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AnHoTanusa

PaGora mocssiiiieHa HOBOIi peasim3aliu CHCTEMHOIo Bbi3oBa sendfile() B siipe ore-
panuonHoil cucreMbl FreeBSD.

B pabore paccmarpuBaercs npobsema otaun crarndeckux daitios HTTP-cepsepom
B PETPOCIEKTUBE, pa3buparoTcs IBOJIIONUA MeXaHu3MOB ornadu, apxurektypa HTTP-
CepBEPOB, OOBICHSIIOTCS MPEITOCHIIKN IS HOBOH peasm3aruu. JletanbHo pa3bupaior-
cd IpojeslaHHble M3MeHeHus B djape FreeBSD juist cosmanmsa HeOJIOKHPYIOMIErocs Ha,
qckoBoM BBoJle sendfile(). Tlposomures: cpasaenne HoBoro sendfile() ¢ npeapitymeii
peam3anmeit B berumapkax. Jlemoncrpupyercs pabora HOBOH pean3alldd B PeaJib-

HBIX 3a/lavaX.

BBenenue

Corracao pasymaabiMm orieakaM, HTTP-rpaduk cocrasisier 0T MOJIOBUHBI 10 TPEX
geTBeprell Tpaduka coBpemennoro Murepuera. Bech stor Tpaduk renepupyercs c
ITOMOIIIBI0 TAKOTO KJiacca mporpaMMuoro obecnedenusi, kak HTTP-cepsep. OHoit u3
vactHbIX 337a4 HTTP-cepsepa gBiserca orjiada KIMEHTY CTATUYECKOTO KOHTEHTA, TO
€CTb 3apaHee MOJIFOTOBJIEHHBIX (DAMJIOB C JIOKAJIBHOTO JINCKA. JTa, HA TEPBBIA B3I/,
TpUBHAIbHAS 33][a4a PEIIacTCs JaJIeKO He OITUMAJIbHO B paMKaX TOro Habopa CUCTEeM-
HBIX BBI30BOB, 4TO npenoctasisgeT POSIX. B ¢Basu ¢ 9TuM OOJIBITMHCTBO COBPEMEHHBIX
OIIEPAIMOHHBIX CUCTEM MPEJOCTAB/IAIOT CUCTEMHBIN BbI30B sendfile(), KOTOpbIil pera-
eT 3Ty 3aj7ady HaMHOro 3p@eKTuBHEe. DTOT CUCTEMHBIN BBI30B mostBUjICsT B 1997 ro-
ay, n npaktudecku Bce coBpemennbie HTTP-cepBepnl orcburaior cratndeckue haitibt
C €ro IMOMOIIBIO, €CJIU €ro IPEJIOCTaB/IsieT onepamuonHas cucrema. OJHAKO, 110 Mepe
pocTa TPOM3BOAUTENIHLHOCTH AIIapATHOTO obeciedenHns, a Tak:ke pocta uncaa HTTP-
KJINEHTOB, OJITHOBpeMeHHO 00cyKuBaembix ojgaum HTTP-cepBepom, BeisiBHIMCH HOBBIE
npobsiembr MactTadupyemoctu HTTP-cepsepos. Bpems, koropoe HTTP-cepsep mpo-
BOJIUT B OTJEJILHOM CUCTEMHOM BBI30BE, CTAJI0O KPUTUYIHBIM IIPUA OJIHOBPEMEHHOIT pabore
¢ JecsaTKaMu Thicgd KineHToB. U sendfile(), cucreMublil BbI30B, YnuTAONIUil JAHHBIE C
JTICKa, OKA3aJICAd OJHUM U3 CAMBIX JIUTEIbHBIX. J1g Toro, 9Tobb1 0boiiTn 3Ty mpodIie-
My, OBLIN IPUMEHEHBI PA3JIMIHbBIE MOIXO0/IbI, TAKME KAK 3a/efiCTBOBAHIE ACHHXPOHHOTO
BBOj1a,/BBIBOsIa 110 POSIX nym usmenenue apxurekrypsl HTTP-cepsepa Ha MHOrOMO-
TOUHYIO. ABTOPBI TAHHON PAbOTHI MPETATAIOT PEIUTD 9Ty TPobIeMy B KOPHE, TO €CTh
peasmzoBath sendfile() Kak HEGIOKUPYOMUIICS Ha JIMCKOBOM BBOJIE CHCTEMHBII BBI3OB.
Takas peanuzanusa moTpedyeT psija HETPUBUAJILHBIX U3MEHEHUN B Ba)KHBIX BHYTPEH-

Hux nojcucremax sjapa FreeBSD, takux kak BupTyasibHas namsaTb, VES u cokeTsr.



ITocranoBKa 3a1a4m

Hens marHOM pabOTHI - YBEIUIUTH TPOU3BOJIUTEHFHOCTE U MACIITAOUPYEMOCTh CH-
creMHOTO BbI3oBa sendfile() 3a cuér uzbexkaHus GJOKUPOBAHUS BbI30Ba HA JUCKOBOM

BBOJie. it mocTmKeHns yKa3aHHOM Iesin HeoOXOANMO PEIInThb Pl 3a/1a9:

e B nojcucreme VES sinpa onepamnuonsoii cucremsr FreeBSD mipetocraButh HOBBII
METOJT, KOTOPBIH MO3BOJIUT TOJTyIaTh CTPAHUIIH! (haiiia acuxpoHHO. Peanmn3oBarh

sroT Mero st daitiosoit cucrembr UFS/FES.

e B noxcucreme BUpTyasIbHOI maMaTH IpegocTaBuTh HOBBIA API s neitzkepos,
MTO3BOJIATONINN 3alIPAIINBATE yV e 2KepOB CTPAHUIIBI ACHHXPOHHO. Peam3oBaTh

sror API mia vnode-neitmkepa, To ecThb melipzkepa, paboTalomero Haj, (paijiaMiu.

e B mojcucreMe COKETOB Peain30BaTh HOBYIO KOHIICIITUIO “HETOTOBLIX W JTAHHLIX B
cokere. Takue JaHHbIE 3aHMMAIOT CBOE MECTO B COKeTe, OJHAKO HE MOTYT OBbIThH

IIOCJIaHbI B CETH JJO TeX IIOP, IIOKa HE 3aBEPIIUTCA BBOA C AUCKA.

[ ] HaKOHeL[, Ha OCHOBE€ BBIIIEIIEPEINC/ICHHBIX HOBOBBeﬂeHHﬁ peain3oBaTb CUCTEM-
HBIT BBI3OB sendfile() Takum 06pa3oM, 9TO BBI30B GyeT BO3BpANATHCS U3 Apa,
HEe JOKUIAACh OKOHYAHUS BBOIA JAHHBIX C IMCKA, IIPU 3TOM JAHHLIE B COKETe

OyIyT KOHCUCTEHTHDI.



I'maBa 1

Ilepenava daiiioB u sendfile()

1.1 Pannue peasm3anuu (paitjioBbIX cepBepPOB

Ho nogsrennst TCP /IP konmposanue haiiioB MexK Iy yIaIéHHBIMU MAITHHAMEI OCY-
mecTBIsI0Ch ¢ oMornbio npotokoia UUCP (UNIX to UNIX CoPy) menocpeicrserno
1o dbusuyeckum jmausM. U xors UUCP moxuo 3anycruts nosepx TCP /IP, cpasy mo-
cyie nosiByienns MaTeprer crajia ogeBuIHA HEOOXOANMOCTE 60j1ee YI00HBIX IIPOTOKO/IOB
Jyts repegadn (aityioB. [lepBbIM IPOTOKOJIOM TOJIYIUBIINM JEHCTBUTEIBLHO IMUPOKOE
pacnocrpanenue crajg FTP (File Transfer Protocol) B 1980 r [1]. Hemocpecrsenno ne-
pesiada hailjioB B 9TOM IIPOTOKOJIE OblIa PeaJn30BaHa MAKCUMAJIbLHO IIPOCTO: CTOPOHBI
coznaBasum HoBoe TCP coemmnaenue, ojiHa W3 cTOpPoOH mepejaBaja daill u 3aKpbiBaja
coenmnenne. B OoJiee mMo3HIX BEPCUX TPOTOKOIA OSBU/IACH BOBMOXKHOCTD MIE€PEIAtIN
daitna He nesinkoM, a dactamu. B Hagase 90-x rosoB 06pE HEKOTOPYIO MOIYJISIPHOCTD
nporokoji Gopher, KOTOPBI# MO3BOJIsIT PAbOTATE € YIAJEHHBIMU OUOJIMOTEKAME JTOKY-
MeHTOB |2|. 3aMeTnM, 9TO 110JIy YeHne oKy MeHTa (MM 9acTu JJOKYMEHTa) U3 Y IaJIeHHOM
OMOIMOTEKN TIpeCTaB/IsIeT cobOil, 0 CyTH, YACTHBIH ciryuail nmepejadn aitra. [lapas-
stesibHO ¢ Gopher Takxke paspuBasicst iporokojl HT'TP, Brepebie 10KyMeHTHPOBAHHBIN
B 1991 roxmy [3]. B 1996 roay semmia Bepcust 1.0 mporokosa HTTP [4], mocse wero
HTTP crpemurensro Boirecams Gopher B Teuenue Heckobkux Jjiet. C tex mop HTTP
CTAHOBUTCS CAMBIM PACIIOCTPAHEHHBIM ITPOTOKOJIOM IIepeIadn JaHHbIX B cetn MuTep-
uet. [Iporoxkos FTP mpomoskaer UCIOIB30BATHCA U MO Ceil JIeHb, OJHAKO POJIb €ro

CTaHOBUTCA BCE DoJiee n OoJiee BTopocTenenHoit mo orHomenno K HTTP.

1.2 Otnaga daiiaos mo HTTP

Nznaganbuo npuaymMannbiil g runeprekcra, HTTP, na camom mese, momxoaut

i nepejadn daiioB jroboro tura. JlelcTBUTEILHO, €C/ii TUIEPTEKCT COIEPIKUT



n300paXKeHus, TO yIO0OHO HCIOJIB30BATH ITOT K€ IPOTOKOJI JIJIsi HEPEJIadd HE TOJIb-
KO TEKCTa, HO COIYTCTBYIONIUX eMy m3o0pazkenuii. Kak npaBu/o, TUIIUYIHAA CTPAHUILA
CcOBpeMeHHOro Beb-cafiTa, 1peHa3HavYeHHoro JIJid IPOCMOTpa B Opay3epe, reHepupyer-
ca puHamudecku. OIHAKO, CTPAHUIA COIEPYKUT MHOXKECTBO CTATHIECKUX JIEMEHTOB:
n3obpaxkenus, flash, Buyeo. dru snemento! xpansarcs Ha jaucke HTTP-cepsepa B Bue
daitioB u oTHAIOTCA KaAneHTaM 6e3 Kakoi-mmbo oO0paboTKu, HeMOAU(PUIMPOBAHHBIMI.

[Tomumo caiiToB 1peIHA3ZHAMEHHBIX JIIsl TPOCMOTPa B Opaysepe, CyIeCTBYIOT TaAKXKe
daitioBbie apXUBbI, HAIPUMED, PEIO3UTAPUN I OOHOB/IEHUsT TPOTPAMMHOIO obectie-
geHus. Takue caifiThbl OTJAIOT UCK/IIOUATENHHO CTATUYICCKUN KOHTEHT, TPUIEM 00bEM
IepesIaBaeMbIX JAHHBIX OJHOMY KJIMEHTY, KaK [PAaBUJIO, HA MOPAJIKUA OOJIbIIE, YeM B
cIydae OTAadn TUIepTeKeTa it Opaysepa. OTAeIbHO CTOUT BBIIETUTH CafThI, obecte-
YUBAIOIIKE TPOCMOTP BUEO online. 9Tu cepBUCHI SIBJISIIOTCS OCHOBHBIMU T€HEPATOPAMU
Tpaduka B coBpemennom Vutepuere u Toxke padorator mo HTTP. Tak, B nmepoii 1mo-
gosune 2014 roga, Tpaduk Bumeo-cepsuca Netflix cocrasmn 34.21% Bcero tpaduxa
Cesepnoit Amepukn, a Tpaduk Youtube emé 13.19% [5]. Moxkuo cMeso yTBepXKIaTh,
9TO CTATUYIECKUI KOHTEHT obpasyeT 0oJjiee MOJIOBHHBI BCErO TpadUKa COBPEMEHHOI'O

NuTepHeT.

1.3 BzaummoneiicrBue HT'TP-cepBepa u oriepalinoHHoii

cuncremMnbl

Paccmorpum Ha HU3KOM ypOBHE IIporiece mepenadn ¢aiijga KJIUEHTY C ITOMOIIBIO
npuwioxkenuss HTTP-cepsepa. Bupodem, mmkeckazamroe 6yaer npumennmo n K FTP,
u K mpounm mporokosiam. Daiiy mpejicrapiisier coboil MOC/IeI0BATE/IBHOCTD BJIOKOB Ha
JKECTKOM JAUCKEe, KOTOPYIO OllepallMOHHasd CUCTEMa IIPEJICTABJIACT IIPUJIOZKEHUIO KaK
HEIPEPBIBHYIO a/I[PECYeMYI0 TOCIeI0BATeIbHOCTD OaiiT. TakuMm obpazom, paboTra mpuiio-
JKeHust ¢ ailjioM JJOCTATOYHO MPOCTa, IIPUJIOXKEHIE MOXKET YUTaTh u3 (aiiia 3aaHHoe
KOJIMYECTBO JIAHHBIX 10 38JIAHHOMY CMEIIeHUIo B Oydep mamMaTu. ITO OCYIIeCTBIIAET-
sl € TIOMOIIBIO CUCTEMHOTO BbI3oBa read(2), cueruduiuposantnoro POSIX [6]. Ocra-
JIOCH OTIPaBUTh JlaHHble U3 Oydepa B TCP-coequnenne, Ha ynajaéHHONI CTOPOHE KOTO-
poro oxumaer maHabix HTTP-xkmment. U smecs POSIX-coBmecTumast onepannoHHast
cucTeMa TPEJIOCTABIeT yI00HBI TOTOKOBBIN MHTEp(Eic COKETOB, Oepsi CIIOKHYIO pe-
ammzanuio TCP/IP mosmnoctsio Ha cebsa. [TpumokeHnio ke MpeIocTaBiIseTcst COKET -
JIBYHAIIPABJICHHBII HEAIPECyeMbIil TTOTOK OAMT, B KOTOPBIl MOXKHO TOCHLIATD JaHHBIE C
HOMOIIIBIO CUCTEMHOIO BbI30oBa write(2). Takum 06pasoM, 31eMEeHTapHYIO OllepaIUio 32~

ey nbytes G6aiiT u3 yxe oTKpbiToro daitia (Jeckpuntop fd) B yzKe OTKPBITHIl COKET



(neckpunTop sd) MOZKHO OTOOPA3UTH CJIELYIONIUM OYeHb HPOCTBIM IUKJIOM. *

char buf|BUFSIZE|;

size _t rem, len;

rem = nbytes;

for (rem = nbytes; rem > 0; rem — len) {
len = min(BUFSIZE, rem);
read (fd , buf, len);
write (sd, buf, len);

}

Jlucrunr 1.1: DyreMeHTApHBII UKJI, OTIPABJIAIONINI JTaHHbIe U3 daiiia B COKeT

[IpumepHO Takoit KOJI MOXKHO HaiiTu B mepBbix peasmsanusx FTP-cepsepos. Oue-
BHJIHO, YTO IPHUBEAEHHBIN KO Oy/1eT OJIOKNPOBATHCH Ha 3aIMCU B COKET U HE IIPUTO/IEH
Jisi paboOThl ¢ MHOXKECTBOM KJIMEHTOB OJIHOBPEMEHHO W3 OJIHOIO IIPOIECCa, OITOMY
peaJibHble MPUJIOYKEHUsI YCTPOEHBI 3HAUUTE/IBHO CJIOXKHEe. DTOM IPOoO/IeMbl MbI EIé
kocHéMcs B miaBe 2. Ceifyac 1mojuepkHEM, YTO HE3ABUCHMO OT CJIOXKHOCTHU MPUJIOZKE-
HUsI, CO CTOPOHBI $IJIpa OIEPAIMOHHON CHCTeMBI paboTa IIPUJIOKEHUs BCE pABHO OyJer
BBINVISLJIETh KaK depe/lyrolinecst BbI3oBbl read(2) u write(2), B 4éM JIerko MOXKHO yOe-
JINTHCHA € TOMOIIBIO TPACCHPOBIIUKA CUCTEMHBIX BBI30BOB. TakiKe Ba*KHO OTMETHUTb,
qTO 60.7[]3]].[&51 JaCThb IIPOIECCOPHOT'O BpEMEHU ITPOXOJUT B CUCTEMHBIX BbI3OBaX, a HE B
Kojie camoro npuioxkenus. Pakrudeckn ornada daiija BBIIOIHIAETCH ONePAIHOHHON
CUCTEMOIl, a MPUJIOKEHNE UTPAeT JIUIIb YIIPABJISIONLY0 (DYHKIIUIO: OTKPBIBAET (Daljibl
1 COKETHhI U IlepeHallpaBJ/ideT ITOTOKHN JaHHBIX. TaKI/IM O6pa.3OM, €CJIN MBI XOTHUM OII-
TUMHU3UPOBATH 33129y OTJA4U CTATHIECKOr0 KOHTEHTA, Mbl JOJKHBI OIITUMU3UPOBATH
SITTPO OTIEPAIIMOHHON CHCTEMBI, TPEOCTABIISs IPUIOYKEHUIM H0JIee TPOU3BOIUTE/IbHBIE
unrepdeiicsl paboTsl ¢ daitaamu u cokeramu. Co CTOPOHBI IPUIOXKEHU MaHEBpa /I

OIITUMU3AINUN IIPAKTUIECCKNU HET.

1.4 TlosiBsienue sendfile()

B mukie B smcrunre 1.1 6ydep oTChIIaeMBIX JIAHHBIX COBEPIIEHHO HE MOUbUIL-
pyercst Mex iy read(2) u write(2). 3aKOHOMEPHO BCTAET BOIPOC 06 ONTUMU3AIMA ITOIO
Koza. JleficTBUTEIbHO, KOMPOBAaHNE JAHHBIX U3 SJEPHOIO IPECHOIO MPOCTPAHCTBA B

aJIpeCcHOe MPOCTPAHCTBO MPOIECCA TOJBKO JJId TOro, YTOOLI 3aTeM CKOITMPOBATH UX 00-

1J_II/ICTI/IHI‘I/I B pa60Te IpeacTaB/Idi0T 0001 MaKCcUMaJIbHO prOHIéHHbeI IICEB/IOKO/L, Ha A3bIKE I10-

nobaom C. O6paborka OMMOOK B JIMCTUHTAX OILYIIEHA DA HATJISTHOCTH.



PaTHO - HaIlpacHas TPaTa BBIUUCIUTEJBLHBIX pecypcoB. dTo OymeT, eciim IpeJoCTaBUTh
CUCTEMHBIN BBI30B, KOTODBIl BHYTPU s/Ipa OCYIIECTBUT II€peiady HeMOAU(UINPOBAH-
HBIX JIAHHBIX u3 (aiijia B coker?

Takoit cucTeMubIit BbI30B Brepsble nossuics 8 HP-UX 11.00 8 1997 rozxy [7]. Hossrit
cHUCTeMHBbIii BBI30B 1oty anit uMs sendfile(2). B ciemytoniem rojry aHaIOrMIHbIH CHCTEM-
HbIT BbI30B nosiBuiIcs B Linux 2.2 n FreeBSD 3.0. OxmoBpemento nossienue sendfile(2)
Cpa3y B HECKOJIBKHX OLEPAIMOHHBIX CHCTEMAaX CBHUJIETEJILCTBYET O €r0 BBICOKOII BOC-
TpeboBaHHOCTU B TO BpeMmsi. Coobrenne B pernosutopuu FreeBSD, koMmMeHTHpYIOITEe
HOsIBJICHE HOBOT'O CHCTEMHOTO BBI30Ba, TOBOPHUT O TOM, YTO HOBBIH BBI30B pa3paboTaH
comectHo ¢ Apache Group, aBropamu HauboJsee mnomyssipaoro Ha to Bpems HTTP-
cepBepa, W 9TO HOBBII MeXaHH3M OTHa4dn ¢aitaos B 10 pa3 OblcTpee TpaIUIMOHHOTO
mukiia read(2)/write(2) (8.



I'maBa 2

ApxurekTypa

BbBICOKOIIPpOMN3BO/JANTEJ/ILHOI'O

HTTP-cepBepa

2.1 IIpobiaema mucnerdepu3anuy O0JIBIIOTO YICIA O/I-

HOBpPEMEHHDbIX COG,Z[I/IHGHI/Iﬁ

B 1990-e roawr ocnoBubiM HTTP-cepsepom B sxocucreme UNIX-momobubix omnepa-
nuoHHbIX cucteM ObLT Apache 1. Ero apxurexTypa Obuta Tunmanoii 1y TCP-cepsepa
TOI'0 BPEMEHU: JIJIst KayKJI00 HOBOT'O COE/INHEHIS MACTEP-TIPOIECC TIOPOXKIAJ TIOTOMKA U
TOTOMOK pabOTAJI C STUM COEJIMHEHUEM, B YIACTHOCTH, ITOCHLIAJ (DAM/IBI C TIOMOIIBIO K-
Jta, tojtobuoro MUKy u3 jgucruara 1.1. B sagane 2000-x romoB KOIUIeCTBO aDOHEHTOB
NuTtepHeT cTajio crpeMuTe/IbHO PACTH, TAKYKE KAK U KOJIMIeCTBO cepBucoB MHTEpHET,
OTPeO/ITEMBIX OJIHUM aDOHEHTOM, UTO MPUBEJIO K POCTY KOJIMIECTBA OJJHOBPEMEHHBIX
TCP-coemunennii, obciykuBaeMbix otaesnbiabiv HTTP-cepsepom. Brisgcumiocs, [qro,
BO-TIEPBBIX, [TOPOXKJIATH HOBBIN IIPOIECC Ha KAXKJI0€ COEJIMHEHUE UPEe3BbIYANHO Heddh-
dEKTUBHO, & BO-BTOPLIX, Kiaccudeckue uurepdeiicsl POSIX coBepIiiieHHO HEepUroIHbl
JIIsi pabOThI C ThICTIAMU JECKPUIITOPOB. DTOT heHomen mosyumi ums “‘C10K problem”
win “npobisiema 10 Toicsd coepunennii”’ [9]. Paspaborduku OHEpAlMOHHBIX CHCTEM U
HTTP-cepBepoB crasu npejaraTb pa3jndHble TOIXO0/IbI K PEIIEHUIO ITOM TPOOIEMBI.
Co cTOpoHBI pa3pabOTYMKOB OMEPAIIMOHHBIX CUCTEM OBLIN IIPEJJIOKEHBI HOBBIE UHTEPD-
eficel st paboThI ¢ GOJIBIITIM YUCJIOM JEeCKPUIITOPOB, Takue Kak kqueue(2) B FreeBSD
[10] m epoll(2) B Linux [11]. [losBrncey nosbie HTTP-cepBepst, BHyTpenuss apXxuTek-
Typa KOTOPBIX 3HAUMTE/IBHO oTiimvdaercss oT Apache. Tak, coBpeMeHHBIN cepBep nginx

nMeeT (BUKCHPOBAHHOE KOJHMIECTBO pabOUMX IIPOIECCOB, TaKrKe Ha3bIBAEMBIX worker



processes, M 9THU MPOIECCHI IeTAT MexXty coboit mopouy TCP-coemunenus. Kak mpa-
BUJIO, YUCJIO WOTKETr-0B TOTO JKe MOPAJIKA, 9TO 1 YUCJI0 (PUBUIECKIX TIPOIIECCOPOB B CEP-
Bepe. Kaxkawrit worker mpencrapister coboit KOHETHBIN aBTOMAT, paboTaIINi ¢ coeau-
HEHUSIMU TO0YepénHo. [lepekitiouenne MexK Iy COeIMHEHUSIME YITPABJIAETCS C TOMOTIHIO
BBIIIIEYIOMSHY THIX JIUCIIETUYePOB coObITHil kqueue(2) nunn epoll(2). D1 apxureKTypHbIe

periienus 1mo3BoJiniu ycreinuo mpeososers “C10K problem”.

2.2 BpeMSI BbBIIIOJIHECHNA CUCTEMHDBIX BbISOBOB

MakcuMaabHOe KOJIMIECTBO COGILHHGHHﬁ, KOTOpO€ OJJUH worker cmoxker O6pa6aTbI—
BaTh 0€e3 yXyanaieHus KadeCTBa CepBUCa, OlIpeJe/ideTcd TeM, KaK J0JII0 AJIATCA CUCTeM-
HbI€ BBI3OBDI, H€O6XO,ILI/IMI;>IG JJIA O6CJIy?KI/IBaHI/IH ogepeaHoro CO6BITI/IH7 IIOCTYyIIUBIIIE-
I'o OT AucleTdepa coOBITHIA. PELCCMOTI)I/IM7 KaKne CHUCTEMHbIE BbI3OBBI OCYIIECTBJIAET

HTTP-cepsep BO Bpems cBoeit pabOThI:

OrkpoiTne/3akpoiTre daitinos: open(2), close(?2).

OrkpbiTre/3aKpbiTHE COKETOB: accept(2), close(2), shutdown(2).
o Jluckosblii BBO: Tead(2).

e Yrenne u3 cokera/3anuch B coker: read(2), write(2).

e JInCKOBBI BBOJ 1 3aIlUCh B COKeT: sendfile(2).

Kaxk /10710 MOTYT JITUTHCS 9TH CHCTEMHbIE BbI30BbI? JI1000ii BBOJI/BBIBOJL B COKETHI MO-
JKeT 3a0JIOKHPOBATHCsI, €CJIM B COKETe HET JAHHBIX IIPU YTEHUU WU HET CBOOOHOIO
MeCTa DU 3allUCh. Bpems oyKujanusd MOXKET UCUUCIAThCH ceKynaamu. Takoe moBee-
HUE TPUEMJIEMO JIJI APXUTEKTYPBI «OJUH MPOIECC-OIHO COETMHEHUE», HO COBEPIIEH-
HO HEIIPUEMJIEMO JIJIsI HOBO# apXuTeKTypbl. HeoOXoMuMbIih HHCTPYMEHT JIJIsT PEIleHUsT
91o# pobJsieMbl 1iperoctanieH B pamMkax POSIX. DTo pexxum HEOJIOKUPYIOIMIErOCs BBO-
na/seiBoja: fentl(O - NONBLOCK). Eciin coKeTHBIE JIECKPUIITOPBI [IEPEBEJIEHBI B 3TOT
peXuM, TO OHU OYAyT HeMeJJIEHHO Bo3Bpamarh Koj omubdku FAGAIN BMmecTo TOrO,
qT00bI OJ10KHpOBaThes. Takum obpazom, mpobsema ¢ OJOKUPYIOMIMMEICS COKETAMU Pe-
IeHa.

CucremMHBIe BBI30BBI MOTYT OJIOKHPOBATLCA W HA JIHCKOBOM BBOJE/BBIBOsIE. K CO-
JKAJIEHUIO, HCTOPUYIECKH TaK CJI0KWIOCh, uro ytar O NONBLOCK He meHsieT moBe-
JieHnst paiijIoBBIX JIECKPUNITOPOB. B ¢cBOE BpeMst 9T0 OBLIO CJIOXKHO pean30BaTh, a C
Tex IOp CTaJIo HedBHOM dacTbio cranmapra POSIX. Bpema BBOma ¢ aucKa MOXKET J10-

CTUTaTh AECATKOB MHJIJIMCEKYH/, YTO, KOHECYHO, HAaMHOI'O JIy4Ile, 9YeM 6.HOKI/IpOBKa Ha
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coketre. Tem He MeHee, MMEHHO BpeMd BBOJa C JNCKa CTaJIO CJAECAYIOMUM Y3KHM MECTOM

B pabore BbicokoHarpykenubix HTTP-cepsepos.

2.3 HNz3b6exxanue O6JIOKMPOBAHUA Ha JMCKOBOM BBOJE

3a mocaegaure 10-15 e OBLIO OMPOOOBAHO M YCIENTHO TPUMEHSETCS HECKOJIBKO
MEXaHU3MOB, MTO3BOJIAIONINX N30€2KaTh OJIOKHPOBAHMS IIPOIECCA Ha JIMCKOBOM BBOJIE.

PaCCMOTpI/IM X 110 OTAEJ/IbHOCTH.

2.3.1 DBplintostHEeHWE YTEeHHUs C JANCKa B Tpeaax

3aMeTuM, 9TO B MOJIEJIH «OJIUH MPOIECC-OTHO COEMHEHNE» OJIOKUPOBAHIE CUCTEM-
HBIX BBI30BOB BOBCE He sIBJIsieTcsi IIpobiiemoii. Ho Bo3BpallieHne K 9TOH MOJIEIH HEBO3-
MOXKHO M3-3a OI'DOMHBIX u3jepzkek Ha coznanue mnporeccoB. POSIX threads npemocrtas-
JISTIOT HAM BO3MOXKHOCTB B PAMKAX OJIHOTO IIPOIECCa MOPOIUTh MHOXKECTBO KOHTEKCTOB
UCIOJTHEHUs (TPEJIOB), IPHYIEM MTOPOKICHNAE TPEIOB CYIIECTBEHHO MEHEe PECyPCOEMKO,
geM TopozK/ienue mporeccos [6]. CooTBETCTBEHHO, MbI MOYKEM MEPE/IATh 3a/1a9y JUCKO-
BOT'O BBO/la Ha BbLIIIOJIHEHUE B OT,ZLe.HbeII“/I Tpemd. B Ha,I/I60.Hee HpI/IMI/ITI/IBHOI'?I MOJCJ I MbI
MOXKEM CO3/IaBATh 110 OJHOMY TpPeiy Ha KaxKjoe coeaunenne. OJIHAKO B PEAJbHBIX 3a-
Jiadax OOJIBIIIMHCTBO COEIMHEHUIT HEAKTUBHBI, TIO9TOMY JIJIs OCYIIECTBJIEHUS OIIEPAIIUAi
¢ JIMCKOM JIOCTATOYHO HEDOJIBIIOO ITyJia TPEJIOB, Ha HECKOJBKO IMOPSIIKOB MEHBIIETO,
YeM 9HUCI0 OTHOBPEMEHHO 00CTyKUBaeMbIX coeaunenuii. Ha MmomenT mpamuoit mybanka-
O aBTOPY HEU3BECTHLI IIPpUJIO2KEHU A, PeaIn3yroniue TaKyio MO/e/]Ib B YUCTOM BUJIE.
Cepsep Apache 2 ucmomn3yeT Tpeibl, OIHAKO B HEM HET TIyJia TPEJOB, TPeTHA3HATEH-
HOT'O UMEHHO JIJisi pabOThI ¢ BBOJIOM /BBIBOJIOM. BeposiTHO, Takoii peskuM paboTsl Gy/er

BO BTOPOII BEPCUU cEpBepa NEIinx.

2.3.2 POSIX Asynchronous I/0

Crangapr POSIX crnenudurmpyer psii, GYHKIMA st OCYIIECTBICHUS JIUCKOBOIO
BBOJIa,/ BLIBOJIA ACHHXPOHHO: aio_ read(2), aio_write(2) u ap. [6]. Yo ecam orkazarbes
or sendfile(2), BepHyThCs K NUKJIY U3 jucTuHra 1.1, HO BMecTo read(2), nenosb3oBaTh
aio_read(2)? KoneuHo, B 94uCTOM BHJIE TIOBTOPUTH IIUKJI HE YJIACTCsI, HO €CJIH COODIIe-
are o 3asepiernu /O momydars depes3 ToT XKe JUCIeTIep COObITHil, ITO 1 COODIIEeHUs
0 TOTOBHOCTH COKETOB, TO TIOJI00HAsA KOHCTPYKIMSI OTJIMYHO BIIMCHLIBAETCS B HAI KO-
HEYHDBIT aBTOMAT W MBI TOJIyIaeM cepBep He OJOKMPYIOMuiics HU Ha JUCKAX, HU HA

cokerax. Takoil pe:kuM pabOTHI €CTh B NEiNX.
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Heobxo1mmo oTMETHTD HEJOCTATKE 9TOTO peIeHusa. Bo-epBBIX, MbI OTKA3AJIUCH OT
sendfile(2), a 3HAUUT Terepb BeCb 0OBEM IIEPECHLIAEMbIX JAHHBIX [IPOTOHAETCS Yepe3
HaMATh MPIJIOXKeHNsA. Bo-BTopbIX, coracuo cramapty POSIX, asynchronous I/0 me
SIBJISIETCS 00sI3aTE/IbHBIM K peasu3aiu HabopoM (pyHKIHiA. DTu PYHKIUH OTCYTCTBY-
0T BO MHOT'MX OII€PaIllMOHHBIX CUCTEMaX, NI NIPUCYTCTBYIOT C HEKOTOPbIMU OI'PaHMYe-
ausvu. Hampumep, B Linux dyrknnn AIO peannsosamnsr gepes mojcucremy Direct 1/0,
KOTOpasi paboTaeT ¢ JUCKaMU HAIPSMYIO, He T0JIb3YsCh KIIIEM BUPTYaJIbHON TaMSsTH,
YTO KOHEYHO HETraTUBHO CKazKeTCdA Ha IITPOU3BOAUTEIHLHOCTU B 6OJ'IBH_H/IHCTBG CJIydaeB.
B-Tperbux, crouT o6paTHUThL BHUMAHWE HA OTOBOPKY O TOJYYEHWH COODIIEHUS O 3a-
BEPIIEHUN ACMHXPOHHOI'O BBOJIA,/BBIBOJIA. DTO TOXKE PEATU30BAHO He Be3je. B mojHoM
00béMe HeoOXOomMMble HHTepdeiickl peasn3oBanbl B FreeBSD, omsako HEOOXOAUMOCTH

KOIINPOBaHUA JaHHDBIX ocTaéTcd Y3KUM MECTOM.

2.3.3 sendfile(2) c 3anpeTomMm UTeHUs: C JAUCKA

B 2004 rosy 6bu10 mpeiozkeno nebosibioe pacimpenue uarepdeiica sendfile(2) B
FreeBSD, koropoe ojHako npusesio K BblgaromumMcst pesysibraram [12]. Hossrit duar
SF _NODISKIO 3zamnpeiiaj CUCTEMHOMY BbI30BY OJIOKHPOBATHLCH HA YTEHUM C JIUCKA,
1O ecThb sendfile(2) MoxKeT OTIPABUTH JIAHHBIE B COKET TOJIBLKO B TOM CJIydae, eCJId OHU B
HAJIMYNU B K3IIIe BUPTYAJIBHON aMsITH siJIpa OIePAIMOHHON crucreMbl. HeBO3MOXKHOCTH
cyath ailsl B CB3U ¢ HEOOXOINMOCTBIO YTEHHUS C JIUCKa Terepb sendfile(2) curuaansn-
pyer kojiom omubku KBUSY. UTo x)e fieaTh NPUIOKEHNTO, €CJIH OHO TIOJTY 910 TAKYIO
omnOky? [Ipmnoxkenne MoKeT MHUTIMUPOBATE UTeHUE (hailia ¢ JUCKa B OTAETILHOM Tpe-
JIe, WK C TIOMOIIbIO aio_ read(2), TakumM 00pa3oM HOArPY3UB coJep:kuMoe (aiiia B KIII
OTIEPAIMOHHON CHCTEMBI. 3aMETHUM, UTO K3IIUPOBAHUE B SIIPE OCYIIECTBIISETCS IOCTPa-
HUYHO, TO €CThb 110 4 KuyiobaiiTa, u eciu MPUJIoKeHre 3alPOCUT dTeHne Beero 1 Haiira,
zaksmupoBana Oyaer nonanas crpauuna. [lepsoiv HTTP-cepsepom, Bocmob3oBaBIm-
s HOBBIM MHTepdeiicoM cras skcnepumenTaibhblil cepsep Flash [13], ognako Bckope
criicok nosibzoBareseit SF NODISKIO nonosnnuics Varnish u nginx.

K memocTarkam JJAHHOTO MeTO/a CJIeJlyeT OTHECTH TO, 9TO KOJMIECTBO CHCTEMHBIX
BBI30BOB HEOOXOJMMBIX JIJIS TIEPEJIatdn HE3aKIMNPOBAHHOTO (ailia yBeInInIoCh Ipu-
6/mM3UTENILHO B JiBa pasa. [Ipu sToM, B mporiecce mepegadu mporeccop mepeKroIaeTcs
MEXKJIy IeThIPbMsI KOHTEKCTAME: HEIIOCPEICTBEHHO IPUJIOXKEHNEe, a TaKXKe TPH TPeJa B
sJipe: TpeJ ApaiiBepa cereBoit KapThl obpabareiBalomiuit TCP moareepxKnenus ot Kim-
€HTa, TpeJl ApaiiBepa KOHTPOJLIEPA JIUCKA COODIIAOIIII O TOTOBHOCTH BBOJIA, U HAKO-
uer; AIO nemon (miun I/ O-rpes npusoxenusi BMecto Hero). Ciiejyer Tak»Ke OTMETHUTh,
YTO CTPAHUIIBI [OMABIINE B K BUPTYAJIbHON MaMATH BejeacTBue read(2) win aio -

read(2) MoryT 6bITh GBICTPO YIATEHbI U3 K3IIIa B [0JIb3Y KAKUX-TO JIPYTUX JAaHHbIX, TO
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€CTb HET rapaHTUl TOTO, YTO CTPAHUIA IPODYIET B KIIIIE JIOCTATOYHOE BPEMS JIJISt TOTO,
9rT00bI IPUIIOXKeHNe Bbi3Baslo sendfile(2) nosropHo. To ecTh, He NCKIIIOUEHA CUTYAINS,
9TO TOBTOPBIN BBI3OB sendfile(2) onars Bepuér FBUSY. Tem ne menee, necMoTpst Ha
[epednC/IEHHbIE HEJOCTATKH, IMEHHO C IIOMOIIBI0 9TOI0 MPUEMA yJIABAJIOCH TOOUTHCH

MaKCUMaJIbHOI TIPOU3BOJIMTENBHOCTHU JIO CET'OJIHAIIHETO JTHSI.

2.3.4 ato mlock(2) nepen sendfile(2)

ITepen Tem Kak TpUCTYIUTH K JaHHON paboTe, aBTOPOM OBLT OIMPOOOBAH €Ié OJIIH
BapuaHT u3bexkanus OJOKMPOBAHUS MPUIOKEHU Ha JINCKE, CXOJHBII C PelleHrneM 13
raBbl 2.3.3, OJJHAKO WMCKJIIOYAIONIUN COCTOSHUE TOHKU MEXKJIy HPUJIOKEHUEM W IIPO-
HeJYypoil OYUCTKU K3IIa BUPTYaJbHON MMaMSTH OT 3aK3IIHPOBAHHBIX CTpaHwuil. Mies
3aKJIIOYAETCHd B TOM, UTO ONEPAIMOHHAA CUCTEMA IPEJIOCTABJISIET HOBBI CHCTEMHBIN
BbI30B aio_mlock(2), T0 ecTh aCHHXPOHHO BBINOJIHsIEMbIH BBI30B mlock(2). A upuio-
JKeHNe, TepeJ] TeM KaK BBI3BIBATh sendfile(2), nupeaBapuTeabHO 0TOOparKaeT B CBOIO
HaMsITh OTChLIAEMBIH pernoH daiiia ¢ MOMOIILI0 mmap(2) U MOJKAIUBAET €ro ¢ IOMO-
bt aio_mlock(2). Iocie Takoii nogrorosku sendfile(2) orpaboraer 6e3 GJI0KUPOBKH,
a IPUJIOZKEHHUE TIOTOM MOXKET OT/IATh JIAHHBIE B KIIII BUPTYAJIbHON HAMATH C TOMOIIBIO
munmap(2). Ormerum, uro orobpazkenue daiijia B IaMsTh BOBCE HE 0O3HAYAET KOIIUPO-
BaHUs JIAHHBIX U3 sJIpa B HaMATh HPUJIOXKeHUsI. Kcm npuiioskeHne He OCYIIECTBIISIET
obpallieHnii K ajpecaM Mo 0TOOPaKEHHOMY PErHOHY, TO KOIUPOBAHUS HE ITPOUCXOHT.

Hogrlii cucremubiil BbI30B ObLIT pean30BaH aBTOPOM B peBusuax 1251523 u 1251526
ocuosroit Berkn FreeBSD [14]. Tist HTTP-cepsepa nginx 6bu1 paspaboran nard, 3a-
JeiictBytonmit aio_mlock(2) B cBaske c sendfile(2). Cpasy ormernM HEOOGXOIUMOCTD
MOJM(PUIIIPOBATH IPUJIOXKEHUs 110J] HOBBI API Kak HejgocTaToK mien.

OnHako, pe3ysIbraThl OKa3a/uCh HEYI0BIETBOPUTEIBHBIMA U U0 ¢ aio_mlock(2)
MPUIILIOCH TPU3HATH HeyaadHoil. OCHOBHAs TpobJieMa JIAHHOIO BAPUAHTA, 38K/ TF0IAeTCs
B Hed(DMEKTUBHOCTH CHCTEMHBIX BBI30BOB mmap(2) u munmap(2). Iloncucrema Bup-
tyasibHOl amsTu FreeBSD cosepiiieHHO HeonmTuMu3npoBaHa o/l CO3aHuE U yaaeHne
COTEH THICAY OTOOParKEHUI B IAMSITH OJIHOTO IIPOTiecca B CeKyHIy. Haio 3aMeTuThb, 9To
910 He ocobenHoCTh FreeBSD, a BoobIie 0b1ee cBOMCTBO COBPEMEHHBIX OIEPAIIOHHBIX
cucteMm. Takoe MoBeseHIE TPOIECCA COBEPIIIEHHO HECTAHIAPTHO U HU OJIHA OIEPAIIHOH-

Has He ObLja 33/ IyMaHa TakK, 9TOObI OBITH 3(HEKTUBHON I10/I HATPY3KOH TAKOTO poja.

2.3.5 aio_sendfile(2)

Tak>Kke aBTOp paccMaTpuBaJl BO3MOXKHOCTH HIOMEIeHHsI Bbi3oBa sendfile(2) B mos-

cucremy POSIX AIO, nomo6Ho ToMy Kak Ty/a MOMEIIEHbI CHCTEMHBIE BBI3OBBI 7ead(2)
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u write(2) nus peanusanuu aio_read(2) n aio_write(2) coorsercrBenno. OpHako, or
9TOI UJEN IPUIILIOCh OTKA3aThCs EIIE Ha Talle peaan3alni. Bo-1epBbiX, aCHHXPOHHAS
paboTa ¢ cokeTaMu HAMHOT'O CJIOYKHEee, YeM aCHHXPOHHAs paboTa ¢ JUCKAMU, U TOITOMY
B kosie AIO siemona i JiBe cyrmHocTu pasjenenbl. A aio  sendfile(2) npuiuiocsk Obl
paboTaTh OJHOBPEMEHHO U C COKETOM U C JIMCKOM ACHUHXPOHHO, YTO COBMECTUTL OYEHD
HETPUBUAILHO. BO-BTOPBIX, NMpoduInpoBaHne cepBepa pabOTAONEro B PeXKUMe OIIH-
CaHHOM B TyiaBe 2.3.3 nmokasbiaeT, 4To odepea AIO meMoHa ABJISTIOTCS Y3KUM MECTOM,
U MBI HOKAJIYil XOTUM OT HUX M30aBUTHCS, & BOBCE HE 3aMEHHUTDb BbI30BBI K read(2) Ha
BBI3OBBI K sendfile(2) B ouepessix. B-rperbux, onbIT u3 riaBbl 2.3.4 HATIOMIHAET O TOM,
qro HOBoe API morpebyer ajanranuu nNpuioKeHWii, a 9TOr0 XOTeJI0Ch Obl M30€KATh.
[TosroMy GBI ¢l1es1aH BBIBOJ, ITO HEOOXOIMMO nesiaTh sendfile(2) “acnaxpoHHBIM” OCTa~

Basich B pamkax Toro API cucreMHOTO BBI30BA, UTO y2Ke OIPEIEIEH.
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I'taBa 3

Tekyas peanu3aius sendfile() B
FreeBSD

3.1 read(2) daiina u write(2) B coker

[lepes Tem Kak TPUCTYIIUTH K HOBOI peaJin3annu, CTOUT JIETAJIbHO pa300paThes Kak
paboraer jeficTBytomast. BeposTHO pu HiepBoHauYasbHOI peasnusanuu [8|, Gblia paso-
6pana pabora read(2) naj dhalIOBBIM JIeCKPUIITOPOM 1 paboTa write(2) Hajl COKETHBIM
JIECKPUIITOPOM U TI0 Pe3y/IbraTaM ObLIT HAIMCAH sJIEPHBIH aHajor nukja u3 1.1.

Cucremubiit Bb30B read(2) Has hailJloBbIM JECKPUIITOPOM PAa3BOPAUNBAETCS [IPU-

OJIM3UTE/IBHO B CJICAYIONUI CTEK SIEPHBIX (DyHKITHIA:

sys_read() -> vn_read() -> VOP_READ() -> ffs_read() -> GEOM -> npaiiBep

Puc. 3.1: flaepmblit crexk cucTeMHOTO BBI30Ba Tead(2)

Anpo wHaxomut vnode, COOTBETCTBYIOIIHI JAHHOMY JIECKPUIITOPY, U Bbi3biBaeT VES
meton, VOP_READ(), koropsiit Tpanciaupyercs B crenududnbiii 1s dhaiaoBoit cu-
crembl Metos, read, B annom ciydae 3to FFS. Kop daiinoBoit cucrembl HaxoauT nin
BBIJIC/IAET CTPAHUIIBI TAMATH, OTPAKAIOINIUE JAHHbIN peruon untaemoro daitra. Ecau
CTPAHUIIBI HEBAJIU/IHBI, TO UX HEOOXOIMMO 3a10JHuTh. [lochutaeTes 3ampoc Ha dTeHue B
ypoBeab GEOM, peayuzyromniuii abcTpaknuio HaJ OJ0UHBIME YCTPOHCTBAMY, KOTOPBIT
B CBOIO 0Uepeb mepeJaéT ero B apaiisep. Ilo okoHuannm arennst, Ko dpaitioBoit cucre-
MBI OCYINECTBJISIET KOMUPOBAHUE JAHHBIX U3 TEHEPh y2Ke BAJUJIHBIX CTPaHUIL B Oydep
B HMAMATU IpuUIoXKeHud. [locie KonmupoBaHus CTPAHUITLI IOMEYAIOTCS KAK HE3aHIThIe
U TEePEeJIAIOTCs B KIIII BUPTYAJbHOM [MaMATH, IJie OHU MOI'YT OBITH 3aK3MINPOBAHBI MJIN
OCBODOXKIEHBI U MCIIO/IB30BAHbBI JJI JPYTUX JTAHHBIX.

CucremHbIit BbI30B write(2) Ha neckpurropoM, orobpazkatonum TCP-coequnenne,

pa3BopadnBaeTCa MPUOIU3UTEIBHO B CJICAYIONINN CTEK B SIApE:
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sys_write() -> sosend() -> tep_usr_send() -> tep_output() -> ip_output() ->
ether output() -> Ko apaiiBepa.

Puc. 3.2: SluepHbiit cTek cucTeMHOro BbI3oBa write(2)

Haxonurest cOKeT, COOTBETCTBY IO TAHHOMY JIECKPUIITODY, U BbI3bIBaeTCs sosend)().
3J1eCchb TTPOUCXOAUT KOIUPOBaHUE JAHHBIX U3 Oydepa MpUIoKeHUs! B MEMOYKY CIIeIn-
AJIBHBIX CTPYKTYP CETeBOro creka, HasbiBaeMmbix mbuf-br. Kaxk et mbuf npescrapiis-
er coboit onucanue Oydepa u npukperiénablii K Hemy mbuf cluster, rie cobcTBeHHO
xpaHsTcs ganuble. emouka mbufs oTchuraercst B mpoTOKOJIbHBIN MeTo ] send JTaHHOTO
cokera, B jannoM ciaydae TCP. Jlamee nenouka mbuf-oB ciegyer mo BceM ypoBHAM

CeTeBOI'0 CTEeKa J0 /:LpaﬁBepa.

3.2 Iluku sendfile(2) B sape

ITo pesynbraTam paszbopa pabOTBI CHCTEMHBIX BBI3OBOB read(2) u write(2) odeBuI-
HO, 4TO HauboJiee MPUMUTHUBHBIN siZlepHBIN 1K sendfile(2) OyneT npeacraBiaaTh coboi
noouepéaubiit Bb13oB VOP_READ() u sosend(), tie nepsast Gyjuer 4urarh JQHHBIE B
KaKO#-TO BpeMeHHBIN Oydep B AmepHON maMsaTH, a BTopas OyIeT Hape3aTb €ro n KO-
nupoeark B mbuf-er. Koreuno xouercs m3bexkaThb KOMUPOBAHUS JAXKe BHYTPH siIpa.
[Tosromy MoxHO cienarh Tak, uro VOP READ() Hukyja He KOIUPOBAJ JAHHBIE U3
cTpanuil, a mbuf-bl B HaImeil 1enodke OYIYT CCBIIATHLCS HEMOCPEICTBEHHO Ha CTpa-
HUIBI TTAMSITH, BMECTO KJIACTEPOB. DTO HMOTPEOYET 3alpeTUThb CUCTEME BUPTYabHOMN
TMAMSTH OCBOOOXKIATD T€ CTPAHUIIBI, Ha KOTOPBIE CChLIAIOTCS mbuf-bI, TO eCcTh JIenaTh
9TU CTpaHuIBl wired. JIjs Toro 4Tobbl n36eKaTh COCTOAHUST TOHKHM MEYKJTy HAIMM KO-
JIOM M CHCTEMOH BUPTYaJIbHOU IaMSTH, Mbl JIOJZKHBI 3aPE3ePBUPOBAThH CTPAHUILY U
o6bsiBuTh €6 wired emé no BezoBa VOP  READ(). llonesnbiit mo6ounstii adbdert or
IIpeﬂBapHTeﬂbHOﬁ aJIJIOKalluM 3aKJ/JII09aeTCd B TOM, 9TO MbI MOXKEM HalTH Y2Ke BaJIuI-
HYIO CTPAHHIy B K3IIe BUPTyaJbHON HaMsaru u Torya BbizoB VOP READ() B sTOM
mare 1ukJa ve morpebyercsa sosce. ClielyeT OTMETHTE, YTO 3TO COOBITHE HE TAKOe YK
U peliKoe, TaK KaK MHOTHe (hailjoBbie cucTeMbl peajn3yior ajaroputMmbl read ahead u
MBI MOXKeM OOHApPYKHUTh TOTOBbIE CTPAHUIIBI, MTPOYUTAHHBIE Ha MPEIBIIYIINX UTEpa-
nusix nukJa. Hakorerr, Tak Kak Mbl CAMOCTOATE/BHO MOAroTaB/mBaeM mbuf-br, 70 MbI

MOZKeM IPOILYCTUTH sosend() 1 cpa3y OTHPABUTH MX B IIPOTOKOJIbHBII MeTos send.

size t rem;

for (rem = nbytes; rem > 0;
rem — PAGE_ SIZE, offset += PAGE SIZE) {
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vin_page_t p;

struct mbuf xm;

p = vm_page_alloc(vnode, offset , VM ALLOC WIRED);
if (!vmm page valid(p))
VOP_READ(vnode, offset , PAGE_SIZE);
m = m_get();
m—m_data = p;

so—>so0_ proto—>pru_send (m);

Jluctunr 3.1: DiemenrapHblil UKI peasusyommit sendfile(2)

3.3 OnruMnsaius: BJIOXKEHHBIN IUKJI

Brrimeonucannas peasmzanus B FreeBSD ycrentao npociyzxkusa go 2006 roja, mo-
cJie yero nojiBepriiack onrumusanuu [15]. TIpobiema mepBoit peasm3anuu 3aK/IH0UATIOCH
B TOM, YITO IIPOTOKO/ILHBIH KOJT BLI3BIBAJICI HA KaK IO CTPAHUILY, TO ecTh 4 K6 manubIx.
Bo-11epBbIX, 9T0 HEONTUMAJBHO ¢ TOYKHU 3PEHUA ITPOIECCOPHBIX PECYPCOB. BO-BTOPHIX,
dparmenranusa nepegaun jadabix B TCP HeraruBHO BimsieT Ha paboTy IIPOTOKOJIA:
okHO TCP coennnenns e pacTér J0CTATOYHO OBICTPO, & HOJIBIITOE OKHO IIOMOTAeT yBe-
JINIUTH CKOPOCTD TIEPEJIadn U CIPABIATHCH C TIOTEPSIMUI CEIMEHTOB, HE COABJISIA CKOPO-
ctu nepegadn. B-rperbux, TCP nonydast Beskmit pa3 mannsie 1mo 4 K6 B cirygae MTU
BesimunHOU 1opsiyika 1500 6aiT, Oyjer reHepupoBaTh KarKIbli TPETHil CerMEHT CUJIb-
HO MEHBIIIe MaKCUMAJIBHOTO pa3Mepa. HakoHel, HOBbIe ceTeBble KAPTHI C MOJIEPIKKON
TCP segmentation offload (TSO) Tpebyror 0T onepanoHHON CHCTEMbI OTCHIIKH JIaH-
HBIX MAKCHUMAaJIbHO OOJIbIuMU TopIusaMu. OUTUMU3AINs 3aK/II0UACTCS B TOM, ITOOBI
HaKaIUIMBaTh IernovYKy mbuf-oB 70 Tex mop MoKa ecTh MecTo B Oydepe cokera, U 3aTeM

OTChbLJIaTh UX 3a OJHH pa3.

size t rem;

for (rem = nbytes; rem > 0;) {

struct mbuf xm, *xmtail;

m = mtail = NULL;
while (sbspace(so—>so_snd) > 0) {
vin_page_t p;
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}

so—>so_proto—>pru_send (m);

struct mbuf *m0;

p = vin_page alloc(vnode, offset , VM ALLOC WIRED);
if (!vmm_page valid(p))
VOP_READ(vnode, offset , PAGE_SIZE);
m0 = m_get();
mO—m_data = p;

if (mtail != NULL)
mtail—m _next = m0;
else
m = m0;

mtail = mo0;

rem —— PAGE_SIZE;
offset += PAGE_ SIZE;

Jlucrunr 3.2: OnruvusupoBannblii sendfile(2) ¢ ABORHBIM IHKIIOM

C 2006 roJa KoJ1 IOJBEPraJICs JIAIIb HE3HAUNTE/ILHBIM OITUMU3AIUAM 1 O0IIas U1es

HE IIOMCHAJIACH. Peannsaumo KaK B JIMCTHHTE 3.2 MOXKHO 06Hapy}KI/ITb B IIOCJICOIHHNX

BhIemux Bepcusx FreeBSD.
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I'1aBa 4

HoBas peanuzanus sendfile(2)

4.1 Acwmaxponnsii VOP-meTon

st peasmsaiin HeGs1oKupyoierocst sendfile(2) B epByto odepejib HaM HEOOXO0 M
meros, VES, kotopeiit He Oy/er “3achliarh’ B OXKUJIAHUU 3aBepiienus urenus. Cpasy
0003HAYNM, UTO B paMKaxX JIAHHOH pabOThI MbI IJIAHUPYEM PEAJIn30BaTh TaKOH MeTO/T
s daitmosoit cucremsr UFS /FFS, ocraBus 3a ckobkamu mpotne dhailyloBbie CHCTEMBI,
takue kKak ZFS, NFS.

Brokupyionuecs MeToapl paboTaioT caeayiommuM odpa3oM: popMupyIOT 3alpoc Ha
BBO1/BEIBOZ K yposHio GEOM, mocelmaior T0T 3alpoc U BBI3BIBAIOT bwait(), KoTo-
pas Bbi3biBaeT yHKIWoO sleep(9). To ecTh KOHTEKCT, HOCIABINNIA 3a1IPOC, “3achIaeT’.
[Ipobyxkmaer ero crernuaabHas (DYHKINsI, KOTOPasi BBI3BIBAETCS 110 3aBEPINEHUN OIle-
panuu BBojIa,/BIBO/IA, nasee umenyeMast 1/O done callback. Kakoit mmenno 1/0 done
callback 6yyier BbI3BaH, ykasbiaeTcs Ha drare (GOPMUPOBAHUS 3aIIPOCA HA BBOJI/ BBIBO/I
B mapametpe b iodone. s 6mokupyrommxces onepanuii B kadectse 1/O done callback
ykasbiBaercst pyHKIiws bdone(). Dra dyHKIms KoMmmmMmenTapia K bwait(), ona ocy-
mecTBisier wakeup(9) 110 TOMy aJpecy, Ha KOTOPOM 3aCHYJI TDPEJI, TOCJABIIHI 3a1poc
Ha BBOJI/ BBIBOJI.

st peasmsaruy HEOJIOKUPYOMIETOCS METO/a MBI BO3BMEM CYIIECTBYIONUIT GJIOKH-
pyroruiicst MeTo/, HaliJéM TO MeCTO B Kojie, IJle OH BbI3biBaeT bwait() u nepejesnaem
ero cieayomum 06pasom. Bmecto BbizoBa bwait() Mbl COXpaHUM BeChb TEKYIIMHA KOH-
TEKCT JIAHHOIO BBOJIA/BBIBOJA B KAKYHIO-TO BPEMEHHYIO CTPYKTYPY U BbicTaBuM 1/O
done callback B cBoiO cobcTBeHHYIO (DYHKIHIO, KOTOpas OyaeT paboTaTbh ¢ COXPAHEH-
HOIi CTPYKTYpOIi, oc/ie Yero ormnpaBuM 3amnpoc Ha BBoj/BbiBog B GEOM u cpasy xe
BepHEMCcs 13 Meroga VOP.

Taxkum obpazom, cemanTuKa HOBOrO sendfile(2) Gyaer ciemytommeii. Ecan cokernbrit

JECKPUIITOP HaXOAUTCA B 6JIOKpr}OIlIeMCH peKuMe U €CJIN BeCb BaHpOH_IeHHI)IfI peruon
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daitna omeraercst B Oydep cokera, TO CUCTEMHBII BBI30B MHUIIUUPYET BBOJL C JINCKA,
1 HEMEJJIEHHO BEPHET yIpaBjieHHe B Iporecc. Kemn ke yKa3aHO OTHPaBUTDL OOJIBIIE
JIAHHBIX 9€M IIOMEINAeTcd B COKeTHBIN Oydep, TO CHCTEMHBIN BbI30B Oy/IeT MHOIOKDAT-
HO OCYIIECTBJIATH IUKJI BBOJA/BBIBOJIA, KaxK/blil pa3 3alpalliuBasi CTOJBKO JaHHBIX,
CKOJIBKO ITOMEIAeTCd B COKeTHBIN Oydep, u Mexk 1y ureparusamu Oyner “3acbinaTh’ Ha
cokeTHOM Oydepe, 0Kujasi MOJITBEPKJIECHUS O MOJIyYEeHUH JIAHHBIX YJIAJEHHONW CTOPO-
noit. Tosbko Ha moceIHell UTepanuu MUKJIa CUCTEMHBIN BLI30B He OyJeT MOXKUIATh-
cst noJTBepzKienus. B cuyuae xe nebiokupyiomnierocs ((O_NONBLOCK)) cokernoro
Jieckpuiropa sendfile(2) orpaHuauT 00HEM JIAHHBIX YUTAEMBIX C JHCKA BEJTHINHON CBO-
6O/IHOTO MecTa B COKETHOM Oydepe, MHUIMUPYET ITEHNE ITOTO KOJTHMIECTBA JAHHBIX 1

HEMe/IJIEHHO BEPHET yIIPaBJIEHUE B ITPOTIECC.

4.1.1 VOP_ READ ASYNC()?

[Ipocseum Bo uro passopaunsaercs BbizoB VOP _ READ() or camoro Havasa Jio

yposusg GEOM, eciin Huzkesexarmast daitiosast cucrema 310 UFS/FFS.

VOP_READ() -> ffs_read() -> breadn_ flags() -> bstrategy() -> bufstrategy() ->
VOP_STRATEGY() -> ufs_strategy() -> ffs_ geom_ strategy() -> GEOM

Puc. 4.1: Crexk VOP_RFEAD() nna UFS/FFS

Cpasy Opocaercst B Ijia3a, 9TO IOKHHYB ypoBeHb VFES, m Boiinst B peasu3aliuio
KOHKpETHOU (ailjioBoil cucreMbl, cHOBa Bbi3biBaeTct VFES meron, a nmenno VOP_ -
STRATEGY(). Dro cea3ano ¢ tem, uro daitniosas cucrema UFS/FFS ayxyposue-
Bag. Bepxuwuit yposerb UFS peasusyer karaisorun n umena ¢aiiaon, daiiioBbe dari.
A Hmkenexamuii yposeab FFS peasusyer ToJIBKO KOHTeWHEPHI JaHHBIX - inodes. B
npunnuie, nojg UFS Moxer pacrnonararbes ne FFS, a unas daiisosast cucrema. Xo-
T B coBpeMeHHbIX Bepcusx FreeBSD anprepunarus FFS ner, no nanpumep, 8 NetBSD
TaKOBbIE €CThb, M €CTh BEPOSTHOCTH, 9T0 B FreeBSD onu cHoBa mnostBsiTcs. [losTomy
JIaHHBIA JIU3aiiH HeJib3sh Hapyarh. OTMETHM TOT MOMEHT, KaK YCJIOXKHSIONIA pea-
mzamio VOP_ READ ASYNC().

Terepb HailJIEM B CT€Ke TO MECTO, B KOTOPOM CHUCTEMHBIN BBI3OB YXOJIUT B J100pO-

BOJIBHBIIT “COH”, JJ1sT TOTO 4TOOBI A0XKaThes 3asepinenus 1/0.

VOP_READ() -> ffs_read() -> breadn_ flags() -> bufwait() -> bwait() -> _sleep()
VOP_READ() -> ffs_read() -> cluster_read() -> breadn_ flags() -> bufwait() ->
bwait() -> _sleep()

Puc. 4.2: Bosmoxusie creku or VOP_READ() no _ sleep()
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Bo-niepBbix, cpa3sy orMermm, 9To J100pPOBOJILHBIN “‘COH’ TMPOUCXOMUT MEXKIY YPOB-
mamu UFS u FFS. Iloka HeNOHATHO yCIOXKHSET 3TO HaIly 3ajady WJIH HaoOOPOT.
Bo-BTOpBIX, TAKWX CTEKOB OKa3bIBAETCs J1Ba, ITOTOMY 4TO ffs read() moxer mHOTIA
OCYIIECTBJIATh UYTEHNE He HAIpsAMYIo, a depes ‘oudsmoreky” VEFS cluster, koropas ocy-
[ECTBJIAET BPUCTUIECCKNI aHAIN3 oOpalieHnit K daitoBoil cucTemMe JJIst TOTO, ITOOBI
peam30BaTh olepekaroriee drenne MaHubix (gasmee readahead). Omeperkaromniee dre-
Hue janabx win readahead sTo HesBHO ocymiecTBIisieMasi MOJKAYKA B KA JIAHHBIX,
KOTOpBIE CJIEIYIOT B (baiiyie mocjie 3alpolleHHbIX B JAHHOM BBI30BE JIJIsT TOTO, ITOOBI
ONITUMHU3UPOBATH CKOPOCTb BBITOJHEHUS TOCIEAYIONNX BBI30BOB. OTMETUM, YTO Ha-
JIMYMe JIBYX Pa3jIMYHBIX CTEKOB B ffs_read() oJJHOBHAUHO YCJOXKHSIET HOCTABJICHHYIO
3aJ1ay.

Crour obparnuTh BHEHMaHHE Ha TO, 4TO BooOmIe Metox VOP READ() ectsb nps-
MO€ OTOOPayKeHHe CUCTEMHOTO BbI30Ba read(2) B siipo, U CIIPOEKTUPOBAH OH JIJIsi TOTO,
9T00OBI KOIMPOBATH JaHHBIE B Oydep B mamsarn npmiokenns. Kak y»Kke ObLIO oTMe-
4eHo B miaBe 3.2, peanusaiys sendfile(2) ucnonbsyer mob6ouHbIi 3ddexT 3anoHenns
crparut; or VOP_RFEAD(), a BoBce He ero HemnocpeacTBeHnyo dbyHkimo. Bosmoxkno
CTOUT PACCMOTPETHh KAKUEe-TO aJIbTEePHATUBBI IIONBITKE CIEIATh ACHHXPOHHBIN BAPUAHT

VOP_READ()?

4.1.2 sendfile() paboraromuii noBepx ImeiigxKepa BUPTYaJIbHOM

IIaMATNI

Urak, sendfile() moouepénno obparaercs K crpanunaM daiiia, 1 ecjii OHU HeBa-
JILJIHBI, TO eMy TpebyeTcs, ITOOBI MOJICHCTeMa BUPTYAJIBHON IMaMSTH TeM WU WHBIM
obpas3oM cjieiajia CTPAHUILY BAJIAJIHOM, TO €CTh 3aI0JIHAJIA aKTyaJ bHBIMU JTAHHBIME C
JINCKA. DTO OYEHb HAIOMHUHAET paboTy npujoxkenusi ¢ memory mapped file, To ectsb
PErMOHOM IAMATH BO3BPAIIEHHBIM CUCTEMHBIM BBI30BOM mmap(2). Pakruvecku, ¢ To4-
KU 3pEHUs WJIe0JIornn BupTyasbHoi mamsaru Mach, a Bupryasibias namars B FreeBSD
upsivoit Hacsieuuk Mach, 6bu10 661 Kyjia npaBusibhee ecym 6b1 sendfile() obpatasics
HAIPSIMYIO K HEefIKepy, a He IPUTBOPSIICS IIPOIECCOM dnTaromuM ¢aitin. Eauacreen-
HBIIl OYEBWJIHBIN HEIOCTATOK 3TO roreps 3ppuctuku readahead, koropast peanumszoBa-
va B FFS. Onnako, kak 6110 mokasano B riase 2.3.3, coppementbie HTTP-cepeepsr
[PEMOYUTAIOT He YNTATh JAHHBIE C JIHCKA HEMOCPEICTBEHHO ¢ MOMOIIbIo sendfile(), a
suauuT readahead camum sendfile() u ne ununmupyercs sosce. QailIoBbIil HEHKeD B
FreeBSD ne umeer sBpuctuku peanusyioiieii readahead, ojfHaKo IIpegocTaBIsieT B CBO-
ém API mexkoTopble OACKA3KH, KOTOPBIE MOTYT OBITH MCIOIBL30BAHDI JIJIsT TOTO, ITOOBI

peam3oBaTh HEKOTOPLI nmpuMuTuBHLbI readahead yposuem Brimie. Korna y meitxe-
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pa 3ampalBaeTCsd HAJIUINe CTPAHUIIBI 110 38/JAHHOMY CMEIEHHIO, TO TIei/I2Kep 3a0/THO
co00IIaeT CKOJIbKO CTPAHMUIL JIO TON CTPAHUIIBI U TIOCJIE TON CTPAHUIIBI PACIIOIOXKEHBI
B TOM 2ke OJ10Ke (hailytoBOll CUCTEMBI, 8 3HAYUT MOT'YT ObITH HOIHATHI C JINCKA B PAMKAX
OJIHOII orteparuu areHus. Mbl MOXKEM BOCIIOJIB30BATHCS ITUME [IOJICKA3KAME U TIOIHY-
MaTh CTPAHUIIBI C JUCKA HE IO OJHON, & MAKCUMAJIbHO OOJIBIITUME MOPIIASIMU, 8 TAKXKe
ocymecTBIATh readahead B Tom ciydae, eciu B 6ydepe cokeTa 3aKOHIUIOCH MECTO, HO
pUJIOYKEeHNEe TpedyeT MochLIaTh (ailyt u jaJee.

PykoBojcTBysich stuMu coobpazkeHusiMI, aBTop Iepermcan Kox sendfile(), Takum
obpa3oM, UTO Jiisi HAINOJIEHUsI CcTpaHull ucnosib3yerca ve VOP RFEAD(), a VOP_ -
GETPAGES(). llpuuém, VOP-MeTo1 BBI3BIBAETCS HE HANPIMYIO, a depe3 uHrepdeiic
neiizKepa BUPTYaJIbHOl TaMsTh - vm_ pager _ getpages(). C HOBBIM KOJOM MOYKHO O3Ha~
koMuThest B peusun 1258815 FreeBSD, B skcniepumenTasbroil BeTBu projects/sendfile
[16]. VIaTepecHbIM (hakTOM 0Ka3aI0Ch TO, UTO YKCJIO Ollepaliuii BBoja,/ BbiBoja y sendfile()
pabotarorero yepe3 uurepdeiic meiiKepa 0Ka3aaoch MeHblie, deM y sendfile() B oc-
voeHoit BeTBu FreeBSD. Opnako, Kak OBLIO paHee MPOJIEMOHCTPUPOBAHO aBTOPOM B
pesusun 1258646, rak:ke B 9KCIIepUMeHTaIbHOI BeTBH projects/sendfile, kox sendfile()
paboratoriero ¢ VOP READ() moxer ObITh 3HAYUTEJLHO ONTHMU3UPOBAH B CTOPO-
Hy yMEHBIIeHHsI KOJIMYecTBa onepaiwii BBoja,/BbiBoja [17]. Crour ormerutsb, 4T0 B
JaHHOM ab3arie 1o/ OJIHOf orepariyeii BBO/1a/BBIBO/Ia TIOIPAa3yMeBaeTCs BBI30B U3 KOJA
sendfile() k VFS, a riyGxe B cTeke BBOJA/BbIBOJA TAKON BBI30B MOXKET IIOPOXK/IATH
HECKOJIBKO 3aIIpOCOB K JucKaM. 1109ToMy He CTOMT OpMEeHTHPOBATHCSI HA 3TU IHUQPHI
KaK Ha KOHEYHbIN TOKA3aTe/Ib ITPOU3BOUTEILHOCTH, HO C JIPDYTOil CTOPOHBI U HE CTOUT
OTMETATH TOJIE3HOCTh 00bEINHEHIS MHOXKECTBA ITOCJIEI0OBATE/IBHBIX 3aIIPOCOB OT HoJjtee
BBICOKOT'O yPOBHS K 60jiee HU3KOMY B OJIMH 3aIPOC.

OrmeTnM emé OJIHO apXUTEKTYPHOE TIPEUMyIecTBo peanusanuu sendfile() nosepx
neitizkepa. B 2013 romy sendfile(2) B FreeBSD mayunsics pabotarbh He TOJBKO Hal
daitIoBbIMU JIECKPUIITOPAMHU, KOTOPbIE BHYTPH sJipa OTOOParKaloTcsd B OObEKT THIIA
vnode, HO U HaJ, JecKpunropaMmu orobpazkatomumu ydacrok POSIX shared memory,
TO €CTh 00bEKTA NAMATH, BBIJIEJIEHHOIO ¢ HOMOIIBI0 shm_ open(2) [18]. Dro nosesnoe
HOBOBBEJICHUE [TO3BOJISIET IMOCHLIATDH JaHHBIE U3 [IPUJIOKEHUS B CETh 6€3 UX MpeIBapu-
TEJILHOI'O KOIIMPOBAaHUS B MIPOCTPAHCTBO naMsaATu sijpa. OHako, jgeckpuntopbl shared
IMemory He IIOJIEP:KUBAIOT Tead(2), mosroMmy Kof sendfile(2) ObLT epeesan Tax, 9To-
OBl pa3InYIHbIM 00pa3oM paboTarh ¢ daitioBbiMu u shm-neckpunropamu. Ko »xe HO-
Boro sendfile(2) moBepx meiijizKepa CTAHOBUTCSI MHBADUAHTHBIM 110 OTHOIIEHUIO K THILY
JIECKPHUIITOPA, TaK Kak paboTaeT OH Terepb He ¢ vinode, a ¢ COOTBETCTBYIOIIUM €My
vi_object u neiKepoM JAHHOTO 00BEKTA. DTO 3HAUUTEJHHO YIIPOIAET KOJI U JIe/ia-

€T ero apxXuTeKTypPHO UHIIIE.
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4.1.3 VOP_ GETPAGES ASYNC()

Cpasuum creku or VOP_ GETPAGES() no GEOM u or VOP_ GETPAGES() no

TOYKHU CHa, B ciydae ecym neijzkep paboraer ¢ UFS/FFS:

VOP_GETPAGES() -> vnode_ pager_local_ getpages() ->
vnode_pager_local _getpages0() -> vnode_pager _generic_ getpages() -> bstrategy()
-> GEOM

Puc. 4.3: Crex or VOP_ GETPAGES() no GEOM

VOP_GETPAGES() -> wvnode_pager_local__getpages() ->
vnode_pager _local_ getpagesO() -> vnode_ pager generic_ getpages() -> bwait() ->
_sleep()

Puc. 4.4: Crex or VOP_ GETPAGES() no _sleep()

Urak, B dyuxiuu vnode_ pager generic_ getpages() bopMupyercs 3aipoc Ha ure-
Hue, KoTopblil ornpasisercs B GEOM ¢ nomomnisio bstrategy(), u tyT »x)e Tpej “3achi-
naer” B bwait(). dnsa roro, arobsr peanuzoBars VOP_ GETPAGES ASYNC(), nam
HeoOX0 MO pasesutb GyHKIuo vnode pager generic_getpages() na nse dacrtu. B
[EPBYIO YacTh MOMAJET BECh KOJ, KOTOPHBIA ceifuac 10 bstrategy(), a Bo BrOpyio, TOT
KOJI, KOTOPBIi BBINOJIHSETCs T10¢Te bwait(), To ecTh 110cjIe 3aBepilleHus BBOIa,/ BBIBOJIA.
Bropyio dyakiuo Mbl HazoBéM vnode_pager generic_ getpages done(). B tom ciy-
yae KOIJIa CTPAHUIIBI 3alPAIUBAIOTCS CUHXPOHHO, Yepe3 VOP  GETPAGES(), kak u
upexie Gyser Bei3biBaThCst bwait(), a 3arem vnode pager generic_ getpages done().
g acuaxporroro API Mbr 6yieM BeICTaBISATh b jodone B CBOIO COOCTBEHHYIO (DyHK-
o vnode pager generic_getpages done_async(), Koropyio Tpen jpaiiBepa Oyjer
BBI3bIBATH 10 3aBEpIIEHUH BBOJA/BbIBOJA. Jra (yHKIUs OyieT BbI3bIBATH vnode_ -
pager _generic_ getpages done(), a 3arem Bo3bBaTh /O done callback, koropsrit 6611
sasian kak apryment VOP _ GETPAGES ASYNC(), nist Toro, 4T06bl U3BECTHTD T10/1b-
soBaresist Hoporo API (B Hamem ciyuae ko sendfile()) o 3aBepiieHnn BBO/IA.

Nnmenno Tak aBropom u 66wt peanmusosan VOP_ GETPAGES ASYNC() mna neii-
JIKepa 110 yMOJTYaHuIo, KoTopblit ucnosibiyercs UFS /FES, B pesusun 1274914 ocroBHOi
Berku FreeBSD [19]. dns npounx daiinosbix cucrem VOP_ GETPAGES ASYNC()
peasmmzoBan yepe3 VOP  GETPAGES(), To ectb BBOJI COBEPIIACTCS TIO-TIPEsKHEMY 0J10-

KHpYysich, mocse dero BoisbiBaercs 1/O done callback.
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4.2 “HeroroBble”’ maHHble B COKETHBIX Oydepax

Bageitcrsosas HoBblit uncrpyment VOP  GETPAGES ASYNC() B xone sendfile(),
MBI CMOXKeM u30ekKaTh OJIOKMPOBKH Ha JUCKOBOM BBoOje. s 9TOro Ham morpebyer-
cst u Koj, sendfile() pasmesnTh Ha JiBe YACTH: YaCTh JO JMCKOBOIO BBOJA/BBIBOJIA, U
4acThb nocjie Hero. Bropast uacts Oyjier nepeiasarhest kak apryment 1/0O done callback
kK VOP_GETPAGES ASYNC(), n cieoBarebHO BBIIOTHATHCS B KOHTEKCTE JIHC-
KOBOTO JipaiiBepa. Takasg HamBHAs pean3allusl MPEIIIONIAraeT MepeMeIeHre BbI30Ba
so->so_proto->pru_send() B 1/O done callback. Ho Tyr MbI cTankuBaemcs ¢ oueHb
cepbé3HOit pobuiemoit. UTo ecin onepanuy BBOjA/BbIBOJIA OY/IYT 3aBepINaThCs HE B
TOM TOPSIJIKE, B KAKOM MBI UX OTIHpaBjsyin! UTo eciu ¢aiiyr y:ke 9JacTUIHO 0TOOParKEH
B IAMATH M BaJUJHbIE CTPAHUILI CJEIYIOT BIIEpEMEXKY ¢ HeBasmaHbiMu’! Haxomerr,
YTO ecym IpuiIoXKeHue ciaenaer sendfile(2) B coker m cpasy ke write(2)? OrBer Ha
BCe 9TU BOIIPOCHI OAWH W TOT 2Ke: JJaHHbIe 6yﬂyT IIo1maJaThb B COKET HE B TOM IIOPsAJIKE,
B KakoM ciejyet. [lepenaBaembrii aiiyi Oyaer ucropyen: JaHHble B HEM MOTYT OBITH
IIepEeMeITanbI.

OueBniHO, 9TO ecsiu MbI Gy/ieM OTHPABIIATH nanuble B coker He n3 1 /O done callback,
a cpazy nociie VOP_ GETPAGES ASYNC(), ro curyarus Oy/er emié nedajibHee - B
CeThb YIAyT IaKeThbl CO CJIyYaiiHBIM COLCPZKUMBIM.

To ectb, nam nyxHo cpasy nocie VOP  GETPAGES ASYNC() orupasiaars nan-
HBbIE B COKET, IJIe OHM HAJIEXKHO 3afiMyT ITOJIO2KEHHOE UM MecTO B Oydepe oTmpaBKu,
HO HE€ IIO3BOJIATH UM 6bITb OTIIpAaBJICHHBIMHM IIO Ce€Tu, /0 TeX IIOpP, IIOKa BBOIL/BBIBO,ZL
HE 3aBepIIUTCA. DTO MOTPedyeT apXUTEKTYPHBIX M3MEHEHUI HEIIOCPEICTBEHHO K yPOB-
HIO COKeTHBIX OyhepoB, a TakyKe K IIPOTOKOJAM, ¢ KOTOpbiMu pabotaer sendfile(2).
B 6ydepax momkHA TOIBUTHCS KOHIENIINAS “HETOTOBBIX  JTAHHBIX, TO €CTh TAKAX JIAH-
HBIX, KOTOPBIE 3aHUMAIOT CBOE MECTO B IIEMOYKE, YUUTHIBAIOTCH B CUETUNKAX 3aHATON
OydepHoit TaMsaTH, HO IPU STOM IIPOTOKO/IAM OHHU JOCTYIIHDBI JIUIIL JacTudIHO. [IpoTo-
KOJI HE MOXKET OTHPABUTH TAKHE JIAHHBIE B CE€Th, HO IIPU 9TOM 3HAET, YTO OHU €CTh B
oydepe. Kora 1uckoBbIit BBOJ 3aBepIIaeTcs, TO Mbl H3MEHsEM COKETHBIN Oydep, 1mo-
MeYaeM JIaHHbIe KAK ‘TOTOBBIE”, YBEJIMYUBAEM CUETUUK DAUT JOCTYIHBIX K OTIIPABKE U
MBI JIOJI2KHBI KAKUM-TO 06pa30M pas0yIuTh IPOTOKOJI, U3BECTUTH €r0 O TOM, UTO XOTS
HOBBIX JAaHHBIX B COKETHOM 6ycbepe 1 He IIOoAdBUJIOCH, HO TeéM He MeHee, eMy €CTb 1TO

OTIIPAaBUTL B CETh.

4.2.1 Coketnblii 0ydep

B cereBom creke BSD cokernblit 6ydep npeacrapisger codoii nemouky mbuf-o. 91o

tunmanbiit FIFO, B 6ydepe ectb ykazaresb Ha nepsbiit mbuf B memnouke, u ykasaresb
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na nocienaunii. HoBble mammble 3amumcbiBaioTca B Oydep mocie mociemrero mbuf, a

IIPOTOKOJI BEIHUMAET JaHHbIe U3 Oydepa HauuHas ¢ mepporo mbuf-a.

struct sockbuf {

struct mbuf *xsb mb; /x first mbuf in chain */
struct mbuf xsb mbtail; /x last mbuf in chain x/
u_int sb_cc; /% chars in buffer x/

Jlucrunr 4.1: NHTepecyromiue Hac moJst B struct sockbuf

st Toro, 9ToOBI He MEPECUUTHIBATE JJIMHY [EIMOYKN BCAKUAN pas3, CyMMa JJINH BCEX
mbuf-oB xpanurca B noste sb_cc (char count). B nosie sb_ cc cmorpsT Kak 1ojcucTe-
MBI, TIUIIyIue B Oydep, IJIst TOro, 9To0bI MOHATEH OCTAIOCH JIU B HEM €IIé CBOOOIHOE
MECTO JIjisl 3AIMCH, TAK U IOJICUCTEMbI, duTaomue u3 oydepa, 4Tobbl BHIICHUTD €CTh

JIM JaHHbIe, KOTOPbIe MO?KHO OTIIPaBUTD.

4.2.2 CoketHblii 0ydep c “HeroroBbIMU’ JTaHHBIMUI

[Ipemraraemasi KOHIENINS “HETOTOBBIX JAHHBIX IIOAPA3yMEBaeT, UTO Telepb Ha
BOIIPOCHI “CKOJIBKO 3allMCaHO B COKETHBIH Oydep?”’ m “CKOIBKO MOYKHO IPOYECTh W3
Oydepa?”’ MOXKHO MMOJIYyIUTh pa3HBIE OTBETHL. A 3HAYUT OIHOIO MOJIs $h_ cc yKe HeJo-
CTATOYHO JIJIsT arperanui WHGOOPMAINK O JJINHE JaHHBIX B Iemoduke mbuf-oB. Beemém
JiBa HOBBIX T0J1st sb_acc (available char count) u sb_ ccc (committed char count) Bme-
cro oxnoro. Ilepoe Oymer obo3HaYATH CKOIBKO DAUT MOXKHO IpounTaTh u3 Oydepa, a
BTOPOE CKOJIBKO DaiiT yxke 3armcano B 6ydep. OueBusno, aro sb_acc < sb_cce.

Taxzxe HaM TTOTpedyeTCst BBECTU HOBBIN (byiar jiyist mbuf, KoTopbiit Oymer moMevyars
mbuf copep:karomuii Herorosble janubie. M oraenbublii (aar g roroeix mbuf, #o
kotopbie HaxojaTcd B FIFO ouepeau mo3aim kKak MUHUMYM OJIHOTO HETOTOBOT'O, & 3HA-
quT oHU 3abs0Kuposanbl. Hazosém stu dbmaru M NOTREADY u M_BLOCKED.
Ecmu sb_acc # sb_cce, To oueBngHO, 9TO B Oydbepe eCTh HErOTOBBIE JAHHBIE, U 00-
paTHOe TakxKe cTporo BepHo. UTobbl u3berath BCAKUI pas3 MOMCKa MEPBOTO HETOTOBOTO

mbuf, BBeEM emé ojuH ykazareib B struct sockbuf.

struct sockbuf {
struct mbuf *sb_mb; /x first mbuf in chain x/
struct mbuf xsb_mbtail; /x last mbuf in chain */
struct mbuf xsb_fnrdy; /x first not ready mbuf x/
u_int sb_acc; /% available char count */

u_int sb_ccc; /% committed char count x/
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}s

Jlucrunr 4.2: struct sockbuf MoauduImpoBaHHbI i PAOOTHI ¢ HENOTOBBIME JTAHHBIMU

B kox, paboraromnuit ¢ cokerabIMEu OydepaMn HaM TOTPe0yeTCst BHECTHU CJIE LY OIIIe

N3MEHEHNA:

e [Ipu nobapnenun mbuf-oB B ouepesn, NpaBUIBLHO yBeJIHIMBATH Sh_acc u sb_ -
cce, B 3aBucuMocT oT dutaros srux mbuf, a Tak:ke pu HEOOXOAUMOCTHA MEHATD

sb_ fnrdy.

e [Ipu ynanenun mbuf-os, npaBuiibHO yMeHbIIATH Sh_acc msb_ccc, uameHsTs sb_ -
fnrdy n msberatsh ocBoboxmernst mbuf-oB ¢ dharom M NOTREADY, tak kak

Ha HUX BCE eIlé CChLIAIOTCs Ollepalui BBOJIA,/ BBIBOJIA.

e PeasmzoBars dyukuuio sbready( ), koropas 6yer youpars daar M NOTREADY
¢ 3asanHoro yucia mbuf-os B nemnouke. Eciau sru mbuf-bl 610kupoBaim Kakue-
TO TOTOBBIE JIAHHBIE, TO ¢ HUX HeoOxoaumo yopars dhuar M BLOCKED. Eciu
roroBeiM ctas mbuf, Ha KoTopsIit yKasbiBaer sb_fnrdy, To ciaemyer yBeamuuth

sb_acc m obnoBuTh 3Hadenue sb_fnrdy.

JlanHble M3MEHEHWs PEeaJM30BAHBI aBTOPOM B peBU3nU r275326 OCHOBHOI BeTKHU
FreeBSD [20].

4.2.3 Pabora ceTeBbIX ITPOTOKOJIOB C “HErOTOBBIMI’ JTAHHBIMU

Coryacuo crienuduKaruy CHCTEMHBIN Bb30B sendfile(2) paboraer HaJi JHOOBIME CO-
ketamu tutia SOCK _STREAM. To ects sTo TCP-coketsr, mokambabie coketbl UNIX n
norokosble cokeThl SCTP. Tax Kak Ha ceronusIIHul IeHb HEM3BECTHO IPAKTHIECKOIO
ucnosbzosanus sendfile(2) uan cokeramu SCTP, u jazxe oTcyTCTBYIOT perpeccuoHHble
TeCThl JAHHOIO PYHKIMOHAJIA, TO ABTOP PEIII BBIHECTH 3TOT BOIIPOC 38 PAMKHU JaHHON
paborer. Takum 06pazoM HaM HEOOXOIMMO HAayUIUThH paboTe ¢ HErOTOBBIMU JAHHBIMU B
cokeTHBIX Oyepax TCP cokersl un sokanabHbIe cokeThl. API mpoTokosios morpebyercs

HNU3MEHUTH CJICIyIOIIUM o6pa30M .

e Meroy pru_send posxeH ob3asectuTh HOBbIM (uytarom PRUS NOTREADY,

YKa3bIBaIOIIUM Ha TO, 9TO B )I&HHOfI TPaH3aKIUN ITOCTYIIalOT HET'OTOBbIE JTaHHDbIE.

e HeobOxomum HOBBIIT MeTOI pru_ Teady, KOTOPBIH OymaeT OYIUTh IMPOTOKOJ B TOM
cJIydae, KOTJIa HOBBIX JIAHHBIX B COKETHOM Oydepe He MmosiBujiock, HO sb_ fnrdy

CMECTHUJICS BIEPET TIO TIETIOYTKE.
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Pacmupenne nporokosibaoro API nipescraBiieno aBropom B pesusuu r275329 [21].

Momucdukarus TCP st paboThl ¢ HENrOTOBBIMU JAHHBIME OKa3aJjach J0CTATOY-
HO mpocToit. Beé, aro Tpebyercs, 9T0 BO-TIEPBbIX, HE BBI3BIBATDL tcp  output() mpu 1mo-
CTYIUICHUH HEMOTOBBIX JIAHHBIX Y€pe3 pru_ send, U BO-BTOPBIX, BBI3bIBATD tcp  oulpul()
Korjia pru_ready aKTHBUPYET HEHYJEBOE KOJMIECTBO JaHHBIX B Oydepe ormpapku. C
m3MeHeHusgMu K 1potokosy TCP moxkHO o3HakoMuThCs B peBusun 1275333 [22].

C AF LOCAL nena obcTosSIT HECKOJIBKO CjIOKHEe. Jleso B TOM, UTO y JIOKAJIbHBIX
cokeToB HeT Oydepa OTIpaBKM Kak TaKOBOro. /leiicTBUTE/NBLHO, 3adeM OH HYXKEH, ec-
JIL COKETBI JIOKAJIBHBI U COEIMHEHbI oJuH K ojgHomy? Ilpu 3amucu B JIOKaJIbHBIN COKET
JaHHBIE CPa3y IoImaaafoT B Oydep MOJIydeHUs MPOTUBOIOJIOKHOIO cokera. TO ecTh,
pru_ send mo/KeH oTpabaThiBaTh Kak 0ObaHO. Ecim 3ammcannble TaHHbIE HETOTOBBI,
T0 sb__acc O6ydepa moJrydeHnsi IIPOTUBOIOIOKHOIO COKETA HE YBEJTUIUTCS U MPOIIECCHI
cIessIe 3a HUM He OyjyT omoBeleHbl. A pru_ ready Tak»ke J0JKeH paboraTh Ha-
MPSAMYTO C TIPOTUBOIIOIOKHBIM coKeToM. C M3MeHeHnusIMU K coKeTaMm cemetictBa, AF -

LOCAL MoxxHO 03HAKOMUTBCs B peBnsnn 1275332 [23].

4.3 Hossiii sendfile(2)

Nrak, Bnages sHoBbiMu API B cereBom creke, VFS u BuUpTYya/bHON mMaMsITH, MbI
MOZKEM MPHUCTYIHUTH K PEIEHUIO Halllell OCHOBHON 3a/1aun. OCHOBOM ajJropuTMa CTaHeT
ABoitHOM 1K 3 3.2. HamomMumM, 4T0 MBI y2Ke Mpoje/Iain HEKOTOPbIe BaXKHbIe U3MEHe-
HUs HAJT 9TUM KOJOM B PaMKax IMOAroTOBKU. MogudunnpoBan MUK TAKIM 00pa30M,
qro 3anpoc K VES Beiecen Bo Bremamii nuki [17]. Cramu obpamarbes K meizrepy

JUIst TIOJIKAYKN CTPAHUI ¢ jucka [16].

4.3.1 sendfile swapin()

Becb KoJ1 cBA3aHHBIN € 1I0JIKAYKOIl CTpaHUI] BHIHECEH B OT/EJIbHYIO (DYHKIUIO, Ha-
sBannyio sendfile_swapin(). @yukuus paboraer ¢ 06bEKTOM U BEKTOPOM CTPAHHUIL pac-
[TOJIO2KEHHBIX 110 38 JAHHOMY CMEIIEHUIO B 00bEKTe, TO €CTh OHA MHBAPUAHTHA, [0 OTHO-
IIEHUIO K CETEBOMY CTEKY U THUIly 00bekTa, Oyab To daitn uiu cerment shared memory.
QakTudecku 3Ta QYHKINA MOXKET ObITH IIeEpEeHeceHa B [TOJICUCTEMY BUPTYaJJIHLHON HaMsi-
TH, eCIi Y Heé HaiiyTcs emé nosib3oBaresnn kpome sendfile(). OyHkims moayvaer Ha
BXOJ BEKTOD U3 yKa3areJsieil Ha CTPaHUIIbI, KOTOPbIE OHA JIOJI?KHA WHUIIMATU3UPOBATD,
a 3aTeM U 3alOJHUTb 3TU CTPAHUIbI JaHubiMu. CHadasa GYHKIUS 3a0JIHIET BEKTOD,

KaxKjas CTpaHuiia 6epéTcd y BUPTYyaJIbHOM nmamMaTu Kak wired u busy:

for (int i = 0; i < npages; i++)
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pa|i] = vin_page grab(obj, page offset(i),
VM_ALLOC WIRED) ;

Jlucrunr 4.3: sendfile_swapin(): nHUIMAII3AINS BEKTOPA CTPAHUIL
3aTeM BEKTOpP CTPAHUIL 00PabaThIBACTCS CJIEIYIONINM AJITOPUTMOM:

e Eciin crpanuia yKe BasujHa (HAXOAUTCS B K31 BUPTYaJbHON NAMATH), CHUMAa-

eM OUT busy u repexojiuM K CJIeIyIONIei.

e Ecju cTpaHuiia HeBaIMIHA, TO B OTJIEJIBHOM IIUKJIE UIIEM CJIEJIYIONIYIO BaJIUIHY O
crpanuity. Takum 06pa3oM MBI TOJIyYaeM OC/IEI0BATEIbHOCTD WIYIINAX TIOIPSI]T

HEeBaJIMIHBIX CTPaHUII.

o [leiizkep onpammmBaeTcsa 0 HAJIMINKM HEeBAJIMIHBIX cTpanuil. g daitioBoro meii-
J2Kepa OTCYTCTBHUE CTPAHUIILI BO3MOXKHO TOJILKO B CjIydae ecju daits ¢ “mpipa-
mu” (sparse file). OrcyrcrByromast cTpaHuIa 3aII0IHSIETCS HYJISAME U [1€PeCTaéT
66T busy. [Ipu HaTUYIUM CTPAHUITBL TIEHKED TAKXKe TaET HAM MOJICKA3KY O TOM,
CKOJIBKO CTpaHUIT IIOCJIe STON CTPpaHUIIbI Mbl MOXKEM IIOAHATH C JIUCKa 3a OJIHY

OTIEPAITIIO BBOJIA.

e Brraucisiercs MUHHUMYM ME2KITY H606XO,ZLI/IMI>IM KOJIMIECTBOM CTPaHUIl 1 IIOJCKaA3-

KO 1elijizKepa, U 9T0 KOJUYECTBO CTPAHUIL 3allpallluBaeTcd y IehzKepa.

for (int i = 0; i < npages;) {

int j, after, count;

if (vmm_ page is valid(pa|i]) {
vin_page xunbusy(pa[i]);
13

continue;

for (j =1 + 1; j < npages; j++)
if (vm_page is valid(pa[j])
break ;

while (!vm_pager has page(obj, pali],i &after) &&
i< ) o
pmap_zero_page (pa[i]):
pali|->valid = 1;
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vim_page xunbusy (pa|i]);

L5
}
if (i —j)
continue;
count = min(after + 1, npages — 1i);

refcount _acquire(&sfio—>nios );

vin_pager_get pages async(obj, pa + i, count,
sf iodone);

vim_page_xunbusy(pa|i]);

i += count;

Jluctunr 4.4: sendfile  swapin(): mogKadka CTpaHWUI[ U3 TefiKepa

4.3.2 OcCHOBHOII ITUKJI

st TOro, 9T00BI COXPAHUTH COCTOSTHIE MEXKIY KOHTEKCTOM CHCTEMHOI'O BBI30BA U
I/O done, MbI GyjieM pe3epBIUPOBATD MAMSTH IO/ CIEIUATBHY IO CTPYKTYPY Struct sfio.
B crpykrype MbI Oy/ieM COXpaHATH YKa3aTesb Ha COKET, yKa3aTes b Ha IIePBLII OTIIPaB-
JIeHHBIH mbuf, comep:Kalinii HErOTOBBIE JAHHBIE, CUETUNK ACHHXPOHHBIX 3aIlpPOCOB K
el zKepy B paMKaxX JaHHOIO CHCTEMHOI'O BBI30Ba, a TAKyKe BEKTOP CTPAHMII, C KOTO-
peiM pabotaer sendfile_ swapin(). Tak Kak JyimHa BEeKTOpa IEpEMeHHA, TO U pa3Mep

CTPYKTYPbI TaKzKe IIepEMEHHBIII.

struct sf io {

u_int nios ;

int npages;
struct file xsock fp;
struct mbuf AN
vm_page t pall;

Jluctunr 4.5: Crpykrypa struct sf o

B kaxkm0it nTepanuy BHEITHErO MUKJ/IA MBI BBIYUC/ISIEM KOJMIECTBO CTPAHUIL HEOD-
XOMMOe s 3arojineHus Oydepa ormnpaBku, pesepBupyeM namaAThb 1oj sf io coor-
BETCTBYIOIIETO pasMepa U BbI3biBaeM sendfile  swapin(), Koropasi BO3BpAIIAET YHUCIIO

3allyIICHHbIX UM aCUHXPOHHbIX gyrenuit. Ecau B oponecce IMoJKa9IKH He ITOBCTPEIaJI0Ch
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HU OJ[HON HEBaJUHON CTPAHUIILI, UYTO BIIOJHE BEPOSTHO ecju (ailj 3aKemupoBaH B
nmaMsTH, TO Torja GyHKIUs BepHET HY/b. [lenmouka mbuf-oB popmupyercs rakxke Kak
U pamee, 3a ofHUM JonosaHerneM. Ecmn sendfile  swapin() coobiut, 9To ObLIH 3a1myIie-
HBbI ACHHXPOHHbBIE 33191 BBOJIA, TO MbI ToMedaeM Bcio renouky kak M NOTREADY.
Moxk#o 6b110 661 0OTMeuaTh Kak M NOTREADY tosibko Te mbuf-bI, cTpanuiiaM Ko-
TOPBIX HOTPebOBAIACH OlepaIis YT€HUs, B TAKOM CJIydae HPOTOKOJ CMOT Dbl cpasy
OTOCJIATH BCE CTPAHUIIBI JIO TEPBO# HErOTOBOM B ceTh. OJIHAKO, TaKasl peajn3aliusi Oblia
OBI CJIO2KHEe, U KaK y2Ke ObLIO 3aMeTIeHO paHee B IJiaBe 3.3, BhITOIHEee OTChLIATE JAHHBIE
110 BO3MOXKHOCTH 00Jiee KPYIHBIME TOPIUSME. B KOHIIE payHjia BHEIIHErO IUKJIA Mbl

BbI3bIBAEM PT'U__ send, HpI/I‘{éIVI7 €CJIN U3BECTHO, 9YTO MBI IIOCBLJIa€M HEroTOBbIC /JTaHHBIE,

10 BoicTaBisgeM dhyar PRUS NOTREADY.

for (off = offset; rem > 0; ) {
struct mbuf xm, *mtail;

int space, npages;

space = sbspace(&so—>so_snd);
npages = howmany(space + (off & PAGE MASK), PAGE SIZE);
sfio = malloc(sizeof(xsfio) + npages x sizeof(vm_page t));

refcount init(&sfio—>nios, 1);

nios = sendfile swapin(obj, sfio, off, space, npages);
m = mtail = NULL;

for (int i = 0; i < npages; i++) {

struct mbuf *m0;

m0 = m_get();
mO—m_data = sfio—>pa|i];
if (nios)
mO0—m _flags |= M NOTREADY;
if (mtail != NULL)

mtail—m next = mo0;

off 4= space;

rem —— space;
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if (nios) {
so—>so_proto—>pru_send(m, PRUS NOTREADY);
sf _iodone(sfio);

} else

so—>so_ proto—>pru_send (m);

Jluctunr 4.6: OcHoBHoit nuks HOBOrO sendfile()

4.3.3 3asepmienne urenus: sf todone()

Bestkuit pas nHUIMUPYs aCHHXPOHHBIH 3anpoc Ha arenue sendfile  swapin() ykasbi-
BaeT kak 1/O done callback dyukimio sf iodone(). 1o nameit 3axymke sra GyHKINA
JIOJIZKHA BBI3BIBATH ITPOTOKOIBHBIN MeTO pru_ ready. OHAKO, MBI MOXKEM €r0 BLI3BATD
TOrJA ¥ TOJBLKO TOT/IA, KOIJa BCE ACUHXPOHHBIE BBI30BBI JJIsl JaHHOM 1ernouku mbuf-os
OY/IyT 3aBEPINEHBI, a TaK:Ke KOraa OyIeT 3aBepINéH PayH,I OCHOBHOTO IUKJIA, KOTOPBIi
MHUOUUPOBAJI BCE 3TU YTCHUA. TeOpeTI/I‘IeCKI/I TaKO€ MOZKeT 6]:>ITb, 9TO YTEeHUue C JUCKa
OOTOHUT BBITIOTHEHNE TIUKJIA. [109TOMY TIepe T BCTKUM aCHHXPOHHBIM BBI30BOM e mzKe-
pa MBI OyJIeM yBeJIMYUBAThL Ha eIUHUIYY cuéTuuk nios BuyTpu sf io. Kpome Toro, cam
payH/I IIUKJIa TOXKe yIepPXKUBAET OJIHY CChLIKY Ha 3Ty sf io. KoHTeKkeT cucreMHOro BBI-
30Ba yOEPET 3TY CCHIAKY TOTJa, KOTJAA 3aBepIIuT (GOpMUPOBATH mernodky mbuf-oB u
Gy/leT roToB eé OTHpaBUTh B MpoTOKo/. Takum obpasoM, sf iodone() nokua Havn-
HATHCS C YMEHBIITEHH CIETINKA CCBIIOK W TPOBEPKU €ro 3HadeHus . Kean caéTank He
JIOCTUT HYyJIs1, byHKIMs Bo3Bpaiaercd. 1 Tosbko mocseanuii Boi3oB sf iodone() njis

JarHoro sf 10 cMOKeT BBI3BIBATH IIPOTOKOJIBHBIN pru_ ready.

if (!refcount release(&sfio—>nios))

return;
so—>so_proto—>pru_ready(sfio—>so, sfio—m);
free(sfio);

Jluctunr 4.7: sf_iodone()

Ha moment myGnukarmn JanHoil paboThl HOBas peanusarys sendfile(2) em@ ne me-
peHeceHa B OCHOBHYIO BeTBb paspaborku FreeBSD. C komoM peansyoimM Uaeu, Olm-
CaHHBIE B JIAHHO IJIaBe, MOXKHO O3HAKOMUTBCS B 9KCIIEPUMEHTaIbHOI BeTKe projects/sendfile,
aii sys/kern /uipc_syscalls.c, byukiun vn_ sendfile(), sendfile  swapin() u sf iodone()
[24].
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4.4 Onrumusanus u pacimupenne API nosoro sendfile(2)

Hosrrit ko1, paboTraionuii HAIPAMYIO ¢ HeiIzKepoM, 03BOJIIeT 00Jjiee TOHKO KOH-
TPOJIMPOBATH PabOTy BUPTYyaJbHON HMAMSITH CO CTPAHUIIAMU, KOTOPBIE IOIHUMAIOTCS
¢ nucka B pesyabrarte paboter sendfile(2). Hampumep, Mbl MOXKEM 3alpeTUTh BUPTY-
AJILHOM HMAaMATH KIIIUPOBATH 3TU CTPAHUIIBI, WA MBI MOYXKEM HACTPaUBATh BEJIUINHY
readahead Bpy4Hyt0, 4TO OBLIIO HEBO3ZMOXKHO P MojIKaduKe ¢ nomoinbio VOP  READ().
MbI MOXKEM OTIATH KOHTPOJIb HaJ STHME PACIIUPEHUSIMU IPUIOXKEHUIO, BBEIsI HOBBIE

d)HaFI/I JJIgd CUCTEMHOI'O BBI3OBA.

4.4.1 3ampeTr K3MIUPOBAHUS

B GosibiiuHCTBE cilydaeB, KIIIUPOBAHWE BUPTYabHON MaMAThIO (DalljIoB BechbMa
TOJIE3HO, OJIHAKO, MOXKHO IPEJICTaBUTh cebe TaKhe MHCTAJUIAIUN KOIJla U3JIEPKKHA Ha
KSIIMPOBAHUE BBIIIE, YeM PEAJIbHbBIN BHIMIPLIIT OT Hero. Hanpumep, coBpeMeHHbIH cep-
Bep oraaromnuit 1o HTTP 6ombinyto Koameknio BueodaiiioB mMeeT TUCKOBbI 00bEM
mopgaaka 100 tepabaift, a 00bEM onepaTuBHON maMATH mopsaka 64 rurabait, TO ecThb
06'bEM JIMCKOB HA TPH C JIMIITHUM [IOPsijIKa IPEBBIAeT 06'bEM orlepaTuBHOI maMsiTi [25].
[Ipu abcomoTHO CityvuaiftHOM JOCTyIe K (baityiaM, BEpOSITHOCTD TONMAJIaHI B KIIIT OyIeT
cocrapisaATh nopsiika 0.1%. Koneurno, Ha npakTuke He OblBaeT abCOJIOTHO CJIyYaiiHO-
ro JIOCTYIIA, KAKOW-TO KOHTEHT HomyjspHee. [IpakTudecku m3MepeHHbIE pPe3y/IbTaThl
MOKa3bIBAIOT TIOIIIaeMOCTh B K311 Ha yposHe 2-5%. Ilpu sToMm kam He Gecruiaren. Ye-
pe3 Hero TedéT HOJIBIION TpaduK CTPAHUIL: CBEXKHUE CTPAHUIIBI TIOCTOSHHO JT00ABJIAIOT-
s, CTapble YIAJIAIOTCA. DTO TpedyeT MOJJIepKaHNsl CIIMCKOB, CHHXPOHU3AIINN JOCTYIIA,
MezK /Iy IIporieccopamu u 1p. [IpocTo Bo3BpallaTh CTPAHUIBI B IIYJI CBOOOHBIX CTPAHUIL
OBLIO OBI JEMIeB/IE.

Tem BpemeHeM oIepaTop cepBepa 3HAET KaKOil KOHTEHT IOIYJISPEH, a KaKOi HeT.
Ecim npounndopmuposars HTTP-cepBep o monymsaprocTr haityioB, minm caeaaTh Tax,
4T0OBI cepBep paccuuTbiBasl e€ auHamumdecku, To HTTP-cepsep mor ObI yKa3biBaTh
SIPY O TOM, KaKue BbI3OBbI K sendfile(2) MOJIKHBI KIUIMPOBATHCs, a Kakue HeT. [Ipu
9TOM MbI CMOYKEM HE TOJIBKO M30€KaTh PACXoJia JIMITHUX [POIECCOPHBIX PECYyPCOB, HO
U CyHmIeCTBEHHO IIOJHATH IMPOIEHT IOIIa/JlaHnd B KO JIJI ,ZLeI'?'ICTBI/ITe.HbHO TIOITYJIAPHBIX
daiinos.

Hoswiit sendfile(2) nounmaer daar SF- NOCACHE, KoTopblit BHYTPHU sijipa TPaHC-
JILpyeTcsl B HHYO (DyHKIHMIO 0cBOOOXK 1eHnsT mbuf-0B, KoTOpast 0CBOOOK IAET CTPAHMILY,
npuHaiexkantyo mbuf-y, cpazy B 1mys ¢BOOOJHBIX CTPAHUIl, MUMO K3IIa. 3aMETUM,
91O Jist crapoii peasmsaiuu sendfile(2) sro ne cpaboraso 6bl, Tak Kak panee mbuf He

ABJIAJICA IIOCJIeHEN CCHIJIKON Ha CTPaHUILY.
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4.4.2 Ilpunoxenme ykKa3biBaeT readahead

Nnrepdeiic neiiprepa vm_pager has_page() naér HaMm MOJCKA3Ky CKOJIBKO CTpa-
HUI MBI MOYKEM TIOIKAYaTh OECIIATHO BMECTE ¢ 3aIPOIIEHHON. DTa MOJCKA3KA UCIOJIb-
3yercss B TOM CJIydae eCJIM CHCTEMHBIN BBI30B 3HAET, UTO 5TO He IOCJIEeJHUN payH.T
BHerHero nukiaa (eM. jgucrunar 4.4). B mocseanem e paymHie MbI He 3HAEM CTOUT JIH
nenathb readahead wim wHer. HemssecTHO Oy/IyT Jin €IE CHCTEMHbBIE BBI3OBBI HA OTIIPAB-
Ky MOCJeYIOIMNX CTPAHUI] ITOTO ke daitna. ¥ npumiaoxkenus, B dactanoctu HTTP-
cepBepa, Takasi nHGOpMAaIug MOKeT ObITb. OUATh 2Ke CChLIasCh Ha 3a/a4y OTJIaYu BU-
neo, 3ametuM, uro HTTP-cepBep MoxkeT u3Biieus u3 Bujieo-daiiia nHGOpMaIio o0 ero
CTPYKTYpE U C €e TOMOIIBIO TPOTHO3UPOBATE JAJbHENINI JOCTYII KIMEeHTa K (aiiy.
Takum 06pazom, ObLIO OB MOJIE3HO TO3BOJIMTH IPUJIOXKEHUIO YKa3bIBATH J03BOJIEHHBIH
readahead. [Iyist sroro Hoselit sendfile(2) pacemarpusaer crapiue 16 6ut duaros Kax
kosimaectBo crpanut readahead. Makpoc SF - FLAGS() nossosisier cKOMOMHIPOBATH

snauenne readahead u obbranbre darn.

#define SF FLAGS(rh, flags) (((rh) << 16) | (flags))
Jlucrunr 4.8: Makpoc SF_FLAGS()
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I'maBa 5

AHaJm3 pe3yJabTaToB

5.1 CpaBHeHUe CyIIecTBYIOIIeil 1 IpeajiaraeMoii pe-

aJam3alii B IPpUKJIAAHOM 3agadve

st aBTOpa KpUTEPHEM YCIENHOCTH JaHHONH paboThl ABJIAETCH CPABHEHUE HOBOM
peajiu3aluu 1 CTapoii B peajbHOl paboTe CepBEPOB OTHAYM MOTOKOBOTO BHJIEO KOMIIA-
uun Netflix [26]. Takoit cepep npejcrasiser coboil COBpDEMEHHYIO MAIUHy apXUTeK-
Typbl amd64 ¢ Gosbiium KosmaectBoM HDD nuckos mian SSD yerpoiicTs, jinbo u Tex
u jnpyrux. CepBep OCHAIEH HECKOJBKUMU JECITUTUTa0ONTHBIMU CETEBBIMU KapTaMU U
HECKOJIbKUMU JIECATKAME rurabaiiT namsaTu. boJsiee 1ojipobHOE omurcanme oJHON U3 UC-
[I0JIB3YeMbIX I1aT(OpM rpuBeieHo B TviaBe 5.2. [11ab/ioH 3a1rpocoB 0T KJIMEHTOB JTAJIEK
OT ONTUMAJILHOTO: cpenuuii pasmep zamnpoca 100 K6, moctyn k daitsiam 10cTaToIHO
cayqaiabiit. [lapasutenbao cepBep obciyzkuBaet mopsaka 20 - 30 ThICSY KIUEHTOB.

Kpurepuem kadecrBa pabOThl cepBepa sIBJISIETCA TO, CKOJIBKO KJUEHTOB OH CIIOCO-
OeH 0DC/IyKMBATD U CKOJBKO TpaduKa CIocoOeH OTIABATL 0€3 Jerpalalui KaiecTBa
cepBHuca.

Hopas peauzarus mokaszaJja CIeyIonue IPEeHMyIIecTBa IePe] CTapoii:

e VBesmuenue IMMKOBOil mpomssoanTenbaocTu cepsepa 10 20%. KommgecTsennble
pe3yJIbTaThl CUJIBHO BapbupytoTcst oT Mojean cepsepa (HDD wmm SSD, Bbramc-
muresibHast MomHoctb CPU) 1 or npoduis kimenrckoro rpaduka. Ho Ha Kade-
CTBEHHOM YPOBHE HOBasl PeaJin3allis BCET ia OKa3bIBACTCs 00JIee TPOU3BOINTE b

HOM, 4eM crapas.

e OTcyTCcTBHE BCILJIECKOB 3aHSITOCTH IIPOIECCOpa, H6ojiee POBHBIN IPOMUIIb 3arpys-
KI IIPU MaKCUMaJIbHON Harpyske. Ctapas peasm3amusa TpeboBajia OrpaHnInBaTh

zarpysky cepsepa 10 80% ero MouHocTH, YToObI U30€KATH JIEIPAJIAIlUE CePBUCA,
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pu cnopajgnydecknx rnukax 3arpysku CPU. HoBas peasnuzariusg nozsossier 6e3-

OIIACHO TIOJHATH 3TY IIAHKY 110 95% 3arpysku.

e B03MOXKHOCTH TOHKO KOHTPOJIMPOBATH KIITMPOBAHNE CTPAHUIL B BUPTYaJIbHOI Ia-
mstn u readahead. [IpaBunbnas sxcmmyaranus stux paciumpennit API mossosma
6os1ee 3PPEKTUBHO PACIIOPAZKATHCA OIEPATUBHON MAMATHIO U HOJIYIUTH JOTOJI-

HUTEIbHBINT IPUPOCT TPOU3BOIUTETHHOCTA CepBepPa OT/IAYMN BHU/IEO.

Cremyer oT/IeJIbHO OTMETUTD, 9TO €IIé Ha dTale MOCTAHOBKHU 3aJa49i OBLIO ITPEJIIIo-
JIO’KEHO, 9TO KaK TOJIBKO YIACTCsT PA3Bs3aThCs C JIMCKOBBIM BBOJOM, TO CJIEJTYIOIIAMU
Y3KUMH MECTAMH CTaHyT TojcucTeMa BupTyaJbHON mamarn u TCP crek. B cBasu ¢
9TUM, MAPAJIIEJIBHO C JIAHHOIM pabOTO, OTIAEJIBHO BEJUCh U PAOOTHI 110 YCTPAHEHUIO
Ipovnx, MOoKa TOJBKO IIPpEICKa3aHHbIX Y3KUX MECT. I/I ﬂeﬁCTBI/ITeHbHO, IIocJjie BHeIApe-
HUsT HOBOH peasm3anny OOHAPYKUJINCH paHee IpeICKa3aHHble y3Kue Mmecta. Ha Mo-
MEHT IyOJIMKAINN JAHHOU PabOTHI, y2Ke TOTOBA IIPEIBAPUTEIbHAST BEPCUsT YIIYUIIeHA N
K TOJICHCTeMe BUPTyaIbHON maMaTu. /laHHble yaydinenus, OyIydu TPUI0KEHHBIMU K
cTapoii GJIOKUPYIOIIENcst Ha IMCKOBOM YTeHUH Bepcuu sendfile(2), mpakTudecku He Ja-
10T 3aMeTHOro 3ddeKra, B KOMOMHAIMN Ke ¢ HOBBIM sendfile(2) ynaioch yBeauduTh
npoussoguTeabnocth Ha 50 - 60%. Tak, Ha cepsepe Bugeo-oraaun Netflix mpeaprmyme-
'O MOKOJIEHUS TIPOU3BOIUTEILHOCTD Bhipocsia ¢ 15 ['6ur/c mo 25 ['6ur/c, a Ha cepBepax
Tekyriero nokosenus ¢ 23 I'6ur/c mo 35 I'6ur/c. Ha puc. 5.1 u 5.2 upejcrapieHb
pes3yJIbTaThl TeCTa, B KOTOPOM CpaBHHUBaJIach paboTa HOBOH peasmsanuu sendfile(2) B
KOIVI6I/IHaLLI/II/I C 3KCIIepUMEHTaJIbHbIMU YJ/IYYIIIEHUAMU K IIOJCUCTEME BI/IpTyaJIbHOﬁ IIa~
MATH, MPOTUB CTAPOH peajnm3aIuu TaKKe C YAYUIIIeHHsIMH K CHUCTeMEe BHUPTYaJIbHOMN

ITaMATH.
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c059,.0rd00L . dev.ix . nflxvideo.net SNMP Throughput (Atlas)
10 G : : ; : !

35 G

20 G

25 G

20 G

Bits/Sec

15 G

10 G

04:00 06:00 ©8:00 10:00 12:00 14:00 16:00 18:00 20:00 22:00 DecO¥ 02:00

Puc. 5.1: Yrumusanus cetu: HOBBII sendfile(2) -+ sxcniepuMenTaibHble yirydrierns VM

c049,.0rd00L . dev.ix.nflxvideo.net SNMP Throughput (Atlas)

40 G

35 6

30 G

25 G

20 G

Bits/Sec

15 G

186

0800 10:00 12:00 14:00 16:00 18:00 20:00 22:00 Decd7 62:00 0400 0660

Puc. 5.2: Yrunuzaius cetu: TOJBKO SKCIIEPUMeHTaIbHbIe yirydineHus VM

36



5.2 CpaBHeHHe cymiecTBYIOMIE M IIpeaJjaraeMoii pe-

aJu3anuii B CMHTEeTUYeCKOM OeHUMapKe

Jlia cuaTeTHYeCcKOro OeHIMapKa UCIO/IH30BAJIACh CIIEAYIONasd m1aTdopMa;

Intel® Xeon® CPU E5-2650L, 1.8 I'T'ii, 8 siep

64 I'6 oneparuBHOll mamsTH
e 36 KECTKUX MUCKOB 00bEMOM 5.4 TO KarkIbIit

e cereBast kapra Chelsio T420-CR ¢ aByMst mopTaMu IpOIIYCKHON CITOCOOHOCTBIO

10I'6nT /¢ KazKIbIit

Ha kakzpom jmcke 6bw10 pacrosoxkero 1mo 4.3 T6 maHHbIX B Buue (PailjioB CIIy-
qaifHoro pasmepa, Bapbupyiomieroca ot b0 M6 mo 1 I'6. Bcero 6n110 cremepuposamo
nopsiyika 800 Teicsau daitso. Ha Tectupyemoir maruae 611 3amyien HTTP-cepsep
nginx pepcun 1.5.12; B (aiiyie kouduryparuu nginx.conf ObLI0 yKa3aH peKUM PabOTHI
sendfile(SF__NODISKIO) + aio_read(). Iloouepénmo 3arpyzkamnoch sapo FreeBSD 11
KaK C HOBOIi, Tak 1 o crapoii peanmsanueil sendfile(2). B xoudurypanuio sapa 6buim

BHECEHBI C/IeIYIONNe N3MEHEHNS:

options MAXPHYS (1024x1024)
options DFLTPHYS (1024%1024)
options NSWBUF_MIN 512
options FLOWTABLE
options VFS_AIO
#define PA_LOCK_COUNT 32768
['erneparopoM Harpy3KH CJIy:KHJIa 3aBeIOMO OoJiee MOIIHAsI I1ardopMa, ¢ IPOoIec-
copom Intel® Xeon®) E5-2697 v2 u 40 ['6utHOI ceTeBoit KapToil. B KatecTBe yTHIUTHI
JUTsI CO3JIaHUs HAIPY3KHU UCIOJIb3oBasach wrk [27]. Yruiure wrk npenocrasisiics mosi-
HBIH criuCcOK (hailjioB HA TECTUPYEMON MAIIIHE, ¥ OHA CJIyYaiiHBIM 00pa30M BBIOMpaJa 13
mero ¢aitabl s 3anpocoB. B mapamerpax 3amycka wrk yKasbiBasoch OTKpbIBaThL 100
coeqmHenuit 1 12 Tpeyos (cormacuo umcny siyiep Ha mwiardopme). [lepes kazxkapiv pa-
YHJIIOM TeCTa TecTUpyeMas MalllinHa Iepe3arpyxkaiachk. Payus recra mmicd 10 MuHyT.
B Tedenme tecroB nmpoBommimchk namepenns 3arpy3ku CPU u ncxomgamiero Tpaduka.
B cpaBHeHNn paccMaTpuBaInCh CTapasi peaJn3aliis, HOBasl pear3alius ¢ HaCTPOii-
KaM#u 110 YMOJI9aHWIO, U OTJAEJIbHO C IIPpUHYAUTE/JIBHBIM BbICTaBJICHUEM (bﬂara SF_ -

NOCACHE, To ecTh ¢ 3aIIpeTOM Ha KIIMPOBAHIE OTOCTAHHBIX B CETh CTPAHMUI] B KITITE
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BupTyasbHOil mamsaTu (em. riaBy 4.4.1). Crenyer ob6paTuTbh BHUMAHUE, YTO COOTHOIIE-
HEe 00'béMa OllepATUBHON HamsATh B TecTupyeMoii miardopme (64 '6) k obmemy pas-
Mmepy daitios Ha nuckax (154 T6) cocrasisier 0.04%, To ectb 1pu cirydaiiHOM JoCTYIIE
CMBICJIa K3IITMPOBATh JaHHbIEe HET. [losToMy ciiemyer 0:KuiaTh OT TeCTa C IPUHYUTEIb-

HBIM OTKJIFOUEHHEM K3IUpOBaHusi MeHbineil 3arpy3ku CPU.

5.2.1 Tpaduk

B nammom TecTe Kak cTapas, TaK U HOBas PeaJM3alius CIIOCOOHBI TOJIHOCTLIO pe-
asm3oBaTh Bo3MoxkHocTu AByX 10 I'6urnbix cereBbix Kapt. To ecTh B 0boux cirydasx
rpaduk ynupaercst B 20 ['6ur/c (2.4 I'6aiir/cek), ojHAKO TIPU JETATBHOM PACCMOTPE-
HAU MOYKHO 3aMETUTH CIOPAIUIECKHUE IIPOBAJIbI B IPOU3BOAUTEILHOCTH, U UMEHHO 10
HAM MBI MOXKeM CPABHHUTDH CTapYyIO peajn3alinio ¢ HoBoit. B manHOM TecTe B Teuenwne 10
MUHYT cTapasd peajm3aiius cMorya otiarh 1.25 ToaiiT mamubix, a Hoag 1.28 Toaiir.

Ha rpadure tpaduka xopormo BugHo e ObL1n moTepsiabl 30 I'oaiit.

2.8e+09 . . .

CTE;]I::IH sendfile(') _—
26e+09 ¢ HoBbIM sendfile() ——

1.8e+09

1 6e+09

Tpadmk, BaAT

14e+09
1.2e+09
Te+09 |

se+08 G

Ge+|:|8 1 1 1 1 1

24e+09 W
22e+09 {
Ze+09 ¢

0 100 200 300 400 500

BpemA, ¢

Puc. 5.3: Tpacduk B 10-Tu MUHYTHOM TecTe
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5.2.2 3arpyska CPU

B teuenne 10 MUHYT TecTa KaxKIyI0 CEKYHIY 3aMepsijIOCh BPeMsl IIPOCTOsI IIPOIIEC-
COPOB, MHBIMU CJIOBAMU CBOOOJHBIE BBIYUCIUTENbHBIE PECypChl. UeM BpeMsi MpoCcTost
boJibiie, TeMm, oueBUIHO, dpdekTuBHee paboraer Koja. Ha puc. 5.4 HEBOOPYKEHHLIM
IJIa30M BHJHO, YTO HOBasl peaji3alys MOTpeb/IseT MeHBIIe PecypcoB, YeM CTapas, a
priouenue SF NOCACHE ocsoboxaer emé Gosibine pecypcos. locie cratucrude-
CKOIl 00pabOTKM Oy IeHHBIX JAHHBIX MOXKHO 3adBHTH C JIOCTOBEPHOCTHIO 95%, 9TO B
JIAHHOM HCIIBITAHUU HOBas peaju3anug norpedbuia ua 11.64% meHblie mporeccopHbix
pecypcos. Hopag peamsalus ¢ OTKJIIOYEHHBLIM K3IInposaHueM oTpebuia xa 20.99%

IIPOIIECCOPHBIX PECYPCOB MEHbIIE, YeM CTapas Peasu3allis.

100 . . .

CTEIDI::Iﬁ sendfilei{] +
HoBbIH sendfile()
SF_NOCACHE *

.

80

g0

70

60

a0

40

BpemA npoctoA CPU, %

30 | +

20

‘1 D 1 1 1 1 1

0 100 200 300 400 500

BpeMA, C

Puc. 5.4: Bpemsa npoctog mporieccopa B 10-Tu MUHYTHOM TecTe
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3akJiroueHue
B pabote perreHbl Bce n3HAYAIBHO ITOCTABJIEHHBIE 3a1aYH:

e Peaymsosan HoBblil MeTon VOP GETPAGES ASYNC, nossossionuii moaka-

YUBATH CTPAHUIBI (pailjia B IaMATh aCHHXPOHHO.

e Peajmmsosan HOBbII API neiizkepoB BUPpTYaJIbHOM TaMsaTu vm_ pager getpages -

async(), NO3BOJIAIONINIA 3aIPAINUBATE Y e ZKEPOB CTPAHUIBI ACHHXPOHHO.

e OcyiecTBiieHbl HEOOXOIMMbIE H3MEHEHN B IOJICUCTEME COKETHBIX Oy(depoB, 103~
BOJISIIOIIUE TIOMEIATh B Oydep CTPaHUIbl, MOIKAIKA KOTOPBIX eIlé He 3aBepIIi-

JIaCh.

e Onmpasich Ha BBIIIENEPEYNCICHHbIE U3MEHEHNUsI, 3aHOBO Pean30BaH CUCTEMHDII
BbI30B sendfile(2). HoBasi peasnzanusi He GJIOKUpyeTCsi HA JUCKOBOM YTEHUH, U

BO3BpallaeT KOHTPOJIb ITPUJIOZKCHUIO HEMEJICHHO.

Takum obpas3omM, OCHOBHAS I1€JIb PAOOTHI - N30eKaTh OJIOKUPOBAHMS HA JNCKOBOM
YTEHUH B CUCTEMHOM BbI30Ba sendfile(2) yCrenso perena, mpuaéM TakiuM 00pas3oM, 9To
JJIs TOJJEP2KKM HOBOTO (bYHKIMOHAIA HE Tpedyercd MOAuMUKAIUU CYIIECTBYIONIX
npuwiokennii. [TomyTHO aBTOpPOM OBLIN HAlIEHB! CIIOCODBI TPEIOCTABUTD TTPUIOKEHUIO
OOJIBIINIT KOHTPOJIb HAJl CTPAHUIIAMI BUPTYAJIbHON MaMsITH 3a1efiCTBOBAHHLIMA B JIaH-
HOM CHCTE€MHOM BbI30OBE, ITO 6bI.HO TaK2Ke peaJin30BaHO aBTOPOM B BUJIE PaCIIUPEHNA
API.

Pazpaborannasa aBropoMm peajim3alius TOKa3aJia yBeJIUYeHNe IMIKOBOH MPOM3BOIN-
resabHocTd Ha 20% Ha cepsepe pasjaun Bujieo Netflix, npuuém ObLIO IPOJIEMOHCTPH-
pPOBaHO, 9TO MOTEHIHMAJ HOBOHW pean3alliil 9TUM He OIPAHMIHBAECTCA M COCTABJISIET
nopsiyika 50% - 60%.

[IpoBeieno cpaBHeHMEe HOBOM peaTH3allii U CTAPOH B YCAOBUIX CHHTETUIECKONH Ha-
IPy3KH, 9TO TaKzKe IIOATBEPINIO €€ IMPEeUMYIINeCTBa M IMOTEHINA JJjId JajJbHEHIIero

pPa3BUTHA.
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