bunapuzanust si3bIKOBBIX MoOJIeJieit

JI.H. Jasbimosal

B nocienaune roasr B cdepe 06pabOTKU €CTECTBEHHOIO sI3bIKa IITH-
POKO€ pacIpoCTpaHEeHne MOy Inin OOJIbIe A3bIKOBbIe Mojeau. Ho,
HECMOTPsI Ha, UX BOCTPEOOBAHHOCTD, UX IIPUMEHEHNE CTAHOBUTCH 3aTPY-
HATETHHBIM U3-3a OOJIBIINX 3aTPAT BPEMEHHU, SHEPTUN U TAMSITH.

OxHUM U3 CII0COOOB PelleHusl TOM IPODJIEMBI SIBJISIETCS KBAHTU3A-
15l HEHPOHHBIX ceTeil — Ipeobpa30BaHNe BECOB U AKTUBAIMI CeTH K
[IPEJICTABJIEHUIO ¢ DOJiee HU3KON TOYHOCTHIO. JaCTHBIM CilydaeM KBaH-
TU3AINN SIBJIsTeTCsI OMHapU3alusl — IMIPUBEJIEHNE TapaMeTpPOB CeTU K
paspsaaocTu 1 OuT.

B pabore paccmoTpena cTpyKTypa OMHAPHBIX HEHPOHHBIX CETeld,
[pUBEJIeH 0630p TEKYIINX METOJI0B OMHAPU3AIUN SI3BIKOBBIX MOJEJIeil,
OIIMCAHBI MTOJIyYEeHHBIE PE3YJIBTATHI.

KaroyeBbie citoBa: 06paboTKa eCTECTBEHHOTO SI3bIKa, OMHAPHbBIE
HeHPOHHBIE CeTH, OMHApU3AIs, KBAHTA3AIUs, OOJIbIINE SI3IKOBbIE MO-
JIEJIN.

1. BBegenue

I'mybokne HefipOHHBIE CETU IO3BOJISIIOT HOJIYUNThH BBHICOKHE PE3YJILTATHI B pa3-
JINYHBIX 33/la9aX, TAKUX, KaK KJiaccuukalus n300pakeHuil, pacio3HaBaHme
pedn, MaIlUHHBIA ITepeBo n 0OpaboTKa eCTECTBEHHOIO si3blka. B mociiemnme
roJibl Bee OoJiee BOCTPEOOBAHHBIMU CTAHOBATCS OOJIBIIE sI3LIKOBBIE MOJIEIN —
SI3BIKOBBIE MOJIEJIH, COJeprKallie 0ojiee MU/LTHAP/IA TTAPAMETPOB U TTO3BOJISI-
IOIIUE C BBICOKON TOYHOCTBIO BBIIOJIHSTH Pa3JIMYHbIE sI3BIKOBBIE 33129 [2],

[1].

Ho, HecMoTpst Ha BOCTPEOOBAHHOCTD U IIPEUMYIIECTBA, DOJIBININAX S3BIKOBBIX
MOJIeJiell, OTPOMHOE KOJIMYECTBO IapaMeTPOB JIeJIaeT UX OOydeHne U 3aIyCcK
npobsiemarudabiM. OOydeHre OOJBIINX S3BIKOBBIX MOJIEJICH 3aHUMAaeT MHOIO
BpeMeHHU U TpebyeT OOJIBIINX BBIYUCIUTEIBHBIX MOIIHOCTENH, & 3aIlyCK TaKUX
MoJleJiell Ha yCTPOHCTBAX C OIDAHMYEHHBIM KOJUYIECTBOM TAMSITH, TAKUX,
KaK MOOU/IbHBIE Te/1eDOHBI, OKa3bIBACTCS 3aTPYyIHUTEeIbHBIM. B yacTHOCTH,
obyuenne LLaMA-7B ua 1T tokenos na GPU A100-80GB 3zansio 82432 gaca
u norpebosano 36 MBr - 4 sueprum [2|, a ee xpanenue tpedyer 12.55 I'B,
[I03TOMY PabOTaATh C TAKOW MOJIEJIHI0 HEBO3MOXKHO 0€3 MOIIHBIX BUIEOKAPT.
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st perttenust 9TOM TPOOJIEMBI TIPEIJIATAJINCH PA3JINIHBIE METObI OIITH-
MU3aIi HEHPOHHBIX CeTeil, TO eCTh, YMEHBIIIEHNST 3aTPAT 110 BPEMEHU UJIN
MaMsITH MOJeJIeil TaKuM 00pa3oM, 4ToObI IOTEPU B KAYeCTBE MIPU ITOM ObLIN
KaK MOXKHO MEHBIIIE.

MeTopl OITUMHU3AIUTE MOYXKHO YCJIOBHO PA3/e/INTh HA METOJIbI, MEHSIOIINE
ApPXUTEKTYPY MOJIEJIHN, TaKue, KaK y/aJeHnue WiId U3MeHeHue cIoes cetu [3],
[4]; MeTompI cxkaTHST MOJEH, Takue, Kak KBanTusays [5|, [6] u npymumr [7],
[8]; Mmerox mucTuisinny 3HaHMI 9.

KsanTuzamus mpesiosaraer ckaTue MOJEIN 33 CYeT peodpa30BAHUSA
apamMeTpoB U AKTHBAIUN CETU K IIPEJICTABJIEHUIO ¢ 00Jiee HU3KOW TOYHOCTHIO,
HanpuMmep, K 8, 4, 2 uan 1 6ut. Takoit moaX0 ITO3BOJISIET YBEIUIUTD IPO-
IIYCKHYIO CIIOCODHOCTH HEHPOHHOM CETH M YIPOCTUTH XpAHEHUE MOJIE/IN, HE
U3MEHSsISI IPA 9TOM €€ apXUTEKTYpY.

YacTHbIM cIydaeM KBAHTUBAIMY siBJISETCs OMHApU3alinsl HEPOHHBIX Ce-
Teit. Ilpu Gunapusanuu HEHPOHHBIX ceTell Beca W aKTUBAIUU, U3HAYATIHLHO
[IPEJICTABJIEHHBIE ¢ TOYHOCTBIO 32 OUT, 3aMeHSIOTCs 1-OUTHBIM IIPEICTABICHI-
€M, a OIepaIii YMHOXKEHUsI MATPUIl, 3aTPAaInuBaIoIie OOJIbIITOe KOJTTIECTBO
BBIYUCJIUTEIbHBIX PECYPCOB, 3aMEHSIOTCA Ha OyJieBbl orepariuu. Takum 06-
pa30M MOXKHO CYIIECTBEHHO YCKOPHUTH BBIIOJHEHUE BBIYUCIEHU MOJIEIN U
YIPOCTUTDL €€ XPaHEeHHeE.

B nanHOM 0030pe Oy/yT paccMOTPEHBI PE3YJILTATHI UCCIAETOBAHUN 110 TIPU-
MEHEHHUIO MeToj[a OMHAPU3AINY K OOJIBIINM sA3BIKOBBIM MOJIEJISIM U IIPOBEJIEH
aHaJIN3 MMOJIyYeHHBIX PEe3YJIbTATOB.

2. CrpyKTypa OMHApPHBIX HEPOHHBIX ceTeii

Kaxk npasuito, npu OuHapusanyuy HeAPOHHON CeTH 3HAYEeHUs] BECOB U aKTHBAa-
uit orpanuunBaoTest 10 +1 u —1 (BO3MOXKeH TakzKe nepexoj K 3HadeHusm ()
u +1). s npeobpasoBanusi 32-pa3psiTHOrO MPE/ICTABICHUS C IIIABAIOIIEH
TOYKOI K OMHAPHOMY HCIIOJIL3YeTCsl PYHKIINs OMHapu3alnn. B Oo/IbITHHCTBE
CJIy9aeB JIjIs OMHAPU3AINN UCIIOJIb3yeTcst (PYHKIUS 3HAKA — JIETEPMUHIPO-
BaHHas (PYHKIWS, BBIIAONIAA OJUH U TOT Ke Pe3yJIbTAT IIPH Iofade Ha BXOJ,
OJIMHAKOBBIX 3HaYCHUN BXOJJHDBIX aprMeHTOB.

+1, x>0

—1, wunage

Sign(z) =

Nuorna ucnosib3ytores croxactudeckue OYHKINYA OUHAPU3AINY, TPUITUCHIBA-
IoIye 3HadYeHus HaboOpaM apryMEHTOB C OIPEICJICHHON BEPOSITHOCTHIO.

+1, ¢ BeposTHOCTBIO P = 0()

Fb(.%') = 1

, C BEpPOSITHOCTBIO 1 — P,



rae o(z) = clip((x'gl),o, 1) = max(0, min(1, (CE;I))).

Hecmotrpst Ha TO, 9TO MpUMEHEHHE TaKOW (DYHKIIMH MOXKET ITOBBICUTH
KaIeCTBO PAbOTHI MOJIEN, OMHAPU3AINIO C €€ TIOMOIIBIO CJIOXKHEE Peasin3o-
BaTh M3-3a TOTO, YTO TPEOYeTCsl PeHEPAIUsT CIYUIAHNHBIX OUT, TIOITOMY Yallle
UCHOJIB3YyeTC (DYHKITHS 3HAKA.

Kak u B o0mmem ciaydae KBAHTH3AIUU, TpU OUHAPW3AIUN BO3MOYKHBI
JiBa crieHapusi: quantization-aware training (QAT), npu koropom 1-6uTHbIE
mapaMeTpbl U OyJIEBBI OMEPAINN 3aIeHCTBOBAHBI B TIPOIecce ODYUeHUst, 1
post-training quantization (PTQ), mossoJisifornuii HaIIPsIMy 0 KBAaHTH30BaTh
yKe 00y9IeHHYIO MOJIENb Jaxke Oe3 TOHKOH HaCTPONKH.

B cnyuae quantization-aware training Bo BpeMsi IpsaMOro Ipoxoja Iio
CEeTH JIJIsT BBIYUC/IEHUST BBIXOIOB CJIOEB BMECTO OTEPAITNU MATPUIHOTO YMHO-
enust ucnojbsyercs dyukius X NOR, XNOR(A, B) = A ® B u popcount,
TTO/ICIMTHIBAIONIAST KOJIMIECTBO €IMHUTL B 38 JAHHOM OMHAPHOM BEKTODE.

Tax kak mpousBoaHas GYHKIUU Sign onpejiejieHa He BO BCEX TOYKAX U
IIOYTU BCerJa paBHaA HYJIIO, METO/ I'PAJUEHTHOI'O CIIyCKa HE€ IIOAXOJIUT IJIfd
BBIYHC/ICHUST TPAJINEHTOB U OOHOBJIEHUS TAPAMETPOB MIPH OMHAPUBAINY B XOIE
obyuenusi. Yrobbl pemuTh 31y 1pobdsiemy, B [10] paspaboranu merox STE
(straight-through estimator) jyist mpuG/IHzKeHNsT TPOU3BOIHON (DYHKIMN 3HAKA
1 0OPaTHOTO MIPOXOJIA IO CETH.

x <1

)

x, x = -1
Approz(x) = ¢ -1, x <-1

+1, wuHaue

_ OApprox(z) 1, x>-1,x<1

Ox 0, wuHaue

STE(x)

ITpu obyderun 1o crieHaputo quantization-aware training jijist mpssMoro
1 0OPATHOIO IIPOXO/A 10 CETU UCIHOJIb3YIOTCs OUHAPHDbIE BECA U aKTUBAIUU,
BeCa MCXOJIHOM MOJIE/IN XPAHSATCS B HAMSTH U UCHOJIBb3YIOTCs IIPU OOHOBJICHUN
BECOB TIEPE]], CEYIONTUM ITPOXOJIOM IO CETH.

IIpu nogxome post-training quantization npemobyuennas 32-6utHast MO-
JeJIb OIEHUBAETCS C UCIIOJb30BAHUEM HEDOJIBIIOr0 HADOPa KAJIUOPOBOUHBIX
JaHHbIX. TakuMm 06pa3zoM coOMPaeTCs: CTATUCTHKA O PACIIPE/ICICHUSIX BECOB
Y aKTUBAIUI U BBIYMCIISIIOTCS KAJIUOPOBOYHBIE KOI(MMUIIMEHTHI. 3aTeM II0-
JIydeHHbIE CTATUCTUKYU HUCIOJIB3YIOTCH I KBaHTH3aIlUU Mojiesin. B xoje
Post-training quantization mapameTpbl MOryT OMHAPU30BATHCS AMHAMUIECKH
BO BpeMsI 3aIyCKa MOJIEJIN C YIETOM BXOJIHBIX JAHHBIX WM CTATHUYIECKH Ha
OCHOBE M3HAYAJIBbHONW CTATUCTUKU.

[Toaxom quantization-aware training 6oJiee CJI02K€H C BBIYHCIATETHHOI
TOYKHU 3PEHUsI, HO MO3BOJISIET B PE3YJIbTATE MOJIYIUTH DOJIee TOUHYIO MOJIE/Ib,



JIydiie aJanTUuPOBAHHYIO it pabOThI ¢ OMHApHBIMU 3HadeHusIME. [1o/1x0 post-
training quantization, nCK/IIO9aIOIIIIT AJITOPUTM OOPATHOTO PACIPOCTPAHEHHS
omubKu, Mpoie u TpedyeT HAJMIHs TOJbKO HeOOBIIOro Habopa JAHHBIX JIJIs
KaJITMOPOBKY, HO OMHAPU30BAHHAS MOJIE/Ib OKA3BIBACTCS MEHEe TOTHOMN.

Tax Kax npu OMHApPU3AIMYE HEHPOHHON CETH TEPSIETCA CYIIeCTBEHHA YaCTh
nHMOPMAITUY, TOYHOCTH MOXKET 3aMETHO CHU3UTLCA 11O CPABHEHUIO C U3HA-
qaJIbHOW MOJIEJbIO ¢ 32-OuTHBIMU 3HadeHuAMU. Jjist yMeHbIeHus omunbKu
OmHapU3alUU TIPEIIATraJuCh PA3JIUIHbIE TTOIXObl, TAKNE, KAK UCIOJIb30Ba~
HIE KAJIUOPOBOYHBIX KOIPPUIIMEHTOB MPUA BBIYUCIEHNN OMHAPHBIX BECOB 1
aKTUBAIUN, ONTUMU3AIN U U3MEHEHUE PACIIPEeICHNsT BECOB U aKTUBAINIA
reper OmHapU3anuei, yaydiierne QyHKINNA T0TEPh ¢ IOMOIIBIO T0OaBICHNS
napameTpa peryJsipu3alliy, JUCTHLIAs 3Haruit [11].

3. 3aja4unm 06paboOTKU €CTEeCTBEHHOI'O sSI3bIKa, PeIleH-
HbI€ C TOMOIIIbI0O OMHAPHBIX HEMPOHHBLIX ceTeit

Bunapuzaiuio npuMeHsIIH JIJisi YCKOPEHUS U 00JIerdeHusl Pa3InIHbIX S3BIKO-
BBIX MojieJteii, cpeau koropbix LSTM-ceru [12|, rpancdopmephbie Mojenu, B
gacrnoctn, BERT [13] u LLaMA [2].

Boupias yacTh nccsetoBannit 10 OMHAPU3AIIH A3bIKOBBIX MOJIeJIEl TOCB-
IeHa HePOHHBIM CETSIM, PEIIAIONIINM 33129y KJIACCUMUKAIMY WA A3BIKOBOIO
MOJICJINPOBAHUS. 38/1a4dy SI3BIKOBOIO MOJICJIMPOBAHUS MOKHO CHOPMYITHPO-
BaTh KaK MOJIEJINPOBAHIE BEPOATHOCTHOIO PACIPEJIEJIEHIS CJEYIONIErO CIOBa
HA OCHOBaHWU npeablaynmx: P(w;|w;—1, ..., wp), Tj1e w; — CJIOBO U3 CJIOBAPSI
Mojiestn. Jjist olleHKn KadecTBa penieHus 3TOM 3a/1a9n UCII0JIb3yeTCs MePIIIeK-
cusi — obpaTHast BEPOSATHOCTb TECTOBON KOJIJIEKIIUU, HOPMAaJIU30BaAHHAS 110
KOJINYECTBY CJIOB:

1
P(wy,ws, ..., wy)’

PPL(W)= %

rae W — MHOXKECTBO CJIOB B TeCTOBOIT KoJuteKun, N — HX KOJIHIEeCTBO.
IlepBble uccienoBanust 10 OUHAPH3AIUE S3bIKOBBIX MOJIeJIeil IIPOBOJISITCsI
B QAT-cuenapun na LSTM-cersix. B uccnenosannu [14] ajantupyor me-
Toj1 GMHAPU3AIUY, IPUMEHEHHBI paHee B 3a/ade KOMIBIOTEPHOIO 3pEHUsI,
JUIs SI3BIKOBBIX Mojesieil. Apropsr [16], [20] npumeHsIoT MeTOAbI U3 Teopuu
OITUMU3BAIUK JIst 10A60Pa HAMTYYIINX apaMeTPOB MOJEIH, IIPH KOTOPLIX
JIOCTUTAeTCs. MUHIMAJIbHOE 3Hadenne yHkiun noreps. B [19], [22] nccite-
JIYIOT BOIIPOC O TOM, KaKie KOMIIOHEHTBHI SI3BIKOBBIX MOJIEJIEH 3aTpaunBaioT
HanboJIbIIee KOJIMIECTBO BHIUUCIUTE/IBLHBIX PECYPCOB. ABTODEI MOKA3LIBAIOT,
qaro B ciaydae LSTM-momeneit 310 cjion SMOEIINHTOB, U IIPEIIaraloT TeXHH-
KI 110 yMEHBIIEHHIO II0OTE€Pb TOYHOCTH [IpU OUHAPHU3AINN STHX CJIOEB, TAKIE,



KakK J00aBJIeHNEe JOTMOJTHUTEIbHBIX JTUHEHHBIX CJI0EB U JUCTUJIISIIIS 3HAHUIA.
Huxe npusenennbie ncciieroBanus OYyIyT OMUCAHBI TOAPOOHEE.

Briepsble 6unapusanust si3bIKOBOi Moesu mpoBoauTcs B [14]. ABTopsr
NPUMEHSAIOT METOJ, PaHee MCIOJIb30BAHHBIN 1Jisi OMHAPU3AINN CBEPTOUYHBIX
Heifiponnbix cereit Xnor-net [15], na LSTM-cern. Paccmarpusaercst 2 crie-
Hapusi OMHApU3AIINN: OMHAPU3AIINS TOJHKO BECOB MOJIEIN U OMHAPUBAIIHST
BECOB M 5MOeIMHTOB. B mepBoM ciiydae B pe3ysIbTaTe SKCIIEPUMEHTOB OBLIO
[IOJIYYEHO YJIydIlleHne oKa3aTe el IePIIeKCUN Ha 3a/1ate S3bIKOBOTO MOJIEIU-
POBaHUS W COITOCTABUMAs TOYHOCTD B 3aJ1a4e Kiaccudukannn. B aTom ciydae
OMHApHU3AIMS BRICTYIU/IA KAK PETYISPU3ATOD U YJIYUIIUIa 0000IIAIOILYIO0 CII0-
coOHOCTL ceTu. BuHapw3alns BeCOB U aKTUBAIUHN IPUBeIa K IepeolyIeHUTO
U CHUXKEHMIO TOYHOCTHU Ha TECTOBBIX JIAHHBIX.

Apropsl [16] 3aMedaror, 4TO B IPOILIBIX UCCJIEOBAHUAX 110 OUHAPHU3AIN
HEUPOHHBIX CceTell B Ipolecce 00yIeHnsT AlIPOKCUMUPOBAIN MATPHUIIBI BECOB,
HO HE yUUTBLIBAJIN BusgHUE Onnapusaruu Ha QYHKIUO 10Teph. g moucka
ONTUMAJIBHBIX OMHAPHBIX BECOB aBTOPBI UCNOJBb3yI0T MeTox Hbiorona [17]
— UTEPAIMOHHBIN YUCIEHHBIN METOJ, JjIs HAXOXKICHUS SKCTPEMYMa I1€JIeBOM
dbyukmun. [Togbop OGuHAPHBIX BECOB PACCMATPUBAETCS KAK ONMTUMU3AIIIOH-
Has 3a7a9a, B KOTOpPOil TpebyeTcst 1Mo100paTh Beca TaKUM 00Pa30M, ITOObI
MHUHAMU3UPOBAThL 3Hadenue pyHKuu norepb. Marpurna [ecce, ygacTByio-
masi B pa3jioxkennn (PyHKIINA TPU IpUMeHeHnn MeTona HeoToHa, He Beeria
MTOJIOYKUATE/ILHO OIPeIesieHa, K TOMY 2Ke, ee BhIYHuC/IeHne TpedyeT DOIbITnxX
pPacxoI0B 110 BPEMEHHU U IIaMSITH, IIO3TOMY OHa AIllIPOKCUMHUPYETCSA C IIOMO-
IBIO TIOJIOYKUTEBHON JMaroHaJIbHON MATPHUIIBI. DTa MATPHUIIA BEITACIISIETCS C
ITOMOIIIBIO0 MOMEHTOB BTOPOT'O MOPSIIKA, KOTOPBIE ABTOMATHIECKH IOICINTHIBa-
forcst ontuMuzaropoM Adam. Pesynbrarer skciepumerTos Ha LSTM-Momesix,
PEIIAIONINX 330349y ST3bIKOBOI'O MOJETHPOBAHNS, IIOKA3BIBAIOT, YTO YIeT BJIM-
Auus OuHapu3auu Ha QYHKIUIO TOTEPh IPU 00YYCHUN MOJIEJIN TTIO3BOJISICT
YMEHBIINTE OMUOKY ¥ MOJIYINTH 00Jiee BHICOKHE PE3YJIbTATHI 110 CPABHEHUIO C
6ostee pannuMu Merogamu Ounapusanuu 18], [15].

Asropsr [19] pemator npobiaeMy GOIBIIONO pacxoja MaMsITH Ha CJIOSIX
SMOE/IJINHIOB B CJIyvae, KOTJa pasMep CJI0Bapsi MOJIEH JTOCTATOYHO OOJIBINOM.
B sToMm nccnemoBannn GuHapusalust IPOBOAUTC B ClieHApUU quantization-
aware training. ABTOpBI IPOBOIAT OMHAPU3AIINIO BXOIHOIO U BBIXOIHOI'O CJIOS
sMmbeauaros LSTM-cern u j106aBIg0OT JMHEHHDINA CJIOH 1I0CE BXOIHOI'O
CJ10s1 3MOEIMHIOB U TIe€Pe]] BBIXOIHBIM JIJIsl Y/IydIIeHUsT TOTYHOCTH BEKTOPHBIX
npejcrapiennii. B ciaydae 6Gunapusaium TOJIBKO CJIOEB SMOETUHIOB aBTOPbI
[TOJIYYIHM/IM yMEHbIIEeHNE MePIIEKCUN Ha, 3aJa4e A3bIKOBOI'O MOIEINPOBAHN, B
cJiydae MOJIHOUW OMHApU3aIMU MOJE/IN — HECYIIECTBEHHOE yBeJIUIeHUE Iep-
rekcnu. JIOmoTHATEIbHO aBTOPHI MOKA3BIBAIOT, UTO MOJIYIeHHbIE OMHAPHBIE
9MOEIINHTY HE TePAIOT NHMOPMAINIO B CPABHEHUN C U3HAYAJILHBIMU IMOE]I-
JAUHTAMU C TOYHOCTBIO MIPeACTaBIeHnsT 32 OUT.



B [20] Buepsbie npu QAT-6uHapusanuu UCIOJb3YIOT METOJ, MHOXKUTE-
Jieit iepemenHoro HampasieHust Alternating Direction Method of Multipliers
(ADMM) [21] ayist moa60opa ONTHMAIBHBIX [TAPAMETPOB MOJIENHN, Ha KOTOPBIX
3HaveHre (pyHKIUU 0TePh Oyier MuHUMAaBHBIM. MeTonm ADMM siBiistercst
pa3BUTHEM MeTOJIa MHOXKHUTe el Jlarpanka m 3aKJII0IaeTCAd B JIEKOMIIO3M-
MU CJIOXKHOM MTPo0JIeMbl MUHUMU3AIUN Ha OoJiee mpocThie moazagadn. [lpn
npumenennn ADMM dyHKIus, 3aBucsIias OT ABYX IPYII IEPEMEHHBIX, 110-
0YepeIHO MUHUMU3UPYETCsT TO IO OJIHOI, TO IO JPYTON IPYIIIe ITepEMEHHBIX.
B [20] ¢ nomorpio JarpaHKuaHa [00YEPeIHO ONTUMU3UPYIOTC 2 HAbopa
ImapaMeTpoB: Beca MCXOJHON CeTW W 3HaYeHUs, K KOTOPbIM KBaHTU3YETCsl
MOJIeJIb, ¢ KO9(MPUIUEHTOM. ABTOPBI CPABHUBAIOT IIPEJJIOXKEHHBIN TOIXO0T, C
noxo7ioM u3 [19] Ha 3ajade S3BIKOBOTO MOJIEJIMPOBAHUS U PACIIO3HABAHUSI
PeYr U MOKA3BIBAIOT, YTO WX METO/I IO3BOJISIET YCKOPUTH CXOJMMOCTh CETH U
[TOJIYYIUTD [IPU 3TOM 0OJiee HU3KUE 3HAUCHUS MTE€PILIEKCHUH.

B uccnenosanun (22| 6unapusanuio nposojar B QAT-cuenapuun. Dm-
OeIIMHIY, Ha KOTOPBIE IMIPUXOIATCS caMble OOJIbIINE 3aTpaThl TaMATH, Ou-
Hapu3yloT B TexHuke Product Quantization — pa3sjoxkeHneM BEKTOPHOTO
IIPOCTPAHCTBA MAPAMETPOB B JEKAPTOBO IIPOU3BEIEHNE TTOIAITPOCTPAHCTB MEHb-
el pa3MEPHOCTA U HE3ABUCUMOI KBaHTU3AIMEN KazKJA0r0 IMOAIIPOCTPAHCTBA.
Bunapuzanus Boiosinsiercs o meroy Soft Binarization, ucnonb3yromemy
JIOTIOJTHUTETbHBIE BEKTOPBI C TOYHOCTBIO TIPEJICTABIEHUST 32 OUT JJIsT YMEHbIIIe-
Hust morepu nudopmarmu. MeTon Takke peAoaraeT JTUCTUIISIINIO 3HAHMIA
Ha OCHOBE PACCTOSIHUSI MEXKJy pacIpeIeIeHHEM BBIXOIOB MOJIE/IU-Y IATe I
("soft labels") u momenu-yuennka u dyskiuu norepb srux mozeseii. [locse
OUHAPU3ALME MOJE/L JT000yYaloT IJjIsd YIyUIIeHUs ee KadecTBa. ABTOpaM
yaaaoch cxkarb LSTM-Moens, pemarolyo 3a/1a9y sS3bIKOBOIO MOJIEJINPOBa-
aust, B 100 pa3, mpu 9TOM COXpPaHUTHb COMOCTABUMBIE C MCXOJTHON MOIE/IBIO
3HAYEHUsI TIePILIEKCUH.

B nccnenosanusix |23, [24]-|28], [31], [32], [34]-[36] mpoBoguTcs Gunapn-
3anust TpaHchOpMepHBIX Mojeneit, B yacTHocTu, Moaesn BERT B cienapun
quantization-aware training 23], [24]-[28], GonbImux A3bIKOBBIX Mojeei [34]-
[36].

Huxxe npusenen 0630p ucciiegopannii o dunapuzanuu mogean BERT. As-
TOPBI UCCJIEJIOBAHWIT YACTUIHO WJIA TTOJTHOCTBIO IIPUBOISAT MAPAMETPhI MOJEIIN
K paspsyIHOCTH 1 OWT, U IpeIaraloT pa3nIHbe CIIOCOObI JIJIsI COXPAHEHUST Kar-
wyecTBa paboTe Mojen. B (23], [24], [27] npemararorcst pasutIHbIe BADHAHTLI
MPOIE/LY Pl JUCTUJLISAIINN 3HAHWI JIJIsT YMEHBIIIEHNsT ONTMOKN KBAHTU3AIINH, a
B [26] npemiaraior ancaMOIMpoBaHIe HECKOJBKUX OUHAPHBIX MOJIEJIell Kak
GoJtee ONTUMATIBHYIO AlbTepHATUBY AucTiLIsiiun. B 23], [25] ucnomssyiores
IIPOMEZKYTOYHBIE STAIBI IPU IIepexo/e OT 32-OMTHOM MOoje/ M K OMHAPHOIL:
MHUIMAIA3AIMsT BeCOB OMHAPHOM MOJjen OT TepHapHOii [23] u mocrereH-
HOE CHUXKEHUE Pa3psIHOCTH MOIEIN MPHU Iepexoje OT 32-OuTHON Momenn



K Ounapuoit [25]. B [28] 6unapuszanust npoBouTcs Ha ITale npeprodyYeHust
MOJIEJI.

B [23] Bmepsbie mpoBoauTcsi GuHapH3anus TPAHC(HOPMEPHONH MOJIEH
BERT. Aprops! uccieayor JangmadT (pyHKIIUE TOTEPh U BBISCHSIOT, ITO
[0 Mepe CHUXKEHUS TOYHOCTHU IPEJICTABJICHUS [TapaMETPOB MOJEJIU OInOKa,
YBEJIMIUBAETCST HECYIIECTBEHHO BILIOTH JIO 2-OUTHONW MOJEN, B TO BpeMs
Kak JapamadT GyHKIMN morepb OMHAPHON CETU OKa3bIBaeTCs DOJIee CITOXK-
HBIM, 9TO YCJIOXKHSIET ONTUMU3AINI0 U 00ydeHne mojenu. [jist perenns: 1o
Ipo0JIEMBI ABTOPHI 00y YIAIOT TEPHAPHYIO MOJIEJb, YMEHBIIIEHHYIO 110 KOJIIYe-
CTBY ITapaMeTpoB B 2 pasa, 3aTeM C MOMOIIbIO OIlepaTopa, 0TOOPaXKAIIETO
TepHApHBIE Beca B OMHApHBIE, MHUIINAIU3UPYIOT Beca OunapHoit ceru. Ilo-
MHMO 3TOTO, JJIs YJIyUIIEHUs] MOJEJU AaBTOPbI IMPUMEHSIOT JIUCTUJLISITHIO
snanunit intermediate-layer distillation, yuureiBaroryro omubKy BbIXO1a CJIOs
SMOEJJINHIOB, MEXaHU3Ma BHUMAHUS U JIMHEHHOTO CJiost. Pe3ysibrarsl SKcie-
pumenToB Ha Habope 3agau GLUE [38] nmokasasn HecylecTBeHHOe CHUXKEHHE
KadecTBa paboThl nosydennoir mojenu BinaryBERT mo cpaBuenuio ¢ 32-
OMTHBIMU MOJIEJISIMI ¥ CYIIIECTBEHHOE YJIyUIleHre ToKa3aTeeil 10 CpaBHEHUIO
¢ buHapusanueii ceTu HanpsiMyio |39).

B [24] upoomures nossas 6unapusarums mogenn BERT. TTocaenoBaresnsso
OuHAPU3ys PA3/IMIHbIe KOMIIOHEHTHI MOJIEJIM, ABTOPLI 3aMeYaioT, 9TO Hau-
OoJibIllee TIaJIEHNE TOYHOCTU BBI3BIBACT OMHAPU3AIUsT MEXAHU3MA BHUMAHMWSI.
st pelreHnst 9TOM MPOHGJIEMBI OHH TIPEJICTABISAIOT CTPYKTYypy Bi-Attention,
MaKCUMU3UPYIOILYI0 SHTPOIUI0 OMHAPU30BAHHBIX BEKTOPOB. B CcTpyKType
Bi-Attention omeparuss MATPUIHOIO YMHOXKEHUST 3aMEHSIETCsI Ha, OIEPAIUIO
Bitwise-Affine Matrix Multiplication, BBITTOJHSIONTYIO MTOGUTOBBIE BHITHCIIE-
HUsI, U yCTpaHsieTcs omepaliust Softmax, Tak Kak B pe3yJbrare IPUMEHEHUsT
Softmax MOXKHO MMOJIyYUTh TOJBKO HEOTPHUIATE/BHbIE YUCJIA, U OUHApU3a-
[UsT Ipeobpas3yeT Bce ee BBIXOJHBbIE 3HaUYeHMs B 1. BMmecTo ucrogb3oBaHust
Softmax aBTOPBI IPeIATAIOT UCIIOIB30BATH OYJIeBYy (DYHKIIMIO, IEPEBO/ISIILYIO
asieMeHTHI attention score ¢ muzkum 3uHadeHueM B 0, u ¢ Oojiee BHICOKUM B
1, 9TO TO3BOIUT MEXaHU3MY BHUMAHUS BBIJEIATH HAnbOJIEE PEJIEBAHTHDLIE
3jieMeHTHI. Jjist perierust Apyroil mpob/eMbl — HECOBIIAJIEHUS OXKUIAEMOI0
u PaKTHIECKOI'O HAIIPABJIEHUI I'DaJINeHTa IIPU ONTUMU3AIINN, [IPEJIOKUIIN
meron muctusutanuu Direction-Matching Distillation, yuursiBatoriuit onubky
MOJIeJIN-YIeHIUKa Ha MaTPHUIAX 3alpoca, KJI0UYa U 3HAUYEHUS . DKCIIePUMEH-
THI C TOJIYUYE€HHON MoJiesibio, HazBanHoit BiBERT, mokazasin 60see BbicOKme
pe3yJIbTaThl IO CPABHEHWIO C APYTMMHU KBAHTU30BAHHBIMU MOJIE/ISIMUA, B TOM
ancie, BinaryBERT [23].

B [25] npexcrasasitor merox Efficient Two-Stage Progressive Quantization
(ETSPQ), ysesmuusatomuii crenens cxkatuss BERT npu coxpanenuu Bbico-
KOT'O KadecTBa PabOThI MOJE/IN 3a CUeT MOITAITHON KBaHThU3aruu. Kak u B
[23], aBTOpBI pemiaoT nMpobaeMy ONTUMHU3ANMNA OUHAPU3OBAHHON MOJIENHN C



YUIETOM CJIOYKHOTO JiaH amadTa GyHKIUA 10Teph. ABTOPBI CHUYKAIOT TOYHOCTD
IIpeJICTaBJIEHUsI TTapaMeTPOB Mojien B 2 crajun. Ha mepBoil crajgum creneHb
C2KATHUS BECOB MOCTENEHHO YBEJUIUBAIOT, Ha KaXKJIOM IIare Jo00ydast MOJIETb
HA HYXKHYIO 33J1a9y, 3aTEeM HUCIOJIb3Ys MTapaMeTPhl Oy ICHHON MOJIEH JIJIsT
UHUTIAAJIU3AIAN MOJIeJIM MeHbIeit butnoctu. Ha ciesytorieit crajuu mocre-
MIEHHO CHUYKAIOT PA3PsAIHOCTh aKTUBANMil. B pesysnbraTe yiaaoch MOIydIuTh
BOJIBIIIYIO CTEleHDb CoKaThs 1 OOJIBIITYIO0 TOYHOCTh B cpaBHennu ¢ BinaryBERT
[23] Ha HaGope 3amau GLUE [38].

Asropsl [26] orMedaoT, YTO UCIOIL3YEMBbIH B IMPOILIBIX OMHAPU30BAH-
ubIx Mozessix BinaryBERT (23| u BiBERT [24] meron paucrmiisnmn 3HaHnii
3aMe/IjIseT o0ydeHne MoJjiesiell, K TOMY 2Ke, y 9TUX MOJIeJiell CyIIeCTBEHHO CHU-
JKAETCST TOYHOCTh U YCTONIUBOCTH K BO3MYIIEHUSAM BO BXOJIHBIX JaHHBIX. [lj1st
peITeHusT 9TUX TPOOJIEM OHU MPEJJIATAIOT MCIIOIBL30BATE AHCAMOINPOBAHTE
HECKOJIbKUX OMHAPH30BaHHBIX Mojeneit merogom AdaBoost n orkazarhest ot
JucTrLIsIiin 3HaHuil. AncambiieBast mosesib BEBERT, nmocrpoernast 00beu-
HenreM HeckoJibkux Mojeseit BinaryBERT win BiBERT, nokazasa 6oJiee
BBICOKHE pe3ynbrarhl Ha Habope 3aga1 GLUE [38], wem BiBERT [24], u cono-
craBuMble pesynbrarsl ¢ BinaryBERT (23], u npu sTom obyvaercst B 2 pasa
ObIcTpee.

B [27] paspabarbiBator Gosiee pocToil crocod MoIHONH GUHAPU3AIMA MOJIe-
au BERT, uem B nponuibix nccieoanusix |23, [24]. Apropsl npejyrarator
HOBBII 10/1X0J, K OuHapusanun: akTupanuu ciaoes Softmax nu ReLU, npunn-
MalOIe TOJBKO IOJIOKHUTEIbHBIEC 3HAYCHUS, ONHAPUIYIOTCST K 3HAYCHUSIM
{0,1}, B TO Bpemsi KaK aKTHBAIUU OCTAJIbHBIX CJIOEB, IPUHUMAIOIINE KaK
[OJIOXKUTEJIbHBIE, TaK W OTPHUIATEIbHbIE 3HaUeHnss — K {—1, 1}, 41obbI J1yu-
IIle COXPAHUTh CBOMCTBA paclpeneeHnii HCXOMHbIX aKTuBannii. Kpome Toro,
npeJjjiaraeTcsi HOBBIU TOIX0 K IIPOTIE Iy Pe JIUCTUILISIINNA 3HAHUN: BMECTO TOTO,
9TOOBI TPOBOIUTH JIUCTUJLISIIINIO HAIIPSIMYIO OT MOJEJIU-YIUTE/IsT K MOJIEIU-
yaennky, kak B BinaryBERT [23] uw BIBERT [24], aBropsr [27] ucnonb3yior
IPOMEXKYTOUIHYIO MOJIEJIb MEHbINEl OUTHOCTH, UM MCXOJIHAS, BBICTYIIAIOIILYIO
B POJIM yYEHUKA JIJIsi MCXOIHON MOJENIM U B POJIU YUNTEJIsl JJjist OMHAPU30BaH-
noit. Ilonyuennas momens BiT mokazasia 6osiee BbICOKHE PE3yJILTATHI, €M
MOJIEJIM B IIPOIIIBIX UccaenoBanusx 23], [24].

B ornmune or mojxomos, mpejacraBieHHBIX B (23], [24] — [27], B [28]
OUMHAPUBAINIO BECOB W AKTUBAIMI BHEJIPAIOT B MPOIECC TPEIOOYTeHU MO-
nenu. [Ipemobydenne npoBoauTcst Ha 2 crangapTHBIX gy BERT zamagax
masked language modeling u next sentence prediction ¢ ucmnosb3oBanueM
JUCTUWLISIIANA 3HAHUI OT UCXOJHOM Mozenn K bunapuoii. [Ipu 6unapuzarun
[IapaMeTpOB aBTOPBI IPUIEPKUBAIOTCS IPOIEYPbI, IIPeICTaBIeHHON B [27].
ABTOpBI TBITAIOTCST MUHUMU3UPOBATE OITHOKY OMHAPU3AINY B MEXAHI3ME
Self-Attention 1 BBOAST JIjIst 9TOrO MOHATHE OCTATOYHBIX IIOJIUHOMOB. ABTODBI
PaCKJIaJbIBAIOT MATPUILY 3aIPOCA U KJIIOYA UCXOAHOM 32-OMTHON MO/e I B



CyMMy OMHApPH30BAHHON MATPHIILI M OCTATOYHOW MaTPHUIIbI, 1 BBITUCIIAIOT
attention score ¢ ydgerom sToro passoxkenusi. Cjiaraemble attention score, co-
JIepsKalllie OCTATOYHBIE MATPHUIILI, 0OPa3yIOT OCTATOYHBIN IOJMHOM, KOTOPBIi
AIIPOKCUMUPYETCSI C MTOMOIIBIO 00y YAIOIIUXCA MATPUIL TapaMeTpoB. Takoii
ITO/IXO/], TIO3BOJIAET COXPAHSTH BBICOKHE PE3YJILTATHI, CPABHUMBIE C JPYTUMA
SoTA-noaxomaMy OMHAPUBAIAK, U IIPU 9TOM JeJIaeT MOIEb yCTONYMBOI
K M3MEHEHHIO TUIIEPIIapaMeTPOB U MTO3BOJIAET JT000ydaTh ee Ha Pa3/IMIHbIe
3a/1a90.

B tabsmmne Huke npuBegeHbl pe3y/IbTaThbl OnHAPU3AINN TPAHCHOPMEPHOi
mogsiesin BERT wa wabope 3amau GLUE.

Tabauna 1. Pesynbrarsr bunapusanun mojgesn BERT na nabope 3agaa GLUE

Meros, Cnioco6 | burer, W-A | Pasmep, MB | FLOPs, G | GLUE Avg
BinaryBert | QAT 1-4 16.5 1.5 82.6
1-1 16.5 0.4 50.1
BiBERT QAT 1-1 13.4 0.4 67.0
ETSPQ QAT 1-4 13.4 1.5 83.2
BEBERT QAT 1-4 33 3.0/2 82.53
1-1 - - 74.97
BiT QAT 1-1 13.4 04 78.0
BiPFT QAT 1-1 14.9 04 70.8

NccnenoBanus 1o buHapusamnuu O0JIbIINX A3bIKOBBIX MOJIE/Iel HAIEeJIEHbI
Ha HaMOOJIbIee TPUOIMKEHUE CPeTHEN Pa3PsIIHOCTH TapaMeTpoB Moaean K 1
WM MeHee OMT IIPU MUHUMU3AINAU IOTEPh KadecTBa. JacTo Jijisi yMEHbIIeHUs
OMMOKN KBAHTU3AIMY TAPAMETPBI MOJIESN MPUBOISTCA K CMEITAHHON pas-
PSIZIHOCTH, UM OMHAPU3YIOTCsI TOJBKO HEKOTOPbIe KOMIIOHEHTBI Mojien [29),
[30], [34]. Hexoropsie merobl GuHapuU3aiuu GOIBIINX A3BIKOBBIX MOJIeIei
3aKJII0YAI0TCA B PA3JIMYHBIX CcTpaTerusx orbopa Hanbojiee 3HAYUMBIX JIJIsi
obyueHusl BeCOB U MoJAG0pa Hawydineil cxeMbl st ux Oounapusanuu [30],
[32], [36], apyrue — B MuHUME3aMN OMINOKKM KBAHTU3AIMN 38 CUET UCIIOJb-
3oBaHus BbIxoja Mojesn [33], [37]. B [31] u [34] upemyararor MeTombl s
MHUTTHATU3AINN ONHAPHBIX MOJIEJIEH, TIO3BOJIAIONINE CHU3UTD MMOTEPU KATeCTBa,
U YCKOPSIOIIHE CXOAUMOCTD Mojiestu. B [35] miist coxpaHeHust JINHIBUCTHYECKOMN
CIIOCOOHOCTH OUHAPHOM MOJIEIN UCIOJIB3YI0T TexHosoruio Mixture of Experts,
a B 36| st mpuBeieHNsT MOJIEIN K Pa3psIHOCTH MeHee 1 OGUT KOMOMHUPYIOT
KBAHTU3AIUIO U TIPYHUHT.

B [29] Buepeble npoBoguTcs GuHapU3anus GOIBIION sI3BIKOBOI MOesH
B clieHapuu quantization-aware training. ABTOpPBI OTMEYAIOT, UTO IPOIILIbIE



UCCJIEIOBAHUS 110 OMHAPU3AINN SI3BIKOBBIX MOJIE/IEN TPOBOIUINCH B OCHOB-
noMm Ha mogesu BERT [23], [24] — [27], apxuTekTypa KOTOPOIl CyIIeCTBEHHO
OT/IMYAETCs OT APXUTEKTYPBI OOJIBIUX S3BIKOBBIX Mojiesieil. [losromy oxu pas-
pabaTniBaioT cBoii Meron Ounapusanuu BitNet, npu koropom K paspsgHocTH
1 6uT NPUBOATCH TOJBKO Beca JIMHEHHOI'O CJIOsl, & OCTAJIbHbIE KOMIIOHEHTHI —
K pazpsaaoctu 8 6ut. [[yis yckopenus o0ydueHusT MOIEIN aBTOPhI UCIIOJIb3YIOT
TEXHOJIOTHIO MapaJliebubx Beraucsaenuit Group Quantization, npu koropoit
Beca U aKTUBAIMY MOJIE/IA PAa3bUBAIOTCsT HA HECKOJIBKO IPYIII, W apaMeTphl
KaXKJI0¥ IPYIIIBI BBIUYUCIAIOTCS OTJENbHO. PaccMOTpeHHbIT METO/I IIPeBOC-
xonutr apyrue SoTA-meroibl KBaHTHU3aIMK, Takke, Kak SmoothQuant [6],
Absmax [40] u GPTQ [41], mo ymeHbIeHnIo 3aTpaT HaMsITH U SHEPIUH, IPU
9TOM TOKA3bIBAET COMOCTABAMOE KAYECTBO HA TECTOBBIX JIAHHBIX.

Kak u B [29], B [30] oTMe4a10T HEBO3BMOKHOCTD &JalITHPOBATH CYIIECTBYIO-
e MeTOJIbl OMHAPU3AIIAN JJIst DOJIBIINX S3BIKOBBIX MOJIEJIEH, U peiaraiT
HoBBI nosxoz Partially-Binarized LLM (PB-LLM), coxpaHsifonuii JIMHIBY-
CTUYECKYIO CIIOCOOHOCTH s3BIKOBBIX Mojiesieit. [lojaxon ocHoBan Ha oTbope
HEOOJIBITIOTO KOJTUYIECTBA HANOOIee 3HAYUMBIX IS OOYyUeHUsT BECOB U CO-
XpaHEHUU UX B BBICOKON PAa3PsHOCTH, M OMHAPU3AIMHU OCTAJBHBIX BECOB.
Meton nmpumensieTcst Kak Jijisd OuHAPU3AIUU B IIpoIlecce oOydeHus, TaK U
JJ1s1 OMHapu3anny y»ke o0ydIeHHoi Mojeu. B mepBoM ciiydae aBTOPHI 3aMO-
pakuparT HanboJjiee 3HAYMMBIE Beca, OTOOPAHHBIE 110 BEJUUWHE, U 3aTeM
00yJaroT OMHAPU30BAHHYIO MOJEb. BO BTOPOM CJIydae aBTOPBI 0000IIAIOT
meron KBantuzanuu Gptq [41] mist Gunapusanumu: ¥TepaTUBHO OUHAPU3YIOT
HE3HAYMMbIE BeCa U KBAaHTH3YIOT K 00Jiee BBICOKOUW pa3psiIHOCTUA 3HATNMBIE,
3aTeM IIPUMEHSIOT K OCTABIIIMCS BECAM KOMIIEHCUPYIOIMINY KOIMDMUIUEHT 115t
YMEHBIICHHS OMUOKN KBAHTH3AIUI. DKCIepUMEHTEl Ha Mojesn LLaMA [2]
MOKA3a M PE3Y/IbTATHI, CPaBHUMBIE ¢ ApyruMu SoTA-MeTomaMu KBAHTH3AIMN
SmoothQuant [6], Llm-qat [42] u RTN [43| B ciryuae coxpanenust 30% Becos B
BBICOKOH pas3psIAHOCTU Ipu OWHapu3aIun mocjie o0ydennsi, u 60jiee BHICOKHE
pe3yAbTaThl, YeM JPYTUue METO/bl KBAHTH3AINN B CIydae OMHAPU3AINHE B X0J1€e
obydenns, obecrieanBast IPU 3TOM OBICTPYIO CXOIUMOCTH CETH.

Agropsr [31] ormeuator, 9To cMelienre pasHbix paspsiaHocreil B PB-LLM
[30] yciioxHsieT npuMeHeHre 10/X0/a U OIPAHUYUBAET SKOHOMHUIO IIAMSITH.
Onu npemiarator noaxoy QAT-6unapusanuu Dual-Binarization (DB-LLM),
[P KOTOPOM JIOCTUTAETCsI YIOOHBIN JIJIsT ONTUMU3AIIH JIaHmadT QyHKINNT
[IOTE€Pb U UCHOJIB3YIOTCS OYJIEBBI OMEPAIIH, ONTUMU3UPYIOIINE 3aTPATHI BbI-
YUCJIUTENIBHBIX PECYPCOB. ABTOPBI HOJIB3YIOTCST TEM, UTO JIaHIIadT QyHKINNA
norepb 2-0uTHON Moesin 6ojiee TIOCKUN 1 yIOOHBIH JIJIsi ONTUMU3AIIH, Y€M
y OMHAPHO, U PACKIIBIBAIOT Beca 2-OMTHON MOIe N B CyMMy OMHAPHBIX
BECOB, JOMHOXKEHHBIX Ha KaJauOpoBOIHBIN Kodddumuent. [lomydaernnnbie Beca
UCIIOJIB3YIOTCS I MHUIIMAJIN3AIIN OUHAPHON MOJes U, a KAJuOPOBOYHBIE
KO3 PUIMEHTDI JIOMOJTHUTENHHO HACTPAUBAIOTCH HA dTalle TOHKOW HACTPOIi-



ku. JIpyras npobisiema, 3amedeHHast apropamu [31], 3akiodaercs B TOM,
ITO KBAHTU30BAHHAS MOJIENIb IO CTATUCTUKE O0JIee CKIIOHHA MPEICKA3hIBATH
YaCTO BCTPEUAIONINECS KIaCChl. dTOOBI ee PEIuTh, TPEeJIaracTcs MOIX0.T
Deviation-aware Distillation, ypaBHoBemuBaionuii npuMepbl U3 9acThIX U
PEJKUX KJIACCOB, B KOTOPOM SHTPOIIUsT MOJIE/IN-YIeHUKA U SHTPOIUS MOJIEJIU-
YUIUTEIS CIy?KAT MEpPOil HEYBEPEHHOCTH MOJIETH MPHU MPEJICKA3AHNN KJIACCOB.
Bunapuzanus momenn LLaMA [2] cioco6om DB-LLM npesocxogur SoTA-
Mero/bl KBaHTH3anuu, rakue kak Gptq [41], RTN [43] u PB-LLM [30] u
[TO3BOJISAET JIOOUTHCHA MEHBIIEN BHIYUCIUTEIBHON CJIO2KHOCTH.

Eme omaa monbiTka ycoBepinercTBoBaTh Meto, PB-LLM B ciygyae PTQ-
OuHapU3aIMu IpenpuHuMaeTcs B [32]. ABTOpBI 0TMEYAIOT BBICOKHE 3aTPAThI
namsaTu Meroga PB-LLM, tpebyromero xpanenus 6osee 30% BecoB B BBLICOKOI
paspsinaocTu. Uaest mpenioskenroro umu noaxoaa BiLLM cocTout B oTbope
3HAYMMBIX U HE3HAUUMBIX I OOYUEHUs] BECOB U UX OMHAPUBAINY I10 JBYM
pazmmaHbIM cxemaM. Tak Kak pacrnpesiesienne 3HATNMbBIX BECOB 00JIAIAeT BBICO-
KOIi JUCIepCcreil, CTaHIapTHBIE CXeMbI post-training OmHapu3amuy JIjisi HUX He
nogxoaT. Ilpemmaraercs HoBast cxema OMHAPU3AINH, IO KOTOPOi 3HAUNMBIE
Beca OMHAPU3YIOTCS PEKYPCUBHO: JJIst ONHAPU30BAHHON MATPHUIILI TAPAMETPOB
BBIYUCISETCS OCTATOYMHAS MATPUIA, U TOT K€ MPOIECC OMHAPU3AINN TTPIMe-
HseTCsd yKe K Heil. ABTOPBI 3aMeUaiOT, 9TO OCTABIIHECS HE3HAUNMBIE BECa
UMEIOT HOPMAJILHOE PACHpeIeIeHe, U UCXO/Isl U3 ITOr0, MOJOUPAIOT TOPOT,
pasbuBaloIIMii Beca Ha JIBe KATErOPUN: CKOHIIEHTPUPOBAHHBIE U Pa3PE’KEHHDIE,
U BBIYUCJIAIOT OIMMOKY OMHAPUBAIIUH JIJIsT HE3HAUUMBIX BECOB KaK CyMMY OIHO-
KU Ha PA3PeKEeHHOM W Ha CKOHIEHTPUPOBAHHOM YIaCTKE. DKCIEPUMEHTHI Ha
Mogensix cemeiicrBa LLaMA [2] u OPT [44] mokasbIBaioT cymiecTBeHHOE YLy -
I[IeHre [oKa3aTe/eil MepIUIeKCUH 110 CpaBHEHHUIO ¢ jpyrumu SoTA-meromamu
kBanTu3aun Gptq [41], RTN [43] u PB-LLM [30], upu srom nanbosbimnee
TpHUOIMKEHNE CPeHEN Pa3psITHOCTH BECOB Mojean K 1 OuT.

Hpyroit moaxon k PTQ-6unapusanun Output-adaptive Calibration (OAC),
YUUTBIBAIONINIT BBIXO/] MOJIEJIN 1P KBaHTH3a1uu, onucad B [33]. Bmecro Toro,
9TOOBI BBIYUC/IATD OMIMOKY OMHAPU3AIMN MEXK/[y BBIXOJOM KBAHTU30BAHHOI'O
U UCXOJIHOTO CJIOsi, ABTOPBI MUHUMUBUPYIOT PACXOXKJIEHTE MEXKY (DyHKIIIEH
[I0TePh HA BBIXOJIE MOJIEJIN JIO U 10CJe KBaHTu3anuu. [Ipu HaxoxjieHun 3Toro
pacxoxaenust Mmetos; OAC uCmoab3yeT BTOPYIO MPOU3BOIHYIO TIEPEKPECTHOMN
SHTPONUHN JJIsT BBITUCICHUST T€CCUAHA. BBIMNCIEHHDBIN TeCCHaH UCTIOIb3YEeTCsT
Jjisi OOHOBJIGHUSI BECOB U OIpEJeJICHUs UX 3HaduMocTu. [IpesokeHHblit
OJIXO0/] [IOKa3bIBaeT Jiydline pesysbrarbl Ha mojensx LLaMA [2] u OPT
[44], wem npyrue mogxonst kBanTusaun OPTQ [45], QulP [46], SpQR [47]
u BiLLM [32], ze yuurbsIBaroue BbIX0/ MOJEIH IPH MUHUMHU3AINH OITHOKH
OuHAPU3AIIH.

Asropsr nogxona OneBit [34], upeamnosararormero quantization-aware
training, OuHApPU3YIOT JUHEHHDIN CJIOH 1O MeTOoy, IpeacTapiaennomy B BitNet



[29], HO momosHSIIOT ero AByMsi BeKTOpamu paspsiaHoctu 16 6ur g u h, Ha
KOTOPbIe ITOKOMIIOHEHTHO JIOMHOXKAIOTCS CTOJIOIBI MATPHUIIBl aKTUBAIIANA 1
MATPHUII OMHAPHBIX BECOB, COOTBETCTBEHHO. i nHUTIMAIM3aImy OMHAPHON
MO/IEJTA aBTOPBI IPeJICTABISIOT MeTo T, Sign-Value-Independent Decomposition,
[PU KOTOPOM MAaTPHIIA BECOB U3 JIMHEHHOTO CJIOS PACKJIAJIBIBAETCS B ITOKOM-
TOHEHTHOE ITPOU3BEJIEHNEe MATPHUIIBI 3HAKA W MaTPUIILI 3HAYEHU, a8 MATPHUIA
3HAYEHUI 3aTEM PACKJIa/IbIBAETCS B IIPOU3BEJECHHE JBYX BEKTOPOB, BBIIIOJIHS-
FOIUX POJIb BEKTOPOB g U h 1ipu 1mepBoM 3atycke. st MoBbIeHNsT KadecTBa
paboThl MOJIEJIN IPUMEHSETCS JINCTUILISAINS 3HaHn. Bunapu3oBannas TakKuM
MeroioM Mojiesb LLaMA [2] 6osiee crabuibia K M3MEHEHHIO MHIIEPIIADAMETPOB
U TOKA3bIBAET PE3YIIbTAThI, CPABHUMBIE C 16-OMTHBIMU MOJIEJISIMU.

Asropsl [35] pemraror npobsiemy HU3KOH TOYHOCTH OMHAPU30BAHHBIX
Mojiesieil u upexpcrapasior meron QAT-6unapusanmu Mixture of Scales
(BinaryMoS), sarpaunBatoniuii HeGOJIBIIOE JONOTHUTEBHOE KOJIUIECTBO T1a-
MSITH, HO CyIIECTBEHHO YJIYUIIAIOIINN JTUHIBUCTUIECKIE CIIOCOOHOCTH MOJIEJIN.
Meton Broxuosiien crpykrypoit Mixture of Experts [48|, aybaupyromeit cion
MOJIeJIN U BbIOMpATOMIeli MOIXO il j1jisi JaHHOH 3aja49u cjiofi (sKcmepT)
cpeu gy0IMKaTOB BO BpeMsI 3aITyCKa MOJEIH Ha OCHOBE KO3(DPUIIMEHTOB, IPH-
MMICAHHBIX MapIIpyTU3aTOopoM. B KadecTBe sKcrepToB B ciydae BinaryMoS
BBICTYIAIOT BEKTOPA KaJINOPOBOIHBIX KOI(MMUIIMEHTOB, a8 MaPIIPYTH3aTOP,
orbuparoruit HanboJjiee MOJIXOSAINE U3 HUX B 3aBUCHUMOCTU OT BXOJIHOT'O
TOKEHa, IPEeJCTaB/IeH JIMHEHHBIM cjIoeM ¢ PYHKIHed akThBamuu Softmax.
[Tosip3ysick TeM, uTO KO3 DUIMEHTHI 33 iCTBOBAHBI TOJIBKO B JIMHEHHBIX
ciosx, BinaryMoS quHaMU4ecKy TeHepupyeT HHCTPYKIIUU O TOM, KakK JIMHEHHO
KOMOMHUPOBATH BEKTOPaA KOIPDUIMEHTOB, ITO MO3BOJIAET HE OIPAHUIUBATHCH
PUKCUPOBAHHBIM YHCJIOM KCIEPTOB. Kak U B MPOIIJIBIX TOIX0/1aX, aBTOPHI
[PUMEHSIOT JUCTUJIJISIMIO 3HAHUN it yirydineHust paborer momesu. [loaxon
BinaryMoS nokaszas 6osiee BBICOKHE pe3ynbraTsl Ha Mojensx LLaMA [2] u
OPT [44], wem npormaste moaxoast PB-LLM [30], OneBit [34] u BiLLM [32],
[P 9TOM COXPaHsIsl HU3KUE 3aTPATHI 110 TAMSITH.

[Toxxom post-training quantization, mazsamnsiit STructured Binarization
for LLMs (STBLLM) [36], coueraer B cebe cpa3dy jiBe TEXHUKH C2KaTHsI MOJICIIH
— OuHapu3aIuio U IPYHUHT. J[Jis IpuBeeHnsT MOJIEIN K CPe/IHel pa3psIHOCTH
MeHee 1 OUT aBTOPBI IPOBOJIAT IIPYHUHT BECOB MPEI0OYICHHON MOJIEH [0 Me-
tosty N:M Sparsity [49], koropsiit kKogupyer N 1ocsie10BaTeIbHbIX HEHYJIEBbIX
3JIEMEHTOB MATPHIIBI BECOB C MOMOIIBIO dnces B M-OUTHOM Iipe/icTaB/IcHIH,
3aTeM OMHAPU3YIOT MOJIETh. Kak U B IMPOIILIX UCC/IEOBAHUSIX, BECA MOEN
PA3JIENISIIOTCST Ha 3HAYMMble U HE3HAYNMbBIE. ABTODBI MPEICTABIISIIOT HOBYIO
METPUKY JJIsT 0TOOpa 3HAUMMBIX BECOB Ha OCHOBE X BesimunHbl — Standardized
Importance, He UCIOJIB3YIONIYIO T€CCUAH U YIIPOINAIONIYIO BHIYUCIECHUS. 3Ha-
qUMble Beca GUHAPHU3YIOTCs CIIocoOOM, npejcraBieHHbiM B BiLLM [32],) a
He3HaUYMMBble, Kak 1 B BiLLM, pasbuBaroTcs Ha Ipymirsbl Ha OCHOBE UX Pac-



npegenenust. Merox STBLLM no3Bosisier moyquTs Jydinue pe3ysibTaTbl Ha
mozensax LLaMA [2], OPT [44] u Mistral [50], uem BiLLM, u nokasbiBaer
BBICOKUH TTOTEHITHAJ JIAJTBHEHAIIEr0 CyKaThusi MOIeJIell 10 pas3psiHOCTH MeHee 1
our.

Meroza obydenusi OMHAPU30BaHHON OOJIBIION SI3LIKOBON MOIEN C HYJIs B
cueHapuu quantization-aware training npemiaraercs B [37]. ABrops! Guna-
PU3YIOT TOJBKO JINHEHHBIE CJIOM MOJIEJIH € MCIIOJIb30BAHUEM KaJINOPOBOYHBIX
KO3 DUITMEHTOB, a I YMEHbIIIeHUsT OIMHUOKNA OMHAPU3AIINN HUCIHOJb3YIOT
aBTOPErPECCUOHHYIO JUCTUIIIAINIO 3HAHN, DU KOTOPON Ha KAXKJIOM IIare
[IpeJICKA3aHNST CJIEIYIOIIEr0 TOKEHA BBIUUC/ISIETCS IEPEKPEeCTHAS SHTPOIIUST
MEXKJIy PacIpe/ieIeHneM BEPOSITHOCTEN BBIXOIHOI'O TOKeHa 32-OuTHO# MoJieu-
yUIUTEsE U OMHAPHOM MOJIEIN-YICHIKA. JKCIIEPUMEHTBI TOKA3AJIN, UTO UCIIOJIb-
30BaHMEe TAKON (DYHKINU JIA€T JTOCTATOYHO BBICOKUE PE3YIHTATHI, TIOITOMY
JpyTHe cjaraeMble B (DYHKIIMIO IOTEPh He BKJIOYaioTcs. [IpesokeHHblit
nozxoy, 6unapusanuu Fully Blnarized Large Language Model (FBI-LLM),
npumeneHnslit Kk MogensM LLaMA [2] u OPT [44], nokassiBaer 6Gostee BbICO-
KUe Pe3yJibTaThl B OOJIBITMHCTBE SKCIIEPUMEHTOB, ueM apyrue SoTA-meronst
6unapmsarun BiLLM [32], OneBit [34], BitNet [29].

Huxe npusenena tabiuna ¢ pesysibraTaMu OuHApU3aIUU OOJIbINTNX SA3bI-
KOBBIX MOJIEJIEN.



Tabnuma 2. Pe3ynpraTel OnHapu3aun OOJBITNX SI3bIKOBBIX MO

Merox, Crrocob Mogenn Burer Kopmyc Metrpuka | 3uauenne
BitNet QAT Transformer - HellaSwag Acc 38.9
Winogrande Acc 51.4
PB-LLM QAT | LLaMA-1-7B | 1.70 | WikiText2 PPL 20.61
C4 PPL 47.09
PB-LLM PTQ | LLaMA-1-7B | 1.70 | WikiText2 PPL 102.36
OPT-1.3B 1.70 | WikiText2 PPL 265.52
OPT-13B 1.70 WikiText2 PPL 81.92
DB-LLM QAT | LLaMA-1-7B - WikiText2 PPL 7.59
C4 PPL 9.74
BiLLM PTQ | LLaMA-1-7TB | 1.08 | WikiText2 PPL 35.04
1.08 C4 PPL 39.6
LLaMA2-7TB | 1.08 | WikiText2 PPL 32.5
1.08 C4 PPL 40.5
OPT-1.3B 1.11 WikiText2 PPL 35.4
1.11 C4 PPL 43.2
OPT-1.3B 0.55 Wikitext2 PPL 106.99
Mistral 0.55 Wikitext2 PPL 189.73
OAC PTQ | LLaMA-1-7B | 1.09 | WikiText2 PPL 17.79
1.09 C4 PPL 19.82
OPT-13B 2.10 WikiText2 PPL 11.75
2.10 C4 PPL 13.25
OneBit QAT | LLaMA-1-7B - WikiText2 PPL 10.19
C4 PPL 11.40
LLaMA-2-7B - WikiText2 PPL 9.7
C4 PPL 11.1
BinaryMoS | QAT | LLaMA-1-7TB | 1.0 WikiText2 PPL 7.97
1.0 C4 PPL 9.72
OPT-1.3B 1.0 WikiText2 PPL 18.45
1.0 C4 PPL 18.83
STBLLM PTQ | LLaMA-1-7B | 0.55 Wikitext2 PPL 31.72
OPT-1.3B 0.55 Wikitext2 PPL 45.11
Mistral 0.55 Wikitext2 PPL 70.14
FBI-LLM QAT | LLaMA-2-7B | 1.01 Wikitext2 PPL 5.7
1.01 C4 PPL 7.3
1.01 HellaSwag Acc 57.7
1.01 | Winogrande Acc 58.9
OPT-1.3B 1.01 Wikitext2 PPL 12.6
1.01 C4 PPL 13.8




4. 3akKJo4deHune

Bbuin paccMOTpEHbI OCHOBHBIE TOJIXO/IBI K OMHAPU3AINY S3bIKOBBIX MOJIEJIEN,
B TOM YHCJIe, MCCJICIOBAHUSI 110 OMHAPU3AIINY PDEKYPPEHTHBIX cereii [14] — [22],
monern BERT (23], [24] — [28], u mocueaue uccsieioBanust 1o GuHapu3amnum
GoJsbIIX A3BIKOBBIX Mogeseit [31], [32], [34]. st mosblmenns rtounocTu
U yMEHbBINEHUs] CPEIHEH Pa3psiHOCTH sI3BIKOBBIX MOJeJIefl Mpejiaraanuch
pas3IMyYHbIe MaTEeMaTHIeCKUE U TEXHUYECKUE PelleHtsl, HO MOXKHO BBIJIEJUTD
HECKOJIBKO TE€HIEHIIN.

BosbmmHCeTBO ncceoBanuii 1o GuHAPU3AIMN SA3BIKOBBIX MOJIEJIE TPOBO-
ngares B QAT-crieHapun, Tak Kak Takoii II0/X0/I TI03BOJISIET HOJIyYUTh MEHbIIee
najieHrne TOYHOCTU MOJIeJIell U JIydile aJalTHpoBaTh UX Jjisi paboThl ¢ OUHAP-
HBIMU TIapaMeTpaMu. 1eM He MeHee, HalpaBjeHue post-training binarization
KayKeTCsl MePCIEKTUBHBIM JIJIsT Oy X UCCJIEJI0BAHUI — MPEJIAraloTcst pas3-
JIMYHBIE TEXHUKU 10 OMHAPU3AIUY [apaMeTPOB, M 3TH IIOIXO0/bI 0000IIAI0TC ST
JUIsl DA3JIMYHBIX apXUTEKTyp, Taknx, kak LLaMA, OPT, Mistral 32].

HecMoTrpsa Ha momy/igapHOCTB TTOAX0/Ia quantization-aware training, Heko-
TOpBIe TPOOIEMBI OCTAIOTCA HEepelieHHbIMU. B yacTHocTH, OuHapu3ausa He
CIIOCOOHA JIaBATh BBICOKUE PE3Yy/IbTaThl 0€3 MPUMEHEHUsI JONMOJTHUTETbHBIX
METOJIOB ONTHMU3AINK, TAKKUX, KaK JUCTHUIINS 3HaHui [23], ancambimposa-
Hue [26] win onoHUTeIBbHBIE CTa(un 00y deHust [25], KOTOpbIe 3aTPavunBaloT
JIONIOJTHUTEJIbHBIE BBIYUCTUTEIbHBIE PECYPCHI U BPEMS.

OJHUM U3 MOIYJIIPHBIX HAIPABJIEHUI MCC/IeIOBAHUI 110 OMHAPU3AIIT
SIBJIAETCS COXpaHenne nHMOpManuy OMHAPHBIX [IPEJCTABICHUN IPU IPIMOM 1
obpaTHOM Tpoxoje 1o ceTu. Jjist 9Toro mpeamaraanch TaKume MEeTOIbI, KaK MaK-
CUMU3aIlUst SHTPOINK OMHAPU30BAHHBIX BEKTOPOB 24|, METO IUCTHILISIINN
3HAHU{i, YIUTHIBAIONMI HALPaBJIeHNe TpajenTa [24], 3amMmoposka Hanbosee
3HAYUMBIX BECOB B BBICOKOII paspsiHoctu [30].

Eme oHUM [IepCIEKTUBHBIM HAIIPABJICHUEM UCC/IE0OBAHUN SIBJISIETCS] CHU-
JKEeHHe CpeJiHell pas3psiIHOCTH OMHAPU30BAHHBIX Mojesieil. PaxTuuecku, GuHa-
PHU30BAHHbIE MOJIE/IH YaCTO UMEIOT CPEJHIOI TOYHOCTH HpPejCcTaBjIeHusl oJiee
1 6ut, Tak Kax JjIsl yMEHbIIEHHs TI0TeEPh B KadeCTBe TPeOyeTcs: COXpaHeHue
JacTh napaMeTpoB B 6oJiee BBICOKON paspsiaHocTu, yeM 1 6ur. Tem e menee, B
HeJIABHUX MCCJIEIOBAHUSIX JIOCTUTAETCsT Bee HoJiee u HoJiee HU3Kast Pas3psiTHOCTD
napameTpos [36].

Bunapuzanust siBIsieTcst MOIMHON TEXHUKON ONTUMU3BAIMN A3BIKOBBIX MO-
Jiesieit, KOTopasi MOYKeT TIO3BOJIMTH BHEJIPUTD OOJILIINE sI3BIKOBBIE MOJIEJIN Ha
[0JIb30BATE/IbCKIE YCTPORCTBA ¢ OrPAHUYEHHBIM KOJUYECTBOM IaMATH. B
KadecTBe HAIpaBJIeHU OyLyIUX UCCIIeI0OBAHUNA MOXKHO BbIJIEJIUTH KOMOUHM-
pPOBaHME PA3IMYHBIX TEXHUK ONTUMUBAIUK JJIs JIOCTUKEHUST HANOOIBIIErO
cxKaTHs MOJIeJIell, TaKUX, Kak OMHAPU3alis W MPYHUHT; YMEeHbIIeHIe [a/eHIs
TOYHOCTH 110 CPABHEHUIO C UCXOJHBIMU 32-OMTHBIMU MOJIEJISIMU U PA3pabOTKy



YHUBEPCAILHOM CXeMbl OMHAPU3AIINN JIJI PA3JIMIHBIX SI3BIKOBBIX 38184, TAKHIX,
KaK PacIo3HaBaHUE PEeUH, KIACCU(MUKAIINS U SI3BIKOBOE MOIEINPOBAHUE.
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Binarization of language models
Davydova D.N.

Large language models are widely used in the field of natural
language processing. However, despite their high efficiency, the
application of large language models becomes difficult due to their
high computational and memory costs.

One of the ways to solve this problem is neural network quantization,
that is, converting the weights and activations of the network to a
representation with lower bit-width. A special case of quantization is
binarization, which is the compression of network parameters to a bit-
width of 1 bit.

In this paper, the structure of binary neural networks is considered,
an overview of current methods of language model binarization is
provided, and the results obtained are described.

Keywords: natural language processing, binary neural networks,
binarization, quantization, large language models.


https://arxiv.org/abs/2306.03078
https://arxiv.org/abs/1701.06538
https://arxiv.org/abs/2104.08378
https://arxiv.org/abs/2310.06825

[1]

2]

13l

4]

[5]

[6]

7]

18]

References

OpenAl, “GPT-4 Technical Report”, arXiv preprint arXiv:2303.08774,
2023, 100 pp., arXiv: arXiv:2303.08774

Hugo Touvron, Thibaut Lavril, Gautier Izacard, Xavier Martinet,
Marie-Anne Lachaux, Timothée Lacroix, Baptiste Roziere, Naman Goyal,
Eric Hambro, Faisal Azhar, Aurelien Rodriguez, Armand Joulin, Edouard
Grave, Guillaume Lample, “LLaMA: Open and Efficient Foundation
Language Models”, arXiv preprint arXiw:2302.13971, 2023, 27 pp., arXiv:
arXiv:2302.13971

Minjia Zhang, Yuxiong He, “Accelerating training of transformer-based
language models with progressive layer dropping”, Advances in Neural
Information Processing Systems, 33, Neural Information Processing
Systems Foundation, 2020, 14011-14023

Yujie Zeng, Wenlong He, Thor Vasyltsov, Jiali Pang, Lin Chen,
“Acceleration of large transformer model training by sensitivity-based
layer dropping”, Proceedings of the AAAI Conference on Artificial
Intelligence, 37, Association for the Advancement of Artificial Intelligence
(AAAT), 2023, 11156-11163

Zhewei Yao, Reza Y. Aminabadi, Minjia Zhang, Xiaoxia Wau,
Conglong Li, Yuxiong He, “Zeroquant: Efficient and affordable post-
training quantization for large-scale transformers”, Advances in Neural

Information Processing Systems, 35, Neural Information Processing
Systems Foundation, 2022, 2716827183

Guangxuan Xiao, Ji Lin, Mickael Seznec, Hao Wu, Julien Demouth, Song
Han, “Smoothquant: Accurate and efficient post-training quantization for
large language models”, Proceedings of the 40th International Conference
on Machine Learning, 202, Proceedings of Machine Learning Research
(PMLR), 2023, 38087-38099

Yann LeCun, John S. Denker, Sara A. Solla, “Optimal brain damage”,
Proceedings of the 3rd International Conference on Neural Information
Processing Systems, 2, MIT Press, 1989, 598-605

Babak Hassibi, David G. Stork, “Second order derivatives for network
pruning: Optimal brain surgeon”, Proceedings of the 6th International
Conference on Neural Information Processing Systems (NIPS’92), 5,
Morgan Kaufmann Publishers Inc., 1992, 164-171


https://arxiv.org/abs/2303.08774
https://arxiv.org/abs/2302.13971

19]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

Geoffrey Hinton, Oriol Vinyals, Jeff Dean, “Distilling the Knowledge in a
Neural Network”, arXiv preprint arXiw:1505.02551, 2015, 6 pp., arXiv:
arXiv:1503.02531

Yoshua Bengio, Nicholas Léonard, Aaron Courville, “Estimating or
propagating gradients through stochastic neurons for conditional
computation”, arXiv preprint arXiv:1308.3432, 2013, 12 pp., arXiv:
arXiv:1308.3432

Chunyu Yuan, Sos S. Agaian, “A comprehensive review of binary neural
network”, Artificial Intelligence Review, 56:11 (2023), 1294913013

Sepp Hochreiter, Jiirgen Schmidhuber, “Long short-term memory”, Neural
Computation, 9:8 (1997), 1735-1780

Jacob Devlin, Ming-Wei Chang, Kenton Lee, Kristina Toutanova,
“BERT: Pre-training of Deep Bidirectional Transformers for Language
Understanding”, Proceedings of the 2019 Conference of the North
American Chapter of the Association for Computational Linguistics:
Human Language Technologies, 1, Association for Computational
Linguistics, 2019, 4171-4186

Weiyi Zheng, Yina Tang, “Binarized neural networks for language
modeling”, Technical Report CS224d, Stanford University, 2016, 9 pp.

Mohammad Rastegari, Vicente Ordonez, Joseph Redmon, Ali Farhadi,
“XNOR-Net: ImageNet Classification Using Binary Convolutional Neural
Networks”, Proceedings of the 14th Furopean Conference on Computer
Vision (ECCV 2016), 9908, Springer, 2016, 525-542

Lu Hou, Quanming Yao, James T. Kwok, “Loss-aware Binarization of
Deep Networks”, Proceedings of the 5th International Conference on
Learning Representations (ICLR 2017), International Conference on
Learning Representations (ICLR), 2017, 9 pp.

Jason D. Lee, Yuekai Sun, Michael A. Saunders, “Proximal Newton-
type methods for minimizing composite functions”, SIAM Journal on
Optimization, 24:3 (2014), 1420-1443

Matthieu Courbariaux, Yoshua Bengio, Jean-Pierre David,
“BinaryConnect: Training deep neural networks with binary weights
during propagations”, Advances in Neural Information Processing
Systems (NeurIPS), 28, Curran Associates, Inc., 2015, 3123-3131

Xuan Liu, Di Cao, Kai Yu, “Binarized LSTM Language Model”,
Proceedings of the 2018 Conference of the North American Chapter


https://arxiv.org/abs/1503.02531
https://arxiv.org/abs/1308.3432

[20]

[21]

[22]

23]

[24]

[25]

[26]

[27]

of the Association for Computational Linguistics: Human Language
Technologies, Volume 1 (Long Papers), Association for Computational
Linguistics, 2018, 2113-2121

Junhao Xu, Xie Chen, Shoukang Hu, Jianwei Yu, Xunying Liu, Helen
Meng, “Low-bit Quantization of Recurrent Neural Network Language
Models Using Alternating Direction Methods of Multipliers”, Proceedings
of the IEEE International Conference on Acoustics, Speech and Signal
Processing (ICASSP), IEEE Press, 2020, 7939-7943

Stephen Boyd, Neal Parikh, Eric Chu, Borja Peleato, Jonathan Eckstein,
“Distributed Optimization and Statistical Learning via the Alternating

Direction Method of Multipliers”, Foundations and Trends in Machine
Learning, 3:1 (2011), 1-122

Kai Yu, Rao Ma, Kaiyu Shi, Qi Liu, “Neural Network Language
Model Compression With Product Quantization and Soft Binarization”,
IEEE/ACM Transactions on Audio, Speech, and Language Processing,
28:10 (2020), 2438-2449

Haoli Bai, Wei Zhang, Lu Hou, Lifeng Shang, Jing Jin, Xin Jiang, Qun
Liu, Michael Lyu, Irwin King, “BinaryBERT: Pushing the Limit of BERT
Quantization”, arXiv preprint arXiv:2012.15701, 2020, 13 pp., arXiv:
arXiv:2012.15701

Haotong Qin, Yifu Ding, Mingyuan Zhang, Qinghua Yan, Aishan
Liu, Qingqing Dang, Ziwei Liu, Xianglong Liu, “BiBERT: Accurate
Fully Binarized BERT”, Proceedings of the International Conference on
Learning Representations (ICLR), International Conference on Learning
Representations, 2022, 12 pp.

Phuc H. C. Le, Towards Accurate Low-Bitwidth BERT, McGill University,
Montreal, Canada, 2023, 120 pp.

Jie Tian, Chen Fang, Hui Wang, Zhiyuan Wang, “BEBERT: Efficient
and Robust Binary Ensemble BERT”, Proceedings of the 2023 IEEE
International Conference on Acoustics, Speech and Signal Processing

(ICASSP), IEEE Press, 2023, 1-5

Zechun Liu, Barlas Oguz, Aasish Pappu, Lin Xiao, Scott Yih, Meng Li,
Raghuraman Krishnamoorthi, Yashar Mehdad, “BiT: Robustly Binarized
Multi-Distilled Transformer”, Proceedings of the 36th International
Conference on Neural Information Processing Systems (NeurIPS ’'22),
35, Curran Associates Inc., 2022, 14303-14316


https://arxiv.org/abs/2012.15701

28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

Xingrun Xing, Li Du, Xinyuan Wang, Xianlin Zeng, Yequan
Wang, Zheng Zhang, Jiajun Zhang, “BiPFT: Binary Pre-trained
Foundation Transformer with Low-Rank Estimation of Binarization
Residual Polynomials”, Proceedings of the Thirty-Fighth AAAI
Conference on Artificial Intelligence and Thirty-Sixzth Conference
on Innovative Applications of Artificial Intelligence and Fourteenth
Symposium on  FEducational Advances in Artificial Intelligence

(AAAD’24/TAAI'2)/EAAI’2}), 38, AAAI Press, 2024, 1609416102

Hongyu Wang, Shuming Ma, Li Dong, Shaohan Huang, Huaijie Wang,
Lingxiao Ma, Fan Yang, Ruiping Wang, Yi Wu, Furu Wei, “BitNet:
Scaling 1-bit Transformers for Large Language Models”, arXiv preprint
arXiv:2810.11453, 2023, 15 pp., arXiv: arXiv:2310.11453

Yuzhang Shang, Zhihang Yuan, Qiang Wu, Zhen Dong, “PB-LLM:
Partially Binarized Large Language Models”, arXiw preprint
arXiw:2310.00054, 2023, 14 pp., arXiv: arXiv:2310.00034

Hong Chen, Chengtao Lv, Liang Ding, Haotong Qin, Xiabin Zhou, Yifu
Ding, Xuebo Liu, Min Zhang, Jinyang Guo, Xianglong Liu, Dacheng Tao,
“DB-LLM: Accurate Dual-Binarization for Efficient LLMs”, Proceedings
of the Findings of the Association for Computational Linguistics: ACL
2024, 1, Association for Computational Linguistics, 2024, 8719-8730

Wei Huang, Yangdong Liu, Haotong Qin, Ying Li, Shiming Zhang,
Xianglong Liu, Michele Magno, Xiaojuan Qi, “BiLLM: Pushing the
Limit of Post-Training Quantization for LLMs”, Proceedings of the 41st
International Conference on Machine Learning (ICML), 202, JMLR.org,
2024, 12950-12969

Ali Edalati, Alireza Ghaffari, Masoud Asgharian, Lu Hou, Boxing Chen,
Vahid Partovi Nia, “OAC: Output-Adaptive Calibration for Accurate
Post-Training Quantization”, arXiv preprint arXiv:2405.15025, 2024,
13 pp., arXiv: arXiv:2405.15025

Yuzhuang Xu, Xu Han, Zonghan Yang, Shuo Wang, Qingfu Zhu, Zhiyuan
Liu, Weidong Liu, Wanxiang Che, “OneBit: Towards Extremely Low-Bit
Large Language Models”, Advances in Neural Information Processing
Systems (NeurIPS), 37 (2024), 1-14

Dongwon Jo, Taesu Kim, Yulhwa Kim, Jae-Joon Kim, “Mixture
of Scales: Memory-Efficient Token-Adaptive Binarization for Large
Language Models”, arXiv preprint arXiw:2406.12311, 2024, 11 pp., arXiv:
arXiv:2406.12311


https://arxiv.org/abs/2310.11453
https://arxiv.org/abs/2310.00034
https://arxiv.org/abs/2405.15025
https://arxiv.org/abs/2406.12311

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

|44]

Peijie Dong, Lujun Li, Dayou Du, Yuhan Chen, Zhenheng Tang, Qiang
Wang, Wei Xue, Wenhan Luo, Qifeng Liu, Yike Guo, Xiaowen Chu,
“STBLLM: Breaking the 1-Bit Barrier with Structured Binary LLMs”,
arXiv preprint arXiv:2408.01803, 2024, 23 pp., arXiv: arXiv:2408.01803

Liqun Ma, Mingjie Sun, Zhiqgiang Shen, “FBI-LLM: Scaling Up Fully
Binarized LLMs from Scratch via Autoregressive Distillation”, arXiv
preprint arXiw:2407.07093, 2024, 18 pp., arXiv: arXiv:2407.07093

Alex Wang, Amapreet Singh, Julian Michael, Felix Hill, Omer Levy,
Samuel Bowman, “GLUE: A Multi-Task Benchmark and Analysis
Platform for Natural Language Understanding”, Proceedings of the 2018
EMNLP Workshop BlackborNLP: Analyzing and Interpreting Neural
Networks for NLP, 57, Association for Computational Linguistics, 2018,
353-355

Itay Hubara, Matthieu Courbariaux, Daniel Soudry, Ran El-Yaniv,
Yoshua Bengio, “Binarized Neural Networks”, Proceedings of the 30th
International Conference on Neural Information Processing Systems
(NIPS’16), 29, Curran Associates Inc., 2016, 41144122

Tim Dettmers, Mike Lewis, Younes Belkada, Luke Zettlemoyer,
“GPT3.int8(): 8-bit Matrix Multiplication for Transformers at Scale”,
Advances in Neural Information Processing Systems, 35, Curran
Associates, Inc., 2022, 30318-30332

Elias Frantar, Saleh Ashkboos, Torsten Hoefler, Dan Alistarh, “GPTQ:
Accurate Post-Training Quantization for Generative Pre-Trained
Transformers”, arXiv preprint arXiv:2210.17323, 2023, 9 pp., arXiv:
arXiv:2210.17323

Zechun Liu, Barlas Oguz, Changsheng Zhao, Ernie Chang, Pierre
Stock, Yashar Mehdad, Yangyang Shi, Raghuraman Krishnamoorthi,
Vikas Chandra, “LLM-QAT: Data-Free Quantization Aware Training for
Large Language Models”, Findings of the Association for Computational
Linguistics: ACL 2024, 2024, 467484

Yuhang Li, Xin Dong, Sai Zhang, Haoli Bai, Yuanpeng Chen, Wei Wang,
“RTN: Reparameterized Ternary Network”, Proceedings of the AAAI
Conference on Artificial Intelligence, 34, AAAI Press, 2020, 4780-4787

Susan Zhang, Stephen Roller, Naman Goyal, Mikel Artetxe, Moya Chen,
Shuohui Chen, Luke Zettlemoyer, “OPT: Open Pre-trained Transformer
Language Models”, arXiv preprint arXiv:2205.01068, 2022, 40 pp., arXiv:
arXiv:2205.01068


https://arxiv.org/abs/2408.01803
https://arxiv.org/abs/2407.07093
https://arxiv.org/abs/2210.17323
https://arxiv.org/abs/2205.01068

[45]

|46]

[47]

48]

[49]

[50]

Elias Frantar, Saleh Ashkboos, Torsten Hoefler, Dan Alistarh,
“OPTQ: Accurate quantization for generative pre-trained transformers”,
Proceedings of the 11th International Conference on Learning
Representations (ICLR), International Conference on Learning
Representations, 2023, 11 pp.

Jerry Chee, Yaohui Cai, Volodymyr Kuleshov, Christopher De Sa, “QulP:
2-Bit Quantization of Large Language Models with Guarantees”, Advances
in Neural Information Processing Systems, 36 (2023), 37371-37382

Tim Dettmers, Ruslan Svirschevski, Vage Egiazarian, Denis Kuznedelev,
Elias Frantar, Saleh Ashkboos, Alexander Borzunov, Torsten Hoefler, Dan
Alistarh, “SpQR: A Sparse-Quantized Representation for Near-Lossless
LLM Weight Compression”, arXiv preprint arXiv:2306.03078, 2023,
15 pp., arXiv: arXiv:2306.03078

Noam Shazeer, Azalia Mirhoseini, Krzysztof Maziarz, Andy Davis,
Quoc Le, Geoffrey Hinton, Jeff Dean, “Outrageously Large Neural
Networks: The Sparsely-Gated Mixture-of-Experts Layer”, arXiv preprint
arXiv:1701.06538, 2017, 13 pp., arXiv: arXiv:1701.06538

Asit Mishra, Jorge A. Latorre, Jeff Pool, Darko Stosic, Dusan Stosic,
Ganesh Venkatesh, Chong Yu, Paulius Micikevicius, “Accelerating Sparse
Deep Neural Networks”, arXiv preprint arXiv:2104.08378, 2021, 9 pp.,
arXiv: arXiv:2104.08378

Albert Q. Jiang, Alexandre Sablayrolles, Arthur Mensch, Chris Bamford,
Devendra Singh Chaplot, William El Sayed, “Mistral 7B”, arXiv preprint
arXiw:2310.06825, 2023, 33 pp., arXiv: arXiv:2310.06825


https://arxiv.org/abs/2306.03078
https://arxiv.org/abs/1701.06538
https://arxiv.org/abs/2104.08378
https://arxiv.org/abs/2310.06825

	Введение
	Структура бинарных нейронных сетей
	Задачи обработки естественного языка, решенные с помощью бинарных нейронных сетей
	Заключение
	Список литературы
	References

