBHBINA 3HKOEP. BX0Om XXX MPOXOIUT yepes
HadaibHble 1D-cBepTKH (MM SKBUBAJICHTHBIH JIOKAIBHBIH MUKCEP) IS
BBIJIETICHHSI KOPOTKO3aBUCHUMBIX TATTEPHOB. Jlanee mociaeoBaTenbHOCTh
rocienoBaTennibHo downsample-urcst mo Bpemenu (stride/pooling), dhop-
mupyst ypoBuu s = 0, ..., S ¢ jymnod T, = T/2° u pa3MepHOCTBIO TIpH-
3nakoB D . Ha Kax0M ypOBHE IIPUMEHSIOTCS OCTATOYHBIE OJIOKH BH/IA
“nokanbHbIi MuKcep + EGSS”.

2) EGSS-6nok (Event-Gated Selective State-Space). EGSS pac-
cMaTpuBaeTcs Kak MOAYJb NajJbHETO KOHTEKCTa, Pean3yONIi peKyp-
PEHTHYIO TUHAMHKY CKpPBITOTO COCTOSHUS B cTHie SSM, HO C BXOJ0-
3aBHCHMBIM YTPABICHUEM BKJIAIOM TEKYIIETO BXO/a (CETEKTHBHOCTB).
KonrnenTyaiapHO 3TO COOTBETCTBYET M€ CEIEKTHBHBIX SSM, rme ma-
paMeTphBI/TEHThI 3aBHCAT OT BXOJA, YTO NMPHUMEHSETCS ISl YIIPaBICHUS
MepeHocoM uHGopMaIMy BOIb BpeMeHH. B oTinuuue ot attention-me-
xanu3ma, EGSS He TpeOyer sBHOW MaTpHIbI MOMApHBIX B3aUMOJCH-
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crBuii pazmepa TXT\, 4To SBIAETCS KIIOYEBBIM OrpaHUueHIEM 0a30BOTO
Transformer-mogxona Ha UIMHHABIX TTOCIEAOBATEIBHOCTAX [4].

3) Jexonep u cBs3u porycka. Jlexonep mocienoBarensHo upsample-
WT TIPU3HAKH JI0 MCXOIHOTO BPEMEHHOTO pa3pellieHus, OObEANHSA UX CO
skip-npu3HakamMy 3HKONEpa. DTOT TPHHIMUIT COOTBETCTBYeT U-MOmXoy,
MIPUMEHSIEMOMY B 33Ja4aX CETMEHTALlMH, U TMepeHocutcs Ha 1D-curnamb
aHaIoruuHo cymectByoumM 1D U-apxutextypam.

4) CoOBITHIfHBIC TOKEHBI 1 KOHTYP YTOUHECHUS. M3 POMEKyTOTHO-
TO TIPEICTABJICHHUS Ha BHIOPAHHOM MacIiTade (HarpuMep, CpemaHeM s—=s*)
Berumcisercs Haoop NNN TokeHOB z € RP?, re xaknplil TOKEH JOIDKEH
COOTBETCTBOBAaTh OJJHOMY COOBITHIO-KaHauIaTy. COOp TOKEHA BBITIOIHSIETCS
KaK B3BEIIEHHOE CyMMUPOBAHUE PU3HAKOB 110 BPEMEHH BOKPYT LIEHTPA L :

I 2
—
o= S w0, w0 exp Lt (1)

20
=1

rae h(t) — mpu3Haku Ha MaciiTade s*, 6 — mapameTp MUPHUHBL.

[leHTpbl p W/MIM MAaCK¥ W, MPEICKA3BIBAIOTCS OTAEIBHOU TO-
KEHHOH TOJIOBOH. Jlajmee TOKeHBI IpoXomiaT yepe3 token-mixer (Hampwu-
Mep, JIETKyro attention- wiu SSM-Tofo0HYIO0 arperanuio) W BO3Bpa-
LIAIOTCS B JEKOJEP Yepe3 MEXaHW3M KPOCC-BIMAHUS (Cross-gating Miu
Kpocc-cMelnBanue), GopMupyst koppekrtupyromumii curtan Ah(t) mis
YTOYHEHUS CETMEHTAIIMK U TpaHuil. JaHHBINM KOHTYpP MpEAHA3HAYCH IS
COTJIacOBaHUS “00BEKTHOTO” YPOBHS (COOBITHS KaK CYITHOCTH) M ““TIHK-
CEeNBHOTO” ypOBHS (TLUIOTHAS pa3METKA).
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PucyHok 1 - O6uias cxema EGSS-U-TokenNet
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PucyHok 2 - EGSS-610k 1 kOHTYp token->time yTouHeHws:
a) EGSS-6n0k; 6) KoHTyp token>time yTouHeHuii

Apxutektypa GOpMHPYET TPU OCHOBHBIX BBIXOJIA!
ITepBbIii BBIXOA — IIIOTHAS CETMEHTANUs () WiIn pacipeeneHne

p(yt|x), o0ygaemoe 1o KpoCC-3HTPONHH (C yUeTOM ArucOaIanca KIIacCcoB).
Bropoti Beixox — kapthl rpanuil p(t), p (t) s Havana u KOHIA COObITHS,
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YTO YIPOUIAET M3BJICUEHHE HHTEPBAIOB U MOBBIIIACT YYBCTBUTEILHOCTD
K JIOKaJIbHBIM TiepexojiaM. TpeTuii BBIXO/ — KiacCH(UKAIUS OKHA/3aIICH
¢, BeIauCIIsIeMas 1160 1o pooled-npu3Hakam, 160 110 arperupoOBaHHOMY
Habopy TOKEHOB (HApUMED, Yepes3 attention-IyJIMHT 110 {Z, }.
CymmapHast GyHKIHS TOTEPb MOXKET OBITh 3allMCaHa B BUJIE:

L:aLseg + BLbd + ’YLtok + 8Lcls’ (2)

rie LSeg — IOTEPH CErMEHTaluu, L, — morepu mo rpanuuam (Harpumep,
BCE nns ps, pe wim perpeccust Ha pacCTosHUE 10 rpanuisl), L, — co-
IJ1acOBaHME TOKEHOB C MCTUHHBIMHU COOBITHSMH (Hampumep, matching
1o loU unTepBanos uim no 6au30ctu ueHTpos), L | — norepu knaccu-
¢ukaruu. [Mondop ko3 dunmenTos a, B, y, O B IKCIIEPUMEHTAILHON Ya-
CTH MOXKET BBITIOJHATHCS Yepe3 HOPMHUPOBKY BKJIQJOB IO MaciiTabam
TPagUeHTOB WU Yepe3 COMOCTABICHUE CPEIHUX 3HAYCHUN KOMIIOHEHT
Ha Ha49aJIbHBIX 3I10XaX.

3akaouenune. B nannoit pabore chopmynupoBaHa KOHLIEHIIUS
apxutektypbl EGSS-U-TokenNet qy1st anann3a ofHOMEPHBIX CUTHAJIOB
C BPEMEHHOM pa3MeTKOH, OpMEHTHPOBAaHHAs Ha COBMECTHOE IOJIyde-
HUE TUIOTHOW pa3METKH 10 BPEMEHH, OIIEHOK T'PaHMIl Hadana U KOHIA
COOBITHI ¥ UTOTOBOW KacCH(PUKAIMKM COCTOSHHS O OKHY HaOIfome-
HUS. ApXUTEKTypa 00beIuHsIeT MHOTOIIKaIbHYI0 U-00pa3Hylo cxemy,
00eCIeynBalOIIyI0 COXPAaHEHUE JIOKAJIBHOM TOYHOCTH HA HMCXOIHOM
BPEMEHHOM pa3pelieHuH, C MEXaHU3MOM JIaJJbHETO KOHTEKCTa Ha 0ase
CEJICKTUBHOTO state-space OOHOBJICHUS, a TAK)KE BBOJUT COOBITHHHO-
TOKEHHOE TPEJICTaBICHHE.

KittoueBbIM 211€MEHTOM MPEUIOKEHHOTO MOIXO0AA SBIIAETCSI KOHTYP
token—time yTOUYHEHUs, B KOTOPOM TOKEHBI COOBITUH, W3BICUEHHBIE U3
MIPOMEXKYTOUHBIX NPHU3HAKOB U CONIACOBaHHBIE C IJIOTHBIM MpEAcKa3a-
HUEM, HUCTIONIB3YIOTCS JUI KOPPEKTHPOBKH BPEMEHHBIX MPU3HAKOB U, Kak
CJIE/ICTBHE, YTOUHEHHUS CETMEHTAINH U TpaHull. Takast TOCTaHOBKa MIO3BO-
JISIET OIMCBIBATh BBIXOZ MOJIEIH B BUAE CTPYKTYpPHPOBAaHHOTO Habopa co-
OBITHH-KaHU/IATOB, YTO JIETaeT BO3MOKHON JTaIbHEHIITYIO arperaruio Mo
OKHY ¥ (hOPMUPOBAHUE UHTEPIIPETUPYEMBIX XapaKTEPUCTHUK.

B pamkax nmanpHe#Iero ucciemoBaHUs LENecooOpa3Ho BBIMOI-
HUTh JKCIEPUMEHTAIBHYIO BAJIUIAIMIO apXUTEKTyphl B CpaBHEHUU
¢ 0a30BBIMH TEMITOPATBHBIMH CBEPTOYHBIMH MOJIEISIMH W attention-
OPHEHTHPOBAHHBIMH MOAXOJIAMH, & TAK)KE IPOBECTH a0IALMOHHBIN aHa-
JIM3 BIMSIHUS CEJICKTUBHOTO state-space OJI0Ka M TOKEHHOTO KOHTypa Ha
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KauecTBO JIOKaJIM3aluu U Kiaccudukanuu. JJomoaHuTeNnsHO TpedyeTcs
3a(UKCHPOBATH MPOTOKOJI H3BJICUCHUS WHTEPBAJIOB W3 IUIOTHBIX KapT
Y TpaBHJjIa COTIOCTABJICHHUS TOKEHOB C UCTUHHBIMHU COOBITHSIMHE, YTOOBI
00eCneunTh BOCIIPOU3BOAUMOCTD PE3YJIbTaTOB U OJHO3HAUYHYIO MHTEP-
MPETALUIO APXUTEKTYPHOTO BKIIA/A.
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* yuanuiics YO «HaruoHa bHbIN JETCKUI TEXHOIAPK
Beenenne. B cootBerctBum ¢ m. 20 Ilpukaza OneparnBHO-aHa-
nmutrdeckoro nentpa npu [pesunenre PecyOnuku benapycs Ne 66 ot
20 ¢erpans 2020 r. [1] B cucteme uHGOpMAIIMOHHON 0€301ACHOCTH KpPH-
THUYECKH BaKHOTO 00bEKTa MH(OpMAaTH3alMy JOJKHBI HCIIONB30BaThCS
yCTpoicTBa ¢ (PYyHKIMAMHI MEXCETEBOI0 SKPAaHUPOBAHMS U aHAJIM3a Tpa-
¢uKa Mpu BHYTPEHHEM U BHEIHEM MH(POPMALMOHHOM B3aWMOJIEHCTBHN
10 IPOTOKOJIAM CETEBOI0 M TPAHCIOPTHOro ypoBHeW. Ha cerogusmHumit
JICHb Ha OOJIBIIMHCTBE KPUTHUECKH BAKHBIX 00BEKTOB HH(POPMATH3ALUH
Pecnyonmkn benapychk UCTIONB3YIOTCS CETEBBIE YCTPOHCTBA 3apyOEKHBIX
npousBoanTenei, Takux kak Huawei, Mikrotik n mp. IlosTomy akTyais-
HBIM SIBJISICTCSl Pa3BUTHE MPOM3BOICTBA TEIEKOMMYHHMKAILIMOHHOTO 000-
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