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OnTuMu3anus cucTeMbl YIpPaBJIeHHsI 0Yepeiblo

3aga4 B Tokio runtime
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Topuxosckuii B.1., mouienT kadeapst cuctemHoro nporpammupoBanust CITOI'Y, k.¢.-M.H.,
Cankr-IletepOypr v.gorikhovskii@spbu. ru

AHHOTaAIUA

Cuctema noajepxku nepruona ucnonHenus Tokio amns s3eika Rust
npeaHa3HavyeHa A1 3(p(EeKTUBHOTO BBIIOIHEHU I ACHHXPOHHBIX 3a-
Jlad B MHOTOIOTOYHBIX NpwIokeHHusiXx. OJIHAKO MPU BBICOKOI Ha-
IPy3Ke OHA CTAJIKMBAETCs C OrPaHMYEHHEM MacHITaGUPyeMOCTH,
CBSI3aHHBIM C KOHKYPEHIIMel [PY pacrpe/ie/ieHlH 3324 MexX 1y Mo-
TOKaMHU.

B 3r0ii paboTe paccmarpuBaeTcs moaudukarums Tokio, BKITO-
Yaoliast AOMOJIHUTENIBHYIO OUepe/ib 3aa4, YTO MO3BOJSAET CHU3UTh
KOHKYPEHIMIO 32 O0IIHe pecypchl IVIAHUPOBLIMKA U COKPATHTh 3a-
JEpXKKHU MU paclipeieIeHUH 3aJa4d MEeKAy MOTOKaMH.

BBeaenue

MHoOronoTo4yHoe NporpaMMHUpOBaHUE CTaJ0 HEOTHEMJIEMOI 4acThio pa3pa-
OOTKH BBICOKOTIPOU3BOUTEILHBIX CUCTEM, TIO3BOJISISI BBHITOJHITH MHOXECTBO OIle-
panuit OqHOBPEMEHHO, 3(P(EKTUBHO HUCTIONIB3Y ST BEIYUCIUTEBHBIE PECYPCH IPO-
reccopa. ITo 0COOEHHO BaKHO JIJIs1 CEPBEPHBIX MPUIIOKEHUI M CUCTEM XPaHEHUS
JIAHHBIX, KOTOPbIE MIOJBEPraloTCcsi BRICOKOM Harpy3ke. OHako rnpu pabote ¢ pasje-
JIAEMBIMHU PEeCypcaMu, TAKMMU KaK NMaMsATh, (hailyibl UM ceTeBble COeJUHEeHNU ], BO3-
HHUKaeT HeOOXOAMMOCTh CHHXPOHH3AIIMY I0CcTyMa. Vcronbp30BaHue )i 3TUX Tie-
Jiei GJIOKHMpPYIONIEH CHHXPOHU3ALUH, XOTS 1 YIIPOIIAeT pean3alivio, MOKET IIpHU-
BOJWTH K MPOCTOIO TIPOLIECCOPA U CHIKEHHIO PON3BOJUTETLHOCTH.

[ns perieHust 3Toi MpoOJieMbl NPUMEHSIOTCS ACUHXPOHHBIE CHUCTEMBI O~
JEep)KKU TIepuofa HCIOJHEHHs (runtime), KOTOpble MO3BOJIAIT 3(P(PEeKTUBHO
YNPaBJIATH BBIIOJIHEHUEM 33]]a4 B MHOTOIIOTOYHBIX NPUWJIOKEHUSIX, MUHUMU3UPY S
3aJlepKKH, CBSI3aHHBIE C OJIOKHpYOIIel chHXpoHu3arueil. OHU pacnpeessioT 3a-
Ja4d MEeX1y MOTOKAMU U O0ECIIeUMBAIOT KOOTIEPATUBHOE TEPEKIIIOUEHUE MEX Ty
HUMU, YMEHbIIIa s HaKJIaJHbIe PACXObl Ha CO3/IaHIE HOBBIX IIOTOKOB M CHHXPOHH-
3aIMI0 JOCTYIIA K 001mM pecypcam. B si3bike Rust Hanbosiee 4acTo UCTob3yeMoit
CHCTEMOii TIOJIIEPXKKH TIeproia UcronHerns spisercs Tokiofl.

!Tokio: Asynchronous runtime for Rust — https://tokio.rs/tokid.
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OcHOBOI#1 3¢eKTUBHON PaGOTHl ACHHXPOHHOU CUCTEMbI MOAJCPKKHU HEPUO-
J1a VICIIOJIHEHUS! SBJSIETCA MEXAHM3M PACIpe/esiCHHs 3a1a4 MEXJy MOTOKaMH-
paboraukamu. [Lnanuposinuk B Tokio peamsyer MHOKECTBO ONTUMU3ALIMIL, O/
HOU M3 KOTOPBIX SIBJSIETCS MCIIONb30BaHNE ABYX THIIOB OYepeneil 1JIsl XpaHEeHHUs
3agau. [Tomumo oO1ieit ToOaIbHOM ouepe/in, Kak/Iblii MOTOK-pabOTHUK MMeeT
CBOIO JIOKAJTbHYIO OuYepe/ib /ISl XpaHeHus 3a1ayf. Takas apXUTEKTypa IM03BOJIs-
€T CHU3UTh KOHKYPEHIIMIO 32 JOCTYI K NIOOATbHO OUepe/Ii 1 MMOBBICUTh CTETICHb
HapauieM3Ma.

Tem He MeHee, B ONPENENCHHBIX CLECHAPUSIX HCIOTHEHHS! MHOTOIOTOYHBIX
nporpamm mog ynpasneHuem Tokio HaGmogaeTcst CHIKEHHE POU3BOIUTEIBHO-
CTH 1pH 00pabOTKe GOJBIIOTO KOJIMYECTBA KOPOTKUX 3a/1a4. DTa rnpodiema Oblia
BbisiBJieHa cotpyanukamu komnanun OO0 «xpo Hentp [porpammubix Paspa-
60TOK». IIp 3TOM KOHKYPEHIMS 3a JOCTYII K I7I00aJbHON ouepeny 3a1ad cra-
HOBHUTCS Y3KMM MECTOM, CHIKAS IPOM3BOAUTEILHOCT MHOTOIIOTOYHOTO TIPUIIO-
KeHus1. DTa paboTa HalpaBJeHa Ha IPOSKTUPOBAHKE U BHEIPCHHE YTy YIIEHHOTO
NTOpPUTMA YIIPABJICHHS ouepensamMu 3aaad B Tokio, HampaBieHHOro Ha TIOBBIIIIE-
HUe IPOM3BOJUTEILHOCTH CUCTEMbI TIOJICPKKHU MEPUOJIA UCTIOTHEHHSI.

Yerpoiicteo Tokio

mob6anbHas ovepenb

‘ 3apava }—){ 3apaya }—»{ Bapgava H 3apaya ‘
A

MoToK-paboTHUK MoToK-paboTHUK MoTok-paboTHUK
TNokaneHas TNokanbHas TNokanbHas
ouepenb ouepenb ouepenb
LIFO cnot LIFO cnot LIFO crnor
Linkn Linkn Linkn
BbINOMHEHWs! BbINOMHEHNs! BbINOMHEHNS!

A A

Puc. 1: ApxuTeKkTypa MHOTOIIOTOYHOI CUCTEMBI TOAJEP:KKH MEPHO/Ia UCTIOTHEHHUS

Tokio ucnonb3yer (PUKCUPOBAHHBINA MyJ MOTOKOB-pabOTHUKOB. KonuuecTBo
HIOTOKOB B ITyJie OOBIYHO OIpeJessieTcs] KOIMYECTBOM sfep Ipoleccopa, HO Mo-
XKeT ObITb HACTPOEHO NHojb3oBaTesteM. [Tnanuposuiuk 3agau Tokio opranusoBan

2Making the Tokio scheduler 10x faster — https://tokio.rs/blog/2819-168-scheduler.
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ClIeiyIoNIM 00pa3om:
* KaX[blil MOTOK-PAOOTHUK MMeeT COOCTBEHHYIO JIOKATBbHYIO OUepe b 3a/1a4;

* KaXJBIA MOTOK-PAOOTHUK MOXET TOJYYUTh OJOKUPYIOMIHIA JOCTYI K TJI0-
GaNbHOI OYepe/y;

* 1151 6aNaHCUPOBKM HArpy3KM MEk]y MOTOKAMH HCIIOJb3YeTCs] MEXaHU3M
Kpaku 3aaau (work stealing).

[MToTokn-pabOTHMKY cHavasla 06padaTHIBAIOT 3aa41 U3 CBOEH JIOKAIBHOM 0Ue-
penu (ctpykrypa LIFO). Tlpu ee omycToliieHU| NOTOK 00paraeTcst K NodaIbHOM
ouepeau, MO0 MBITAETCS YKPacTh 3aa4u y cocelieil. 3aaun, co3aaBaeMble ca-
MHM IIOTOKOM-PaOOTHHUKOM B IIpoLiecce UCIIOJHEHM ], CHavaJla [IOMELIAI0TCs B €r0
JIOKAJIbHYI0 O4Yepeib, a IIPH e NePEIIOIHEHUN BBITECHAIOTCS B ITI00aJIbHYIO.

Hcnonp3oBanue OJOKMPYOIIETo AOCTYyIA K IIOOATbHOW O4Yepeny CHUXKAeT
NMpou3BOANTENbHOCTh TOKIO B CIIeHapHsiX C BBICOKOH Harpy3koi, 0COOCHHO Npu
GOJIBIIOM KOJIMYECTBE KOPOTKOKUBYIIMX 3a/1au. B TaKMX yC/IOBHSAX IIOTOKH MbITA-
I0TCS1 OJJHOBPEMEHHO MOJIYYUTh JTOCTYH K II00QILHON OYepeH, UTO MPUBOAUT K
YBEJMUYECHUIO BPEMEHHU OKUJAHUS.

ApXxuTeKTypa penieHust

[t perieHus OnmMcaHHOH npodJiemMbl ObLTa Mpe1IokeHa MOAN(pUKAIINS CUCTe-
MBI ouepeneit Tokio, oCHOBaHHAsI Ha WCIONB30BAHUH JOMOTHUTEILHON O4epenn
3ama4. Takoi Moaxo/ MO3BOJISET CHU3UTh KOJMUECTBO OOpAIEHUH K TI00aIbHOIM
ouepe/Id U YMEHBIIIUTb PacXo/ibl Ha CUHXpOHU3aIuo. MIcXoaHbli ko MoauduKa-
1un Tokio I0CTYIIEH B Perno3uTopuuf.

JomosHuTeNbHASL OYepe/lb BBHIIONHSAET poJib Oydepa MekIy MOTOKaMH-
pabdoTHUKAMU U TJI00aIBHOM Ouepe/ibio. PaboTa ¢ JONOIHUTEbHOM 0Yepebio Co-
CTOUT U3 CJIEYIOUINX STATOB.

1. BopITecHeHMe 3a7a4 U3 JOKaJIbLHOI oyepean. Korna jokaapHas oyepenb
HOTOKa-pa0OTHHUKA NEPEOJIHAECTCS, TOJIOBUHA 3a/1a4 U3 Hee IIEPEHOCUTCS B
r7100JIbHYI0 OYepe/Ib.

2. IlepeHoc 3a7a4 B JONOJHUTENbHYIO odepeab. [Ipy 1ocTkeHUU orpe-
ACJICHHOI'O Mopora 3aaa4 B 100 IbHOM ovepeau rpyiia 3ajga4 U3 Hadajia
o4yepean NEPEHOCUTCS B JOIIOJIHUTEIIbHYIO O4Y€PE/lb.

3https://github.com/foreverjun/tokio/pull/2
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3. IIpuopuTeT KONONHATEILHOI ouepean. [Ipu nmoucke crepyomeii 3a1aun
1151 BBIIIOJIHEHMS! TTOTOK-PaOOTHHUK CHavyasla 0OpaIaeTcst K JOMOIHUTEb-
HO# ouepe/ii. DTO MO3BOJISET CHU3UTh HATPY3Ky Ha II0OATBHYIO OUepe/ib.

4. O6pamenne K riod6aJbHoil ouepean. Eciu nononHutebHas ouepep my-
CTa, IOTOK-pabOTHUK 0OpalaeTcs K r’100aIbHON OYepen [Jisl Oy YeHHs]
3a/1a4.

MoTOK-paBoTHMK [ononHutenbHas oyepeab

MoTok-paboTHWK (—W @
®

MoTok-paboTHuk mo6anbHas o4epedb

© 5

iy

Puc. 2: Cxema paGOTbI CUCTEMBI C JOMOIHUTEIBHOMN 0YepeIbio

Boioop u pearuzayus 00noAHUMEAbHOU 0uepeou

Jns peanu3anyu JTOMOMHUTENBHON ouepeny ObLIM PACCMOTPEHBI CTPYKTYPHI
JAHHBIX, UCIIOJb3YIOIIME aToMapHble oneparmu. Takoi noaxon a¢pdexkTrBHee npu
BBICOKOi1 KOHKYPEHIIMY U CHIXKAET PAcXOofbl HA CHHXPOHHU3ALMIO.

* SegQueue — ouepenp, cocTosast U3 OJIOKOB, KaXABIH U3 KOTOPBIX Mpej-
cTaBsieT co6oii MaccuB u3 31 snementaf|. Mcrions3yer CAS oneparym. Mc-
HOJIb3YETCs peau3alus 3 OnbIMoTeKku crossbeam, akTHBHO NPUMEHSIO-
mierica B Rust.

* FAAArrayQueue — HeGIOKHpyOIIAsi O4Yepenb, COCTOSIIAss U3 OJIOKOB
(prkcrpoBaHHOTO pa3mepa, e JOCTYII K sTIeiikaM CHHXPOHU3UPYETCS C I0-
MoIIIpI0 aToMapHoi nHCTpyKiwu FAA [[If]. Bpun peanu3oBaHsbl iBe BEPCUU C
Pa3IMYHBIMM MEXaHU3MaMU YIPaBJIE€HUS MaMAThIO: OJlHA C UCIOJb30BaHHU-
em Epoch-Based Reclamation (EBR)f|, apyras ¢ ucnonssoBannem Hazard

4SegQueue. An unbounded multi-producer multi-consumer queue — https://docs.rs/
crossbeam/latest/crossbeam/queue/struct.SegQueue.html.
5Crossbeam: Epoch-Based Reclamation — https://docs. rs/crossbeam-epoch.
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Pointersﬁ.

* BatchQueue — ynporenHas peanu3anys HeOJIOKUPYIOILEH ouepeau, Noj-
JepXuBalomiasi MakeTHylo o6paboTKy 3a1ad [2]. OcHoBaHa Ha MoaMULIH-
POBaHHOI Bepcuu KJjaccuueckoi ouepenu Michael-Scott [3].

JKcrepUMeHT

Cpaenenue ouepedell

ITpon3BoAMTENBHOCTD OYEpe/iell CpaBHUBAIACH B CLICHAPUU «[TPOM3BOAUTEIb—
NOTPeOUTENNb». DIEMEHTH IepeIaBaIiCh B OUYepear NMakeTaMu (PUKCHPOBAHHO-
ro pasmepa (64 snementa). IlpomyckHas cHOCOOHOCTb M3MepsIach A pas-
HBIX COOTHOIIEHWI YHCJIa TPOM3BOAMTENEH W moTpeduTesnell (MpOM3BOAMTE-
Jieii:moTpeduTeei). DKCIepUMMEHT OCHOBAH Ha IMOX0/e, OIIMCAaHHOM B cTaThe [4].
VICXO/IHBII KOJ| Ouepe/ieil i CLieHAPHs TEeCTUPOBAHKS JOCTYIICH B PETO3UTOPHH].
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Puc. 3: CpaBHeHHe NpPOIMYCKHON CIOCOOHOCTH peaslM30BaHHBIX ouepeneil U SeqQueue.
Bonbiie — syuine

SHaphazard: Hazard Pointers for Rust — https://docs. rs/haphazard/8.1.8/haphazard/
index.html.
Thttps://github.com/foreverjun/queue-bench
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ITo utoram cpaBHEHHSI HAWTY YIITYI0 IPOU3BOIUTEIBHOCTH IIPH OOJIBIIIOM KOJIU-
yecTBe MOTOKOB Nokazajia FAAArrayQueue. 3aMeTuM, 4TO UCMOJIL30BAaHUE Pa3-
JIMYHBIX cIoco00B ocBobok neHns namatu (EBR u Hazard Pointers) npaktudecku
HE BJIMsIET Ha MPOIMYCKHYI0 criocoOHocTh. [nst unrerpaimu B Tokio B KadecTse
JOTIONHUTEIBHOM ovepe iy Obl1a BhiOpaHa FA A ArrayQueue ¢ peanm3anueii Ha oc-
HoBe EBR, Tak kak Ou0moTeka crossbeam MIMpoKO UCTIONb3YEeTCs B COOOIIECTBE
Rust, 61aromaps cBoeil ak THBHOU NOAJECPKKE, JIUTEILHON UCTOPUU Pa3padOTKU
Y BBICOKOI HaJe)KHOCTH.

Cpasnenue moouguuyuposannozo u opuzunanvrozo Tokio

JIJIs1 OLIEHKY TIPOM3BOAUTEHHOCTH MOIU(MKAIINN HUCIIOIB30BAJICS TECTOBBIA
ClieHapuii, OCHOBaHHBI Ha peam3aumu Mropst Epunall. Ero e — HMUTHPOBATS
CHTYALHIO, TIPA KOTOPOil [IoOaibHAs OvYepeb 3alOHIETCs OOJBLIAM KOJHMYIe-
CTBOM KOPOTKHX HPOLIECCOPO3aBUCUMBIX 3amad. Harpyska cospmaercs 3aiaqamu-
NPOM3BOAUTEIISIMH, KakJasi U3 KOTOphIX reHepupyet mo 7000 mycTsix 3amad. DTu
3a7a4u JOOABIAIOTCS B JIOKAIbHbIE OUepe i OTOKOB-PAOOTHUKOB M IPH HEPEro-
HEHUH BBITECHAIOTCS B NIOOATBHYIO OYepe b, MOIEIMPYsI BBICOKYIO KOHKYPEHIIHIO
3a JOCTYII K Heid. Tako# IOIXOJ1 MO3BOJISIET HATPYKATh KaK JIOKAIbHBIE, TAK U TJI0-
GaJIbHYI0 OUepe/Iu.

faa-queue, nspawn=7000
Speedup Heatmap

48 |1.04|0.98(1.01(0.98(1.00|0.99(1.04(1.04(1.03(1.02(1.01|1.05|1.05 1.03m0.95 0.95(0.96/0.96

32 |1.04(1.08(1.03(0.99(1.00(1.03|1.02|1.03|0.99/0.99|0.99|1.02|1.07|1.05(1.04(1.05(1.07 (1.04 (1.03

1.03 [ 55 1.01 1.06| | /[1.05 1.04 1.06/1.04

8 (0.99(1.00(1.03 1.00(1.02(1.02 1.02|1.01|1.06|1.04|1.06 1.07|1.04(1.04|1.07|1.07

Number of workers
N
[}

4 |1.01 1.03|1.04|1.02(1.02|{1.03(1.03|1.03(1.02|1.06(1.05|1.03(1.04|1.03(1.04|1.03(1.04|1.03

2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38

Number of spawners

Puc. 4: IlponyckHast cioco6HocTs Tokio ¢ FAAArrayQueue, OTHOCHTEIFHO OpUTHHAJIA

Ha rternioBoii kapTe npezacraBiieHa OTHOCHTEJbHAS MPOIYCKHAs CIOCOOHOCTD
MoauduuuposanHoro Tokio Mo cpaBHEHMIO C OpUTrHMHAJIBHON peanu3auueil. Mo-
IdupoBaHHast BEpCHs MOKA3bIBAET YCTOWYMBOE YBEJIMUYEHNE IPOITYCKHOM CII0-
COOHOCTH MPaKTHYECKH Uil BCeX KOH(pUTyparmii, ocoOeHHO Wisi 16 MOTOKOB-
PpaOOTHHUKOB, TAe AocTUraeTcs npupocT 10 13%. Jlaxe B clieHapHsaX C BBHICOKAM

8https://github.com/foreverjun/tokiobench/tree/additional_g_bench
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YHCJIOM NOTpeduTeneil MoauQHUIMPOBaHHAS BEPCHsI HE YCTYIaeT OPUTMHAIBHOM
B IIPOM3BOJIUTEIILHOCTH.

TecTrpoBaHue BHINOIHAIOCH HA BUPTyasibHOR MamvHe Yandex Cloud c mpo-
neccopom Intel Xeon (Ice Lake) ¢ 24 ¢pusndyeckumu u 48 BUPTyaJbHBIMA SiApa-
M. it cTaOMIILHOCTH MIPUOPUTET BHIMIOIHEHHSI ObLI MOBBIIIIEH JI0 MAKCUMAJIBbHO-
ro (nice —20).

3akaoyenue

B paborte Obl1a CIPOEKTUPOBaHA U peasi30BaHa MOIU(HKAINS CUCTEMBI MOJI-
JepXku neproaa ucronaeHns Tokio ¢ ucmonb30BaHIEM JOMOIHATEIBHOI ouepe-
v 3anad. [IpoBe/ieH CpaBHUTENBHBIN aHAIM3 HEOJIOKUpYIoLMX ouepenei. JIyd-
masi peaju3anus uHTerpupoBaHa B Tokio, B pe3ynbpraTe 4ero yaajaoch JOOUTHCS
YBEJIMYEHHsI TIPOIYCKHON CITOCOOHOCTH cUCTeMbI 10 13% j1sl LieneBbIX CLieHapH-
€B HCTIOJIb30BAHMSL.
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