HUXKXETOPOACKHA TOCYAAPCTBEHHBI YHUBEPCUTET UM. H.A. JIOBAYEBCKOI'O
IHEHTP KOMIIETEHLIMIA ONEAPI B HHI'Y

HNHCTUTYT HH®OPMAIIMOHHBIX TEXHOJIOTMA, MATEMATUKHA 1 MEXAHUKH




HHUXEIOPOACKHH 'OCYOAPCTBEHHBIH YHUBEPCHTET UM. H.H. AOBAYEBCKOTI'O
IIEHTP KOMIOETEHIIUH ONEAPI B HHT'Y
HHCTHTYT HH®OPMAILIHOHHBIX TEXHOAOTHH, MATEMATHKH H MEXAHHKH

BBEOEHHE B AHAAH3 IIPOH3BOAHTEABHOCTH
H OIITHMHIAIIHFIO ITPOI'PAMM

Pasmesn I. ApxureKTypHBIE MeXaHM3MBbI,
BJIVIAIOILVEe HAa IPOM3BOAUTEIBHOCTb.
YpoBHM napasuiesv3Ma.

'u JlnneB A.B., Meepos W.b., Bonokutnu B..
Kadegpa MOCT

fusads,

LOBACHEVSKY
oneAPI universiTY



CoaepxaHue

O ApxnTekTypa COBPEMEHHbIX BbIYUCITUTESbHLIX CUCTEM
0 KoHBenepHasa obpaboTka MHCTPYKLUIA

a CynepckanapHOCTbL N BEKTOpU3aLIUS

a Nepapxma namaTtu

a NUMA-apxutektypa

a Apxutektypa GPU

maEFCuT
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APXUTEKTYPA COBPEMEHHbIX
BbIHNCJIUTEJIbHBIX CUCTEM
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ApwaeKTypa BblYUUNCIIUTEeNbHbLIX CUCTEM
YpoBHU abcTpakummn...

Qdusuka (Physics) — noBedeHVe 3nekTpoHOB B IJBM | Aepleaton |>mhel o Programs
ONMUCbIBAETCH KBAHTOBOM MEXaHUKOM W YypaBHEHUAMMU —— o
perating evice
Makceenna (TeopeTndeckas omsuvka) Systems Q Drivers
QYcTponcTeo (Devices) — NONYNPOBOAHUKOBBIE | , i1icciure S | insiructions
- e | Regisiers
YCTPOMCTBA, Takne Kak TpaH3ncTopbl (dpursnka) _
O AHanoroBas cxema (Analog Circuits) e e [; :] Jaepalls
NonynpoBOAHNKOBbLIE yCTpOWUCTBa COeMHEHbI B [ _ 2.2 adders
ogic of + o .
JyHKUMOHArbHbIE KOMMOHEHTLI, Takne Kak yCUnmTenu u 5 |Memores
Digital AND Gates
T.n. (chuanka) N o Dot e | D
a UndpoBas cxema (Dlgltal Circuits) — ypoBeHb Analog J—
nornyeckmnx seHTturnen (logic gates), KOTopble UCMOMb3YHT | Circuits 3|:} > |Fitters
CTPOro OrpaHWYEeHHOE YUCNO OUCKPETHbIX YPOBHEW | nvices @ Transistors
Dicdes
HanpsXXeHUs (NPOEKTUPOBaHNE CXEM, NOrnkKa)
Physics C%) Electrons
Wiy :5,*I/ICT0qHHI<: Jaeun M. Xappuc u Capa JI. Xappuc. Lludposas cxeMOTeXHHKA U apXUTEKTYpa KOMIIBIOTEPA.

'u H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa. 5/71



ApwaeKTypa BblYUUNCIIUTEeNbHbLIX CUCTEM
YpoBHU abcTpakumm...

Q Jlornyecknn ypoBeHb (LOgiC) — KOMOMHMPOBAHHASA JOTUKa, | APpleation |>he) o Programs
o oftware world!
obbeanHsaoLwas Habop BEHTUNEN B OTAENBHbIE CXEMbI, B TOM —— .
perating evice
yucne 0Oas3oBble OMOKW, TakMe Kak CymMMaTopbl W T.M. | Systems Q Drivers
(NpoekTupoBaHWe cxeM, MaTemMaTtudeckas norvka U TeOpUs |, . .. sesss | iosictions
e | Regisiers
anropuTmMoB) _
0 Mukpoapxutektypa (Microarchitecture) — CoeaMHEHUE | emecue | el | |oomiiis
UMJOPOBLIX 311EMEHTOB B flOrMYeckne Ornoku, BbIMOMHAOLWME n : Adders
. ogic ol + o .
onpefdenénHole koMaHabl. Cnocob cBs3n pa3paboTynKoB 5 |Memores
Digital AND Gates
«wKenesa» 1 NPOrpaMMUCTOB (MPOEKTUPOBaHME CXeM, MeTodbl |29 o |0 e
O|-|T|/||V|V|3aL|,V||/|) . Analog gE?_O Amplifiers
— CB43b NOrMYecKoro 1 apxXnTeKTypHOro ypoBHeEN Circuits Filters
Devices @ 'I['jr.agsistors
100es
Physics C%) Electrons
M :5,*I/ICT0qHHI<: Jaeun M. Xappuc u Capa JI. Xappuc. Lludposas cxeMOTeXHHKA U apXUTEKTYpa KOMIIBIOTEPA.
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ApwaeKTypa BblYUUNCIIUTEeNbHbLIX CUCTEM
YpoBHU abcTpakuum

QO ApxuTtektypa (Architecture) — onucaHvue KoMmMbloTEpa C | Application [heticl o o *
Software world!
TOYKN 3peHnsa rnporpaMmmMmcTa Kak HeKoToporo Habopa —— o
perating evice
pecypcoB 1 komaHg (X86) Systems Q Drivers

0O OnepaunoHHass cuctema (Operating systems) -
yrnpaBfieHMe orepaunsiMm HWXHEro YPOBHS, TakKMMWU Kak

Architecture :-—

Instructions
Registers

[OCTYN K NaMAT™M W T.[. (NPOrPaMMUPOBAHNE, B T.M. |meecue |l | |comos
HNU3KOYPOBHEBOE) | : Adders
. . Logic © 0 Memories
QMporpammHoe obGecneyveHune (Application software) — 5
Digital AND Gates
peLueHne KOHKPETHbIX npuKnagHbIX 3apad | o W |
(NnporpaMmmMmmnpoBaHmne, Kak NpaBuio, BbICOKOYPOBHEBOE) analos J—
Circuits gli Filters
Devices @ Transistors
Dicdes
Physics C%) Electrons

gwneerenr, *Lctounuk: Jaeun M. Xappuc u Capa JI. Xappuc. LludpoBas cxeMOTeXHHKA U apXUTEKTypa KOMIIBIOTEPA.
20 o,

O
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ApqueKTypa BblYUUNCIIUTEeNbHbLIX CUCTEM
Apxutektypa doH HemmaHa

Q MpuHUMnbl MaLlHbLL poH HenmaHa: KoMmnbroTep
— Ncnonb3oBaHue OABOVMYHOW CUCTEMDI MamaTb koMnbloTepa (gaHHbIE, MHCTPYKLNK)
cyYMcneHus
— [Nporpamma xpaHuTCca B namaTu
BMeCTe C AaHHbIMW (OAHOPOAHOCTbL NamMATH) YnpasnsioLue YCTpOicTEO

— Aderkn namaTn UMET agpeca B BUAE _
Habopa nocnegoBaTenbHbIX MOMOXUTENBHbIX ApundMeTMKO-Norm4eckoe yCTporcTeo

LienbIxX Yncen (aapecHoCTb)
— MNporpaMmHoe ynpaBneHue

— B0O3MOXXHOCTb BbINOMHEHUS YCIOBHOMO
nepexoaa npu BbINONHEHNE NPOrpaMmbl

YCTpOnCTBO BBOAA YCTpOnCTBO BbIBOAA

QA Mopgenb BblYMCIEHUI nogpasymMmeBaceT rnocriegoBartesibHoe BbINMOJIHEHNE KOMaH

“aEPCuT
\l:‘D“uzac*cfr
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ApqueKTypa BblYUUNCIIUTEeNbHbLIX CUCTEM
LLarn o6paboTKy UHCTPYKLUUN

QO Beibop cneayowen NMHCTPYKLMX NMporpaMmmMbl U3 NaMsTw, Bribopka
Ha Hee yka3blBaeT NporpamMmMHbIA CHETYUK HHCTPB’KHHH
O OnpegeneHne pasmepa MHCTPYKUUN N TpebyeMbIX JlekogupoBaHHe
OencTemmn MHCTPYKIMHU
!
0 HaxoxaeHue 1 nonyvyeHne AaHHbIX ornepaHaos Ber6opxka
onepaHfi0B
Q AIcnonHEHNE NHCTPYKLUUK — BbIYUCIIEHNE 3HAYEHNSA ee UcholHeHye
pesynbTarta :
0 3anucb pesynbTaTa B 3anoMuHarowme yCTponcTBo Ans CoxpaHeHHE

OanbHENLLIEro NCnosib3oBaHUs pe3y/bTaTa

WBEPCyrp
1&&“23(—«0(57-
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ApqueKTypa BbIYHUCIIUTEJIbHbIX CUCTEM
ApXuTeKTypa cCUCTeMbl KOMaHA

O OpraHusauuns nporpaMmMmpyembiX MeCT XpaHeHUs (NamMaATb, PErNCTpbl)
Q Tunbl U CTPYKTYPbI AaHHbIX

O Habop MHCTpYKUMIA

a KogmnpoBaHne MHCTPYKLUMIA

a Pexxnmbl agpecauum n goctyna K afieMeHTaM aHHbIX N MHCTPYKUUAM

Q YcnoBusa BO3HUKHOBEHUSA UCKITHOYEHUN

WBEPCy
1:\Dﬁwzac“otsr
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ApqueKTypa BbIMNCITINTeNbHbIX CUCTEM
Habop MHCTpYKUUN

ApundpmeTtuko-
NOrnyYecKkum

lNepenava gaHHbIX
Ynpasnswowne

BewlecTBeHHbIE

CucrtemHble

BekTopHble

BAUEBCKy S F
ooooo

Onepaumn Leno4YncrieHHom
apndMETUKM N NOTUNKN

3arpy3nTtb, COXpaHUTb, NEPEMECTUTb

BeTBneHue, nepexoabl, BbI30BbI
npoueayp v Bo3BpaThl, NpepbiBaHNS

Onepauunn ¢ nnaBaroLLnK 3ansaTomn

CucteMHble Bbi3oBbl OC, MHCTPYKLUK
Mo ynpaefeHno BUPTyanbHOM NaMATbIO

Onepauuu, NnpuMMeHsieMble KO MHOTMM
OaHHbIM (SSE, AVX)

1 (Add, Or ..), 1-7 (Mul),

10-50 (Div)

1-4 (L1), 10-16 (L2), 30-70 (L3), 100-150
(RAM), 100-300 (NUMA L3), 300-500
(NUMA RAM)

1-2 («npaBunbHbINY if),
10-20 («owmndoYHbINY if),
15-60 (BbI30B pyHKLNN)
1-7 (Add, Mul), 10-40 (Div)

200-500 (pesepBupoBaHue 1
ocBoboxaeHne namsaTn),
2000-10000+ (cmeHa KoHTeKcTa)

1-10 (Add, Mul), 10-70 (Div)

anMepbl onepauuu Bo3MoXXHas CTOMMOCTb B TaKTax

H. Hoeropop, 2022
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ApqueKTypa BblYUUNCIIUTEeNbHbLIX CUCTEM
YacTtoTa ncnonb3oBaHUA MHCTPYKLUUA

m UHcTpyKumns lNMpoueHT OoT BCeX BbINMONMHAOLWMNXCS

1 Load 22%
2 Conditional branch 20%
3 Compare 16%
4 Store 12%
5 Add 8%

6 And 6%

7 Sub 5%

8 Mov register->register 4%

9 Call 1%
10 Return 1%

1"‘::?5:527;51
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ApqueKTypa BbIMNCITIUTEJIbHbLIX CUCTEM
Mpumep nporpamMmmbl

Q CkandapHoe npousseneHne, N = 16

double A[N], B[N], Res;

Res = 0.0;

for( int i = 0; 1 < N; i ++ ){
Res = Res + A[i] * B[1i];

}

O TunnyHbIE BapuaHTbl onepaunn B UUKIe
— CI[i] = Ali] + B[i];
— CJ[i] = A[i] + F * BJi];
— DI[i] = Ali] + B[i] * C[i];

uuuuuu
rrrrrrrrr
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ApqueKTypa BbIYUCJIUTEJIbHbLIX CUCTEM

Mpumep nporpammbl

0 CkansipHoe npoun3BeneHne — Ko, BbINMOMHAEMbIN MPOLLECCOPOM

MOV
MOV
MOV
LEA
LEA
LOAD
LOAD
DMUL
DADD
INC
CMP
JL
ST

WBEPCu
1!‘:\#“:3“%57-

9.0, F1
9, R1

16, R2

(A), R3

(B), R4
[R3+8*R1], F2
[R4+8*R1], F3
F2, F3, F4
F1, F2, F1

R1

R1, R2

-6

F1, [C]

//
//
//
//
//
//
//
//
//
//
//
//
//

WHMumanmsauma cymmbl

WHuumanmsauma unHgekca i

R2 = N = 16

R2 copepxuT agpec Ha4yana mMaccuBa A B NamMATHU
R3 copepxuT agpec Ha4yana MaccuBa B B namATwU
3arpy3ka A[i] u3 namatu B peructp UM
3arpy3ka B[i] u3 namatm B peructp UM

F4 = F2 * F3

F1 = F1 + F2

i ++

CpaBHeHue i u N

K 3arpyske cnepywuwero A[i]

CoxpaHeHue CyMMbl B MaMATb

O

H. Hoeropop, 2022
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KOHBEWEPHAA OBPABOTKA MHCTPYKLUUA.
NMAPANNENA3M YPOBHA UHCTPYKLUWU (ILP)

wwwwww
111111111111

7 °ro
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4

KoHBeuep komaHp
YnopsaaovyeHHbIN KOHBeuep

WBEPCu
Rt scer®

0 KoHBenepHasa obpaboTka UHCTPYKUUK — 3TO MeToa peanusaummn CPU, npu KOTOpoM
pasHble warn obpaboTKM  HECKOSIbKUX  WHCTPYKUMW  MOTYT  BbIMOSHATLCA
OLHOBPEMEHHO (NepeKpbIBaTbLCA)

— KoHBenepHass o6paboTka WHCTPYKUMM ucnonb3dyeTt/peanu3yeT napannennsm YpoBHS
MHCTpyKuun (Instruction-Level Parallelism, ILP)

0O KoHBenepusauusi yBenuyumeaeT nponyckHyto cnocobHocTte CPU — cpegHee yumcro
NHCTPYKLUWIN, 3aBEPLUEHHbIX 3a TaKT
— B ngeanbHoM criydae nponcxoamT 3aBepLleHne OO4HOW MHCTPYKLUMK 33 MAalUMHHBLIA TakKT

0 KoHBenepusauusi He CoKpallaeT BpeMS BbINOMHEHNA OTAENbHON NHCTPYKUNK (TaKKe
Ha3blBaeMoe BpeMEHEM 3aePXXKN 3aBepLUEHNA MHCTPYKUUKN, JTATEHTHOCTD)

— MwuHumanbHoe BpeMA 3adepKkn 3aBepLUeHUA UHCTPYKUMKM — N TaKToB, rge n — 4ucro
CTyneHenm KoHBeunepa

0 OnucaHHbIN KOHBEWEP Ha3bIiBaeTCs ynopaaoveHHbIM (in-order) KOHBeMepomMm, Tak

KaKk WHCTPYKUuM obpabaTbiBaloTCsAd WM UCMOSTHAKTCA B MNopsgke, ykasaHHOM B

NCXOQHOW Nporpamme
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KoHBeuep komaHp
NUcnonHeHune KoMaHA,

Qlllarn obpaboTkM MHCTPYKUMW Ha3bIBAKOTCA CTyneHaMu (dTanamu, cTagusimin).
B kayecTtBe npumepa Mol Oyaem paccmaTtpuBaTb KoHBenep MIPS mn3 5 cTtyneHeu
(8 apyrom LI nx moxet 6bITb Ntoboe KonnmyecTao):
— |IF — BbIbopKa nHcTpykumm (Instruction Fetch)

— |ID — pekogmposaHue nHctTpykumm (Instruction Decode) IE " ID ?>< MEM ' | WB
— EX — ucnonHexune (Execution) -

— MEM - obpauieHune k namatu (Memory Access)
— WB - 3anucb pesynbTarta (Write Back)

0 VIHCTpykumn moryT obpabaTbiBaTbCA NOLLAroBO OAHa 3a APYroMn:

LIE JUID JLEX JMEMIWB JIE JUID JLEX JMEMIWB JUIE JL ... |

OHa MoMeHT paboTbl CTyneHn WCnosiHEHUss UHCTpykummn (EX) annapaTtHble
KOMMOHEHTbI, OTBETCTBEHHLIE 3a BblbOpKY (IF) n gekoanposaHue (ID), cBOOGOAHDI.
[Toyemy Obl X HE UCnonbL3oBaTb?

uuuuuu
rrrrrrrrrr
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KoHBeuep komaHp
KOHBeVIeDHoe MCnoJyiIHeHne KomMmaHa

Q Wcnonb3oBaHue KOHBeVIepa no3soJideT oaAHOBPEMEHHO BbIMNOJIHATb HECKOJ1bKO
VIHCprKLlMVI Ha pPa3HbiX CTYMNEHAX, COXpaHAA NopAaoK WX WCIOJIHEHUA ¥

3aBepLieHund 3aBepLueHne NHCTpYKumMn K
UHcTpykuna\Bpemsa B Taktax | 1 2 3 4 5 6 7 8 9
NHcTpyKkuna K IF ID EX | MEM | WB
NHcTpykuma K+1 1= ID EX |[MEM| WB
NHcTpykumna K+2 IF ID EX | MEM | WB
NHcTpykuma K+3 1= ID EX |MEM| WB
NHcTpykumna K+4 IF ID EX |MEM| WB

Y

Yncno TakToB 3anonHeHUs (BpemMsa pasroHa) = yicno ctagum —1 =4

WBEPCyrp
R DRI

)

3aBepLUueHne NHCTPYKumn K+4

H. Hoeropop, 2022
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KoHBeuep komaHp

MHoOroTaktoBbi KOHBeMep BelweCcTBeHHbIX onepauuu
LlenouyncneHHbIn 6NoOK
(3apepxkka = 0, lNepuop 3anycka = 1)

0 CnoxHble onepauun (Hanpumep, —
orepauumn ¢ nrasatoLwmmn 3andaTon) EX
06bIYHO 3aHUMAIOT ]
OonbLue 0OHOro TakTa

FP/INT ymMHOXeHue
(3apepxkka=6, NMNepuopg 3anycka=1, KOHBenepusyemoe)

FPintager multiply
h3 I T4 I

FP aded
FPiintager dividar

EP cymmupoBaHue
(3apepxka=3, Nepuoa 3anycka=1,
KOHBenepusyemoe)

FP/INT peneHwne
(3apepxka=24, MNepuop 3anycka=25,
HeKOHBenepusyemoe)

0 Pa3Hoe Bpemsi BbINOMHEHUS KOMaHA W OrpaHMY4eHHOCTb PEeCYypCOB MOXET
e BbI3BATH PSAA KOHDNNKTOB

'u H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa. 19/71




KoHBeuep komaHp
MHoOroTaktoBbi KOHBeMep BelweCcTBeHHbIX onepauuu

Integer unit

Q CTyneHb NCMNOMHEHMWS CITOXHbIX MHCTPYKLWNIA D
(HanpuMep, onepaumii ¢ NnaBatoLLMiA 3ansiTon)

MOXET 3aHMMaTb 6onblle 0gHOro TakTa T /! “h -1~
— 1 AN MHOMUX onepauuii B CBOIO ovepedb MOXeT
[onyckaTb KOHBENeprU3aLmio \

Onepauus 3apepxka Mepuop 3anycka KoHBenepusyemMocTtb
LlenouncneHHble onepaunu 0 1 -
FP/INT ymHOXeHNe 6 1 [a
FP cymmmnpoBaHue 3 1 [a
FP/INT npenenue 24 25 Het

0 Pa3Hoe BpeMs BbINOSIHEHUS KOMaH4 N OrpaHUYEeHHOCTb PECYPCOB MOrYyT ObITb
seezenr JIONONMHUTENBHOW NPUYNHON KOH(PNTUKTOB

'u H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa. 20/71



KoHBeuep komaHp

JlaTeHTHOCTb M NPONYCKHAasA CNOCOOHOCTb HEKOTOPbLIX onepaLunn

WBEPCu
1"\D§,>uzac«or5

Instruction\DisplayFamily_DisplayModel gzt_e;:;' 06 Z;a;?g%y_ . Thorgfgzﬁ“t . Gj;/:i:jgthF’_uztDH

VMOVDDUP ymm1, ymm?2 1 1
VMULPD/PS ymm1, ymm2, ymm3 5 1
VSUBPD/PS ymm1, ymmz2, imm 3 1
VDIVPD ymm1, ymm2, ymm3 35 45 28 44
VDIVPS ymm1, ymm2, ymm3 21 29 14 28
VSQRTPD ymm1, ymm?2 35 45 28 44
VMULPD/PS ymm1, ymm2, ymm3 5 1
VRSQRTPS ymm1, ymm2 7 1

FSQRT EP 43 X87 FPU

F2XM1 90-150 X87 FPU

FCOS 190-240 X87 FPU

FPATAN 150-300 X87 FPU

H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa.

21/71




KoHBeuep komaHp
KoHdnukTbl B KOHBenepe

0 OCHOBHOE ypaBHEHME MPOU3BOANTESNTILHOCTH

— Bpewms BbinonHeHna = Cycles per instruction * Instruction count * Clock time

— B otcyTtcTtBUMe KoHBenepa CPI = 5, Ha ngeanbHo paboTtatowem koHBenepe CPI =1
Q CTPYKTYPHbIE KOHAIUKTbI

— Bo3HuKaloT n3-3a HeJoCTaTKOB darnnapaTtHbIX peCypCcoB, KOrga AOCTynHOeE annapartHoe
obecneyeHne He B COCTOSAHUN noagepxXmsatb BCE BO3MOXHbIE KOoMOMHaumn
napariesibHoro UCroJiHeHun4 I/IHCprKLI,I/II7I

O KOHQNMMKTbI aHHbIX

— Bo3HuMKaloT Koraa MHCTPYKLMS 3aBUCUT OT pe3yrbTaTa BbINONHEHUs NpeabiayLLen
MHCTPYKLUK TaK, YTO 3TO NPOSIBMNSETCH NPU NEPEKPLITUN NHCTPYKLNIA B KOHBENepe

A KoHNu1KTLI ynpaBneHus

— BosHukaloT npmn KoHBENnepu3aumm yCrioBHbIX Nepexonos U ApYrux MHCTPYKUUIK, KOTOpbIe
nameHsatoT PC/IP (program counter/instruction pointer)

WBEPCu
1!‘:\#“:3“%57-
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KoHBeuep komaHp
KoHnUKT KOHBenepa — CTPYKTYPHbIMN...

0 CTPYKTYPHbIE KOH(PNMUKTbI — BO3HUKAIOT U3-3a HEAOCTATKOB annapaTHbIX
pPecypcoB, Korga JOCTYnHoe annapaTHoe obecrneyeHne He B COCTOSHUK
noaaep>KnBaTb BCE BO3MOXHbIE KOMOMHALMM NapannenbHOro UCNonHeHus

MHCTPYKLMK HeckonbKo MHCTPYKLIMIA Ha OOHOW CTaamun KoHBenepa
UHcTpykuua\Bpemsa B TakTax | 8 9
NHcTpykums K (FP)

NHcTpykums K+1 (FP)

NHcTpykuma K+2 (FP)

NHcTpykums K+3 (INT) wWB
NHcTpykuma K+4 (INT) MEM | WB

OpHoBpeMeHHoe obpalleHne B naMsaTb

BbinosiHeHne ogHOWM 1 TOM XXe HEKOHBEWEPU3npyemon onepaumnm
0O 0O6bIYHOE paspelleHne TaknX KOHIMKTOB — NPOCTON KOHBeKNepa

WBEPCy
1:\Dﬁwzac“otsr
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KoHBeuep komaHp
KoHnUKT KOHBenepa — CTPYKTYPHbLIN

0 CTtagnn MMerT pasnnYHbI CMbICIT, HO MOTYT BbIMOMHATLECA C UCMONb30BaHNEM
OOHUX U TEX XK€ PEeCcypcoB

NHcTpykums K+4 (INT)

UHcTpykuna\Bpemsa B TakTax 1 2 3 4 5 6 7 8 9

NHcTpykumsa K (FP) IF ID EX EX | MEM | WB

NHcTpykums K+1 (FP) IF ID O EX EX | MEM | WB

NHcTpykums K+2 (FP) IF @) ID @) EX | MEM | WB

NHcTpykums K+3 (INT) O IF O ID EX | MEM
O IF ID EX

0 OBbIYHbIN cNOCOD paspeLlleHnst Taknx KOHMIMKTOB — NpocTon koHBenepa (O)

QONa yMeHbLUEHUS CTPYKTYPHbIX KOHMIIMKTOB MOXHO HapalluBaTb KONMYECTBO
annapaTHbIX MOAYNeWN, BbIMONMHAKOLWMX OANHAKOBbIE PYHKLMM

WBEPCu
1:\Dﬁwzac«0r5r
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KoHBeuep komaHp
KoHnuUkKT KoHBenepa — KOH(MNUKT AaHHbIX

0 HeckonbKo MHCTPYKLMIA MOYT UCTIONb30BaTh OAHWN U Te XKe AaHHbIE Ha YTEHVE U 3anicCb
0 B Takom criyyae pasnuyatoT 4 cuTyaumm:;

OnepaHp OnepaHpg
K (Write) K+M (Read) K (Read) K+M (Write)
Read after Write (RAW) Write after Read (WAR)
OnepaHp OnepaHa
—— — | —
K (Write) K+M (Write) K (Read) K+M (Read)
Read after Read (RAR)
Write after Write (WAW) HET KOHQNMKTa

Qlna peweHns KOHNMKTa AaHHbIX HEODXOOMMO OpraHM30BbIBaTbL MPOCTON KOHBEWEpa
0I5 BbINOSHEHNA A0CTYNa K AaHHBLIM B HY>KHOM MopsaaKe

WBEPCu
1&&“23(—«%57-
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KoHBeuep komaHp

KoHdnukT KoHBenepa — KOHONUKT AaHHbIX

Q a=b+c;
MHcTpykuusa\Bpems B TakTax 1 2 3 4 5 6 7 8 9 10 11 12
LOAD [b], Rb IF ID EX |MEM| WB
LOAD |[c], Rc IF ID EX |MEM| WB
ADD Rb, Rc, Ra IF @] @) ID EX |MEM| WB
STORE Ra, [a] @] @) IF O @] ID EX |MEM| WB

Elﬂ,l'lﬂ YMEHbLLUEHNA NOTEepb MOryT WCNoSib30BaTbCA [OOMOJIHUTESIbHbIE MEXaHU3Mb,

Hanpumep, nepecsinka (forwarding)

WBEPCy
1!‘:\““:5“;"}
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KoHBeuep komaHp
KoHdnukT KoHBenepa — KOH(ONUKT ynpaBiieHUsA

AQKorga B Kode BbINOMHAETCH YCMNOBHbLIA nepexon, OH MOXET U3MEHUTb HOMep
crefylouen BbINONMHAEMOWN NHCTPYKLUK

UHcTpykuna\Bpemsa B TakTax 1 2 3 4 5 6 7 8
NHCcTpyKkums K (yCnoBHbIN nepexon,) IF ID EX | MEM | WB

NHCcTpyKums K+1 (BbinornHAeMasa BETBb) O @) @) IF ID EX MEM
NHcTpyKkums K+2 (BbinonHAemMasa BETBb) IF ID EX
NHcTpykums K+3 (BbinornHAeMasa BETBb) IF ID
NHcTpykums K+4 (BbinornHAemMasa BETBb) IF

OB 3TOM cnyyae KOHBEMEp MOXET cuYuTaTb CreayloLlly WMHCTPYKLUUIO TONbKO

nocne onpeaerneHna HanpasneHuda nepexona
— B npumepe (MIPS) pesynbtaT BETBIEHUS CTAHOBUTLCSA U3BECTHbLIM Ha cTagun MEM

WBEPCu
1:\Dﬁwzac«0r5r
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KoHBeuep komaHp
NMapannennim ypoBHA MHCTPYKLMUMN...

Qllapannenuam ypoBHA WUWHCTpyKuun (Instruction-Level Parallelism, ILP) -
BO3MO>XHOCTb OJHOBPEMEHHOIO BbIMOSIHEHUSA HECKOSIbKNUX KOMaHA

QllapannennamMm YypoOBHA WHCTPYKUMW BO3MOXEH, Korga nocriegoBarternbHble
MHCTPYKUMM NporpaMmmbl HE3ABUCUMbI U MOTYT BbIMOSTHATLCA MapannenbHo (C
NnepeKkpbITUEM)

0 KoHBenepHasa obpaboTka komaHa ucnonsayet ILP-noTeHuman koaa

Q ILP-noTeHunan Koga 3aBUCUT OT CTPYKTYpbl KoAa Ha A3blke BbICOKOrO YPOBHSA U
BO3MOXHOCTEW KOMMUATOpa

WBEPCu
1!‘:\#“:3“%57-
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KoHBeuep komaHp
NMapannennim ypoBHA MHCTPYKLMUMN...

Q MexaHu3mbl nosbileHna ILP
— (1) Cratndeckoe nraHMpoBaHWE MHCTPYKLUW KOMMUNATOPOM
Koo nporpamMmmbl Ha A3blKe BbICOKOIO YPOBHSA:

a=b+c;
d=e+f;

BbinonHeHne CKOMIMUJTMPOBAHHOIO Koda rnporpamMmmsbl (ecnm onepauunn 3arpy3km 3aHmmMmaroT oguH
TaKT, TO Y NCXOOHOIo BapnaHTa 6y,EI,yT MPOCTOUN N3-3a OXKNOAHUA HE3AlrPYyXXEHHbIX OI'IepaH,EI,OB)

NcxonHbl BapuaHT koaa (C npocToAmM) : Npeobpa3oBaHHbIN (NepeynopsafOYEHHbIA) KOA:
LOAD [b], Rb LOAD [b], Rb

LOAD [c], Rc LOAD [c], Rc

MpocToMn LOAD [e], Re

ADD Rb, Rc, Ra ADD Rb, Rc, Ra

STORE Ra, [a] LOAD [f], Rf

LOAD [e], Re STORE Ra, [a]

LOAD [f], Rf ADD Re, Rf, Rd

NMpocToi STORE Rd, [d]

ADD Re, Rf, Rd
STORE Rd, [d]

WBEPCuF
1&&“23(—«%57-

[Moyemy HeT NpocToa Mexay nocneaHnMm
nHcTpykumamum ADD n STORE?
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Mpumep pa3bopa BbINOMHEHUA NpPOorpamMmMmbl Ha KOHBeuepe

1. Paccuurtaiite Bpems BblIOJIHEHUS IIporpaMMmel u ee CPI

KomruectBo ctammid: 5. [lepechuika: HeT. CTynieHb BRIYUCIeHHS aapeca nepexoaa: EX (moctynen nocne ctamuin MEM). [pencka3anne yCclIoBHOTO IepeXoa: He TPOM3BOIUTCS.
int i = 2, Res = 1; 1000 i=2
for( i = 2; i < 5; i ++ ){ 1004 5 |D MEM [ WB!
Res = Res + 1i; 1008 Res=1 CP1=36/16 =2.25
}
1 2 3 45 6 7 8 910111213 141516 17 18 19 20 21 22 23 24 25 26 27 28 29 30 31 32 33 34 35 36 37 38 39 40 41 42
1 1D [1000], R1 [IF|ID[EX[M |wB
2 LD [1004], R2 IF|ID|EX| M [WB]
3 CMP R1, R2 IF| - | - |IDIEX|{|M WB
4 JGE [+32] - | - |IF|ID|EX|M WB]
5 LD [1000], R1 -|-|-|IF[ID|EX|M |WB
6 LD [1008], R3 IF[ID[EX| M WB
7 ADD R1, R3, RI1 IF| - | - [ID|EX| M |WB
8 ST R1, [1008] - -|IF| - |- |ID|EX| M |wWB
9 LD [1000], R1 - | - [IF|ID[EX| M |WB
10 INC R1 IF| - | - |ID|EX|M |[WB
11 sT R1, [1000] - -1IF]-1|-[ID|JEX| M |WB]
12 JMP [0] - | - [ie[iD|EX| M WB
13 LD [1000], R1 IF|{ID|EX| M [WB
14 1D [1004], R2 - [1iEefiD[EX| M |WH
15 CMP R1, R2 - |IF] - |ID|EX|M WB
16 JGE [+32] IF|ID|EX| M [WB
17 1D [1000], R1 -1-1-TiF[D
8., LD [1008], R3 IF
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KoHBeuep komaHp
NMapannennim ypoBHA MHCTPYKLUNA

O MexaHnamebl nosbiweHne ILP (1)
— (2) YBenuyeHune pasmepa O6aszoBoro 6rsioka (nocnegoBaTeNIbHOCTb WMHCTPyKUMn 6e3

BETBIIEHUN C €ANHCTBEHHbIMW TOYKaMKM BXO4a W BbIXoda)
* pa3BépTbiBaHUe LMKIOB

— (3) CtaTnyeckoe npenckasaHme nepexonoB U CrekynaTUBHOE BbINOSMIHEHNE KOMaHL,
« KogupyeTtca B MHCTPYKUMSX nepexoda, TpebyeT nogaepxku ISA

— [Mpn BbINOJTHEHNN NPOUECCOopP 3arpy>xaet Ha KOHBeI7|ep NMHCTPYKUNN N3 ﬂpe,D,CKa3aHHOI7I BETBU nepexoaa,
B CJlydae HeBEpPHOro npeacka3aHna pe3yrnbTaT UX NCMNOJTIHEHUA HE UCMOJb3YeTCA

 [1Ba OCHOBHbIX MeToAa ANA CTaTUYECKOro NpeackasaHus Nepexonos

— cbop nHopmauum 0 NoBeAEHMM NPOrpamMMbl NpU ee 3anyckax U UCNofb3oBaHME NpPU NEPEKOMNUAALNK
(npocpunupoBaHne)

— J3BPUCTUHECKOE TpencKasaHne rnepexogoB Ha OCHOBE UMX HanpaBleHUnA WIn VICXO,EI,HOI7I MHCTPYKLINN
A3blKa BbICOKOIo ypoOBHA; HaAnpuMep, nepexonbl Ha3aa nomMmedyarTCA KakK npouncxoasdawimne, a nepexobl
BNepen Kak He npoucxogsuwme (npenckasaHue nepexoaa B umkne owmbaetcs 1 pas npu Bbixoae)

« KoMnunatop no BO3MOXHOCTU pa3mellaeT Haunbonee BEpPOATHble BETBU UCMOSIHEHUA Bbllle,

YTO NO3BONSET MUHUMM3NPOBATL COPOC KOHBENEPA U3-3a YCINOBHbLIX NepexoaoB

— MpY HanucaHun yCroBHbIX ONEpaTopoB PEKOMEHOYETCA pa3MeLlaTb Hanbornee BepOATHbIe BapuaHTbl

JnSEECHT B BeTBY if, a MeHee BepoATHbIe — B BETBY else

o
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KoHBeuep komaHp
NMapannennim ypoBHA MHCTPYKLUNA

O MexaHnamebl nosbiweHne ILP (2)
— (4) AnHamunyeckoe nnaHuMpoBaHWe BbIMONHEHNSA MHCTPYKUnn CPU
— (5) AuHamunyeckoe npenckasaHue ycnosHbIx nepexogos CPU
* I'Ipep,nonomeHme O HanpasneHnn rnepexoga oCHOBbIBAE€TCA Ha UCTOPUKN rnepexogoB

* [Npumep: oBYXYpOBHEBLIN NpeackasaTerb ¢ rnobdanbHOn NCTOPUEN
- XpaHI/IT pe3ylibTaTbl M nocrnegHux BbIMNOJTHEHHbIX I/IHCprKLI,I/II7I YCIMOBHOIO nepexona («VICTOpI/Iﬂ»)
- ,D,J'I‘/'I Ka)K,EI,OVI napobl (I/ICTOpI/IFI, I/IHCprKLI,I/IFI) XpaHUTCA CTaTUCTUKa BbINOJTIHEHUA MNMOCNeaHnX N nepexonos

— To4HoCTb NpeackasaHnsa >90%
« [lpoueccop 3arpyxaeT Ha KOHBeNep MHCTPYKUUM U3 NMpeacka3aHHOW BETBU rnepexoaa, B criyvyae

HEeBEPHOro NpeAckasaHns pe3ynbTaT UX UCMONTHEHUSI HE UCMONb3YyeTCs
— (6) OgHoBpeMeHHass MHoronoTo4YHocTb (SMT, Hyper-threading) — BbINOSTHEHNE HA OOHOM
dom3nyeckoMm npoLeccope HEeCKONbKMUX MOTOKOB; MNO3BOJSIAET NPUM MNPOCTOe CTyrneHeu
KOHBeKrepa MCnosib3oBaTb UX AS19 UCNOMHEHUSA UHCTPYKLUMA OpYroro notoka
* [Mpoueccop OononHseTcs cpeacTBamy 3aroMUHAHUSI COCTOSIHUS! MOTOKOB, CXeMaMu KOHTPONS
OAHOBPEMEHHOTIO BbIMOSTHEHWUSI HECKOSBKMX NMOTOKOB U T. 4.
« OOHOBPEMEHHO  BbLINOMHSAEMblE  MOTOKM  KOHKYPUPYIOT 3@  WUCNOMHUTENbHblE  Broku
€ONHCTBEHHOrO rnpoueccopa, 4to npnBoaAnT K BOSHUKHOBEHUIO CTPYKTYPHbIX KOHd)ﬂMKTOB

WBEPCu
¥ eauEacko &7

N
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CYNEPCKANAPHOCTb N BEKTOPU3ALUUA

WBEPCurp
:\DEAHEchGrff
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CynepcKkansapHOCTb U BeKTopusauus

Knaccudukauma PnmHHa

Q Knaccndmkauma apxutektyp 9BM no npusHakam Hanuuus napannenusama Hag

“““““““““““

]

WHCTPYKUMNAMU N OaHHbIMU

— SISD — paboTa ¢ oguHapHbIMK NOTOKaMM
MHCTPYKUMW U OaHHbIX, KaK npaBuno
He ABfigeTca napannenbHON MallnHON
(MawurHa oH HenmaHa, KoHBENEPHbIE
N cynepckansipHble NpoLeccopbl)

— SIMD — npumeHeHne ogHOro noToka
NHCTPYKLUMN KO MHOXECTBY OaHHbIX
(BEKTOpPHbIE NMpoLeccopbl)

— MISD — npumeHeHne MHOXecTBa

OONHOYHbIN MHoxecTBO
NOTOK KOMaHA | NOTOKOB KOMaH[
(single (multiple
instruction) instruction)
OONHOYHBIN
NMOTOK AAHHbIX SISD MISD
(single data)
MHoxecTBO
MOTOKOB AaHHbIX SIMD MIMD

(multiple data)

VIHCprKLI,VII7| K OoOHUM U TEM XKe NaHHbIM (I'Ipe,EI,CTaBVITeJ'II/I OTCYTCTBYKOT )
— MIMD - ogHOBpeMeHHOe 1Ucnosib3oBaHMe MHOXXeCTBa VIHCprKLI,VII7| N OaHHbIX
(MHOFOFIOTO'-—IHbIe, MHOrodaaepHble U MHOrornpoueccopHbie MaLLII/IHbI)

H. Hoeropop, 2022
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CynepcKkansapHOCTb U BeKTopusauus
CynepckansapHOCTb U BHeoYepeaHoe ncnosiHeHne KomaHa

BEPCy
HEBCK

O Hannyne HecKonbKMX (YHKUMOHASNbHbIX Y3510B  (OeKodepbl  MHCTPYKUUN,
NMCMNOMHUTENbHBLIE 6MokKM UM T.4.) no3BonseT obpabaTbiBaTb HECKOSbKO
NHCTPYKUMW NapannenbHO
O CynepckanspHOCTb — 3anyck Ha BbINOMIHEHNE HECKOSIbKMX He3aBUCUMBbIX
MHCTPYKUMW 3a OOMH TaKT OS] UCMNOSfb30BaHUS HECKONbKUX (OYHKUMOHANbHbIX
y3/10B Ha 3Tanax KoHBenepa
O BHeouvepegHoe wucnonHeHne (Out-of-order execution) —  WUCNOMHEHME
MHCTPYKUMW He B MNOpSAdKe WX CcrnegoBaHusi B nporpaMme, a B rnopsiake
FOTOBHOCTM K UCMOJSTHEHUIO
— MosBonsieT u3bexaTb MPOCTOS nNpoueccopa B TeX Cchnydasx, Korda [daHHble,
HeobxoanMble OS5 BbINOSHEHNSA O4epeaHON MHCTPYKUUK, HEOOCTYNHbI
* Tpe6yeT oTcnexmBaHnAa 3aBUCUMOCTU MeXAy UHCTPYKUNAMN (CM. rpacb 3aBI/ICMMOCTel7I)
— CynepckansipHOoCTb MoxeT OblTb peanu3oBaHa 0e3 No4AepXKM BHeOoYepeaHOoro
ncnonHeHua (Intel Pentium)
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CynepcKansipHOCTb U BeKTopusauus
pacdh 3aBUCUMOCTEN

1 11D [34+R2], F6

LD [34+R2].F6 2 1D [454R3], F2
3 FMUL F2, F4, FO
2 4 FSUB F6, F2, F8

LD [45+R3],F2 5 FDIV FO0, F6, F10
6 FADD F8, F2, Fé6

3aBMCUMOCTY N0 AGHHBIM:
1.4 @5 23 (24
(2,6) (3,5 (4,6)
BbixoaHast 3aBMCMMOCTb:

4

SUB F6, F2, F8

AHTU3aBNCUMOCTb:
DIV FO, F6, F10 (5’ 6)
McTuHHasa 3aBMCUMOCTb aHHbIX (RAW) —>
AHTMzaBucumocTtb (WAR) -+
ADD F8, F2, F6 BbixogHas 3aBucumocts  (WAW) —S>

WBEPCy
1!‘:‘#“:3“;}'}

—
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CynepCKanﬂpHOCTb N BEKTOopu3auus
CvynepckanapHocTb. Apxutektypa Skylake

Q B kaxxgom aape coBpeMeHHoro npoueccopa (Skylake):
— 4 gekogepa UHCTPYKUMIA + 1 CIIOXHbIN AeKogep NHCTPYKLMIA

— 22 vicnonHuTernbHbIX 61oka (Single: 4xALU (add, cmp, mov...), 1xDIV (div, sqrt, vsqrt, idiv ...), 2xShift,
1xSlow Int (mul, bit scanner ...), 2xBit Manipulation. Vector: 1xSIMD Misc, 1 FPxMov, 3xALU, 3xShift,

1xShuffle (shuf, pack, unpack...), 2xAdd, 2xMul)

32KBL11$ Pre decode Inst Q

f t— Branch Prediction Unit

6 | Hop
— jop Cache Queue

Allocate/Rename/Retire

wy

In order

Scheduler 000
R Port2 Port 3 [EERG
T
{""""""i:ﬁi\"“. > Load Data 2 emorv
>i shit | G e
1 ov $
ST, Hctounumk: https://en.wikichip.org/wiki/File:skylake sp buffer windows.png

W o
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CynepcKansipHOCTb U BeKTopusauus
BekTopusauus

QBektopmnsaunsa — wucnonHeHne ogHoM apudmeTnyeckonm onepauunm  Hag
MHOXECTBOM OrnepaHaoB ogHoBpeMeHHOo (SIMD)
QO Bektop — Habop OOHOTUMHLIX OMNepaHOdoOB, XPaHUMbIX B BEKTOPHOM PErucTpe.

[1nnHa BEKTOPHOro pernucrtpa onpenenaeTca apxXmTeKkTypou:.
— SSE - 128 6ut

— AVX, AVX2 — 256 6ut

— AVX512 (Core, KNC, KNL) — 512 6urt

QO Bektopunsaumnss MoxeT ObiTb BbINOMTHEHA aBTOMATUYECKU, C NMOMOLLBbIO OANPEKTUB
KoMmnunaTopa, ncnonbsysa OpenMP > 4.0 unu intrinsic

float a[N], b[NI, c[NI: .mll ——.ul_r_ul

for(int i = 0; i < N; i++) @ i prsan prian_ori) |
c[i] = a[i] + b[i] [i ]|| e a2 crienlf _clil
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CynepcKansipHOCTb U BEKTopu3auus
Intel® Intrinsics Guide (https://www.intel.com/content/www/us/en/docs/intrinsics-quide/index.html)

Intel® Intrinsics Guide

Updated

Version

12/06/2021 2.6.1

WBE
AT

o

—nup

Instruction Set
O MM
O ssE
O ssE2

fOsses

[[Osssez

[ ossean

JOsseaz

Joavx

| EEZE

Jorma

I AWK VNI

Cavx-512

CIKNC

[ oamx
0 SWML
[ Other

Categories

O Application-Targeted
O Arithmetic

[ Bit Manipulation

—_ -

The Intel® Intrinsics Guide contains reference information for Intel intrinsics, which provide access to Intel instructions such as Intel® Streaming SIMD Extensions (Intel® SSE), Intel®
Advanced Vector Extensions (Intel® AvX), and Intel® Advanced Vector Extensions 2 (Intel® AvX2).

» Forinformation about how Intel compilers handle intrinsics, view the Intel® C++ Compiler Classic Developer Guide and Reference .
» For questions about Intel intrinsics, visit the Intel® C++ Compiler board.

_ m512 mm512 4fmadd ps (_ m512 src,

_ m512 ald, _ m512 al, _ m512 aZ, _ m512 a3, ml2E * b)

Ivoid _mm_Z2intersect_epidd (_ ml28i a, _ ml28i b, _ mmaskS+* kl, _ mmaskE* k2)
Ivoid _mm253&_ Zintersect_epidZ (_ m256i a, _ m256i b, _ mmask3#* k1, _ mmask3* k2)
void _mm512 Zintersect_epild2 (_ m5312i a, _ m512i b, _ mmasklé* k1, _ mmasklé* k2)
Ivoid _mm 2intergect_epi&4 (_ ml28i a, _ ml28i b, _ mmask8* k1, _ mmaski* k2)
Ivoid _mn256_2intersect_epiéd {(_ m2561 a, _ ma56i b, _ mmask3* k1, _ mmask3* k2)
Ivoid _mmS12 Zintersect_epifd (_ m3121 &, _ m5lZi b, _ mmask3* k1,  mmaskd* ki)
I_:r.512'_ _mm512_4dpwssd_epi3Z (__m512i src, _ m5121i a0, _ m512i a&l, _ m512i a2, _ m512i &3, _ ml2B8i * b)

_m5121 mm512 _mask_4dpwasd_epidl (__m312i src, __mmasklé k, _ m5121i al, _ mSl2i al, _ m312i =2, _ mblai a3, __ml23i * b)
I_:f.512'_ _mmSl2 maskz 4dpwssd_epidl mmasklé k, _ mSl2i src, _ mSl2i a0, _ m512i &l, _ m5l2i a2, _ m512i &3, _ ml28i * b}
I_:r.512'_ _mm512_4dpwssds_epi32 (_ m5121i src, _ mS512i a0, _ m5121 al, _ mS512i 82, _ m312i a3, _ ml23i * b)

I_:r.512'_ _mm512_mask 4dpwssds_epi32 (_ m512i sre, _ mmasklé k, _ m512i al, _ m51231 al, _ m512i a2, _ m512i a3, _ ml28i * b)
I_:c.512'_ _mmSl2 maskz 4dpwssds_epi3d (_ mmaskle k, _ mSldi sre, _ mSl2i al, _ mdl2i al, _ mSl2i a2, _ mdl2i a3, _ ml2Ei * L)

m512  wm512 masky 4dfmadd n= mi12 =ro. mmaskla . mAiTE RO m512 al. mE13: a2, m512 A3, mi28 % hi

H. Hoeropop, 2022

ApXMTeKTyprIe MeXaHU3Mbl, BAUSAIOLLNE Ha MPOU3BOAUTENBHOCTbL. YPOBHM Napanneniama.

39/71



UMEPAPXUA NAMATHU
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Uepapxua namatu

KaLu-namsiTo:

L1 (Ha saapo):

~32 Kb gaHHbIX,
~32 Kb nHcTpyKumn,
[octyn 2-3 TakTa
NC 8-12 Tb/cek

L2 (Ha sigpo): 128-1024 Kb,

Hoctyn 12-14 TakTtoB
C 4-6 Tb/cek

*L.3 (06in): 4-80 MB,
Hoctyn 50-70 TakToB
[MC 800-1000 I'b/cex

Pernctpbl npoueccopa (LO):
32-1024 6anTta [Mpamon gocTyn

PerucTpbl

Kaw-namaTtb

OﬂepaTVIBHaFI NnamMATb

[lonroBpemMeHHas naMATb
(?KecTkne guckn, TBepAOTENbHbIE HAKONMUTENN) \

EbICTBI\:IVI OOCTYn

[anblie ot CPU:
[lewiesne

*bonbLe 3agepxka
*MeHbLe nponyckHas
cnocobHocTb ([1C)
*bonble o6bem

CTOpOHHME yCTpOnCTBa
(OnTnyeckme aNUCKN, MarHUTHbIE NEHTbI)

NN

OnepatuBHasa namsatb (RAM): 4-3096 I'b (DDR4),
,EI,OCTyrl 100-500 TakTos, NC go 500 'B/cek

m EFCuT

[lonroBpemeHHasa namsaTtb: 1-64 Thb,
NC 100-1000 MBb/cek

!\ Q
'u H. Hoeropop, 2022
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Uepapxua namatu
Pa3Butue namaTtu...

Q Pa3Butne namaTtu nponcxoanT mearyieHHee, 4em pa3BsmuTme BbIYNCINUTENBHON

MoLyHocTn OBM

QYaLlle BCcero MUMEHHO UCMOSb30BaHNE NMaMATU SIBASIETCS Y3KMM MECTOM B

nporpaMmmax

WBEPCu
1:\Dﬁwzac“ofr

O

YcnoBHan npou3BOAUTEIbHOCTb

100,000
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Mpoueccop
100 b | L|| I_I .............................................
50%/rop, —
e B .
1 L L L L
1980 1985 1990 1995 2000 2005 2010
lop,

LI
25%l/ron

[MamaTtb
7%/ron

Hcrounuk: Hennessy J. L., Patterson D. A. Computer architecture: a quantitative approach. — Elsevier, 2011.
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Uepapxua namaTtu

PasButue namaTtu

QB 2010 roay KoHTposnsep (CeBepHbIM MOCT), oTBevatowmin 3a padoty CPU ¢
NaMATbI0, YCKOPUTENSIMM U KOXKHBbIM MOCTOM, 3aMEHSIETCS Ha aHanor,
HaxoOALWMNCA Ha NOANOXKKe rnpoueccopa

¢ 9.00 1 ——Cache Size MB/Core —— Aggregate 10 BW/Core (GB/s/Core) Memory BW/Core (GB/s) - 180
3 850 ~——5td. Server Cores/Skt Capacity GB/Core ~——Local Idle Memory Latency (ns) é
g 8.00 4 o~ 160 3
¢y 1 DDR2" DDR3 DDR4 e
39 7.00 ; J/ \ k190 £
8z eso{ _— N\ g
2 2 600 \, L 120 ';’_
E g 5.50 - —\ - . §
EL 5001 \ - £ 100 %
$2 450+ A e
£2 400 \ N\ o0 E
.‘é% 3.50 1 o .\;{«———H B 3
=& 3.00 - N k60
s / AN\ 2P N\
F 200 F40 8
£ 1501 /\/ 5
S 100 | H
0.50 9 / __._____)___._.f
0.00 — —~ 0
2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 2015 2016
e, Hcrounuk: https://www.delltechnologies.com/en-us/blog/memory-centric-architecture-vision/
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Uepapxua namatu
PaboTta K3aw-namMaTu

QO Kaw-namAaTe — nMpoOMeXyToyHbln Oydep namMsaTM € ObICTPLIM  OOCTYMNOM,
cogepXxawmn nHdopmauuo, Kotopasi MOXET ObITb 3arnpolleHa ¢ HaMbornbLuen
BEepPOATHOCTbIO

0O Kak pasmellatb 6510kM namaTh B Kawe?
— Monutnka pasmelleHns 65I0KOB U OpraHM3auus Kawa: MOSIHOCTbK accoumaTUBHbBIN,
HabopHO-accouMaTUBHBIN, K3LL C NPSMbIM OTOBpaxeHnem
0 Kak npoBepsATb Hanuyme namMsaTn B Kawe (nonagaHue/npomax)?
— WoeHTudukauma 6noka — cpaBHeEHME TEMOB
0 Kakon 6510k 3aMeHATL B criydyae npomaxa?
— AnropuTtmsbl 3ameLlenus: cnydanHoin, FIFO, LRU, pseudo-LRU, ...
O YTO npomncxoguT npu 3annucu?
— lNonutnka 3anucym Kswa: K3 Co CKBO3HOW 3anucbio (write-through, mMomeHTanbHO
COXPaHATb BCE U3MEHEHMUST), KA ¢ obpaTHoM 3anucbto (write-back, 3anMcb B OCHOBHYIO
NaMATb MOXET ObITb OTSIOXKEHA)

WBEPCu
1!‘:\#“:3“%57-

'u H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa. 44/71



Uepapxua namatu
APXUTEKTYPbI K3W-NaMATH

QKaw-namaTe MO  MNOMUTUMKE  BKIKOYEHUS OENUTCA Ha  WHKIIO3MBHYIO U
SKCKITHO3UBHYHO
0 WMHKNIO3MBHAA apxuTekTypa Kalw-namaTu nogpasymeBaeT AyonupoBaHue

OaHHbIX B K3LLle BCEX YpPOBHeM
— Hebonbwune HaknagHble pacxogbl €CriN KALWKM pasHbIX YPOBHEN CUMbHO OTAMYatoTCs Mo
o0bemy

0 JKCKMNo3nBHanA dpXUTEKTYpa KaWw-nmamMdAaTn npegnosjiaraet YHUKaJIbHOCTb

XpaHsSLLenca B KaL-namaTn MHopmaumn
— bonee cnoxHasi cxema peanusauum
— bonee adhdekTnBHOE MCNONb30BaHNE KILL-MaMATU

Qllo opraHM3auum KaW-namsaTb OENUTCA Ha K3W MNPAMOro oTobpaxeHusa wu
HabOpHO-accounaTUBHbIN K3l

WBEPCu
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'u H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa. 45/71



Uepapxua namaTtu
Kaw npsasmMmoro oroopaxeHus

OKsw npsamMoro otobpaxeHust — agpec B NamMsATv, MO KOTOPOMY MNPOUCXOOUT
oOpalleHne, OAHO3HAYHO onpeaenseT CTPOKY Kalla, B KOTOPOU MOryT Haxo4uTCs
Kawnpyemble JaHHble

(Anpec B kaue) = (Axpec mamsaTtu)%(Yucsio 6J10KOB B K31lIe)

Q Mpumep:

— 8 6n1okoB KaLwa n 32 brnoka namaTu
— B kakabi 6NOK K3lla MoXeT
nonactb 0AMH 13 4 6510KOB NamMATH,
BbITECHEHMS MPOUCXOOSAT TaKKe
mMexay aTumn 4 6nokamum

S 2 o= [nakaxaoon CTPoKM Kalla
o~ —

XpaHutca (v="valid”):
- V | Tar |[daHHble

000
001
010
011

00000
00010

o
o
i
(=)
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Uepapxua namaTtu
HabopHo-accoumaTUBHbLIU K3 U CTeNeHb acCCOLUMATUBHOCTU

O PaccmoTpum noapodbHee K3l ¢ 8 CTpoKaMu:

Kanan Ne2

Kanan Ne1
000 000
001 001
010 010
011 011
100
101
110
111

1-way set associative
(1 cTpoka B Habope)
Kaw npsamoro otobpaxkeHus

Kanan Ne1

2-way set associative

(2 cTtpoku B Habope)

Kanan
000

Ne1

Ne2

Kanan Ne1 Kanan Ne2 Kanan Ne3 Kanan Ne4

000
001

4-way set associative
(4 cTtpoku B Habope)

Ne3 Ne4 Ne5 Ne6 Ne7 Ne8

8-way set associative (8 cTpok B Habope)

lMONHOCTLIO accoumaTUBHBIN KILW (S4enka naMsaTh NpeTeHayeT Ha NoBYH0 KALL-NTMHUIO)

O B HabopHo-accoumaTMBHOM Kalle Kaxpas s4Yenka namMsaTu npeTeHayeT Ha HekoTopoe
KOSIMYECTBO K3LW-NMHMA (6510KoB kawa). [lo3BoSfiieT yMEeHbLMTb YMCIO MNPOMaxoB B
pesynbTaTe YMEeHbLUEHUS Yucria KOHQITMKTOB Mexay bnokamu namatu, Kotopble 6binn Obl

swseren,, CIPOELIMPOBAHBI B OZIHY U Ty ke CTPOKY B K3Llle NPpsiMOro 0TobpaxeHus

'u H. Hoeropop, 2022
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Uepapxua namatu
Intel Cascade Lake caches
aLll Cache — 32 KiB/core
— 8-way set associative, 64 sets, 64 B line size
AL1D Cache — 32 KiB/core
— 8-way set associative, 64 sets, 64 B line size
— Latency 4 cycles for simple pointer accesses, 5 cycles for complex addresses
aL2 Cache — 1 MiB/core
— 16-way set associative, 64 B line size
— Inclusive
— Latency 14 cycles
aL3 Cache — 1.375 MiB/core
— 11-way set associative, 2 048 sets, 64 B line size
— Non-inclusive victim cache
wezere— Latency 50-70 cycles

'u H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa. 48/71




Uepapxua namatu
Buabl npomaxos

Qlpomax npu YTEHUM WMHCTPYKUMM — OaeT Hambonbluyl 3adepXKy, Tak Kak
TEKYLLMA TMOTOK WCMONIHEHMUSI HE MOXeT NpoAO/KUTb paboTy A0 3arpysku
NHCTPYKLMM B K3LL

0 lNpomax nNpy YTeHUM OaHHbIX — OAET CPEAHIO 3a4epXKKy, TaK Kak TEeKyLLUIA NOTOK
NCMOMHEHUSI MOXET NPOAOITKUTb BbINOSTHATL HE3AaBMCUMbIE UHCTPYKLMMK, a Nocne
3arpy3kn gaHHbIX BO30OHOBUTL BbINOSTHEHNE UHCTPYKLMMW, OXXUAABLUEN OAHHbIE

anOMaX npn 3arnMcn AaHHbIX — Oa€T HaUMEHbLUYIO 3ad€EpXKy, TaK KaK 3alncCb
CTaBUTCHA B odepeab, 1 npoaoinkaeTcAd BbINoJIHEHNE HE3AaBUCUMbIX VIHCprKLlVIVI

WBEPCyrp
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Uepapxua namatu
KaTteropun npomaxoB

O Compulsory misses — npomaxu, Bbi3BaHHble NepBbIM oObpaweHnemMm K
3anpolleHHoMy agpecy. Pasmepbl M accouMaTUBHOCTb KALLIEN He BIIMAKOT Ha
KONIMYECTBO [aHHbIX rMnpomMaxoB. MOXHO YMeEHbLWUTb nNpeaBblbOpKoON Unu
yBenunyeHnem pasmepa Kal-rmHun.

— CyuwecTBYylOT NporpaMmHas npeasbibopka 1 annapatHas npeaBbioopka

0 Capacity misses — npomaxu, BbI3BaHHbIE UCKMIOYUTENTbHO KOHEYHbIM pasMepoMm
Kalla, npoucxogsilye BHE 3aBMCUMOCTM OT CTEerNeHM accoumaTMBHOCTM UMK
pasmepa Ka3lW-NMHUKU. MOXHO YMEeHbLUUTb, UCnonb3ys Oonee mnokarnbHy Mo
NnamMsaTy nporpamMmy.

Q Conflict misses — npomaxu, Bbl3BaHHbIE KOHANMUKTOM. PasgenstoTcs Ha npomMaxu
oTobpaxeHna u 3ameweHns. MOXHO YMEHbLWWUTb WCNOMb30BaHMEM OpPYrnx
anropuTMOB 3aMeLLeHnS.

WBEPCu
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Uepapxua namatu
Bo3MOXHOCTU NO OoNTUMU3aLUNU

a FlporpaMMHa;l onTnMmmdaumn n BO3MOXHOCTWN KOMMUITATOpPA
— WHcTpykuyum
« PacnonoxeHune npouenyp B NnaMaTh Tak, YTOObl COKPaTUTb MPOMaxm U3-3a KOHMINKTOB
» [MpochunmpoBaHune ans obHapyXeHus KOHPNKTOB
— [aHHblE
« CnnaHne maccuBoB — yBENMYEHME NPOCTPAHCTBEHHOW NOKaNIbHOCTH

« CornacoBaHue BOXEHHOCTU LMKNOB Ans O6pa6OTKM B COOTBETCTBUUN C NMOPAOKOM XpaHEHUA
OaHHbIX B NMaMATHU

* CnnsiHMe UUMKNOB — COCTaBfieHMEe N3 HEeCKONbKUX HE3aBUCUMBbIX LINKIIOB, O6pa6aTbIBalOLLI,MX
oAHn AaHHblE, OOHOIO

* [lobno4yHass obpaboTka MacCMBOB — yrnyylleHWe BPEMEHHOW FoKanbHOCTU 3a cyeT
MHOroKpaTHon 06paboTkn 610KOB AaHHbIX

WBEPCyrp
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Uepapxua namatu
Bo3MOXHOCTU NO ONTUMU3ALUUN — YMHOXEHMNE MaTpuL,

for (i = 0; i < N; i = i+1) 2 BITOXXEHHbIX uukna yutatot Bce N
for (j = 0; j < N; j = j+1){ 3MNeMeHTOB OHOW CTPOKU A
r =0.0; MHOrokpaTtHo. [lpomaxu ns-3a
for (k = 0; k < N; k = k+1) OrpaHNYeHHON eMKOCTU 3aBUCAT OT
r =r + A[i] [k]1*B[k][j]; N n pasmepa kawa: 2N3 + N2

C[i]l[]] = x;

} ; e Y 2'a N e N s ' ' N

<z
<

Y
J

Y

A
Y
AN
'

for (3 = 0; jj < N; jj = jji+B) N S W A )
for (kk = 0; kk < N; kk = kk+B)
for (L =0; i < N; i = i+1)
for (j = J3; j < min(jj+B-1,N); j=j+1){ B — cpakTop BrnoYHOCTH.
r=20; MNpomaxu n3-3a
for (k = kk; k < min(kk+B-1,N); k = k+1)  orpaninieHHOIl EMKOCTH:
r = r + A[i] [k]*B[k][]]; 2N3/B +Nz2
C[i][3] = CI[il[3] + x; Yto ByaeT c npomaxamu
} N3-3a KOHNUKTOB?

WBEPCyrp
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NUMA APXUTEKTYPA

“aEPCuT
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MHorosaepHble CUCTEMbI

Q MHorosgepHble nNpoueccopbl — LieHTpanbHble NpoLEeccopbl cogepxaiuue 2+ aaep
0O Kak npaBuso, aapa npoueccopa cogepxart obwmne ydactkm kawen (L3 — obwmn,
L2 — pasgensiemblinl), HeKoTopble pasfensieMble pPecypcbl U MMEKT CBA3b C

1x16/2x8/4x4

APYrmMun agpamm ks, peeacts | mom ioscts.  pae@sers
0 ApxuTekTypa Skylake I  ha d
— [ocTtyn K namMaTtu apyrux agep oo gl

HepaBHOMeEpPHbIN (Sub-NUMA cwse | owsnd
Clustering — SNC) n 3aBucuT ot
paccTosiHMA Mexay aapamMmu

— [ocTyn K pasgendemMbiM pecypcam
HepaBHOMEPHbIN

11t
i)

Core Core | I Core Core | I Core Core

e Hcrounuk: https://en.wikichip.org/wiki/File:skylake sp xcc die config.pn
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https://en.wikichip.org/wiki/File:skylake_sp_xcc_die_config.png

MHoronpoueccopHbieé CUCTEMbI

Knaccundpmkaumsa MHOronpouecCoOpHbIX CUCTEM

MIMD

MynbTunpoue ccopbl
I

PacnpeaeneHHasa namsirb

Obwasa namaTb

NUMA UMA
I I [ I I
NCC-NUMA| | CC-NUMA COMA SMP PVP
MynbsTukomnbrote pbl (NORMA)
I I
MPP Clusters
Jaecure, Vcrounu: https:/www.intuit.ru/studies/courses/1156/190/lecture/49422page=4

'u H. Hoeropop, 2022
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MHoronpoueccopHbieé CUCTEMbI
MHoronpouecCopHOCTb...

O MHOronpoLecCopHOCTb pasgenstoT Ha 2 6osbLMX TUNa no CTpoeHuto namaTt (1)
— O6wasa namatb (UMA) — ogHOPOOHbIM JOCTYN KO BCEN NaMATH:
« CuMMeETpUYHbIE MyrnbTUNpoLeccopbl (SMP) — Bce npoLeccopbl UMEOT OAVNHAKOBLIN OOCTYM

K obLien pasgenssieMmon namsTu.
OCHOBHbIMW MVUHYCaMM SIBMSIETCA ONpeAeneHne COCTOSHNS KILWL-NaMaTH, YTO BneYeT
MOCTOSIHHbIE CUHXPOHM3AUNW OaHHbIX. s ey
Kak cnepcrteue, Takme CUCTEMBI
obnagatoT NIIoxXon MaclTabrupyemMocTblo.

IIpoueccop [Tpoueccop

« BekTopHble napannenbHble npoueccopsbl (PVP) — ﬁ ﬁ
asnsoTca SMP cucTemon, rae npoLeccopsi : PR
ABNATCA BEKTOPHO-KOHBENEPHBLIMU — Ko

OneparuBHas
naMAaTb

WBEPCu
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MHoronpoueccopHbieé CUCTEMbI
MHoronpouecCopHOCTb...

0 Hackonbko Bce nioxo? [peanonoXmnm, Mbl BbINOSHAEM CKansipHOE YMHOXEHWE
BeLLEeCTBEHHbIX BEKTOPOB ABOWHOM TOYHOCTM HA CUCTEME C ASIMHON BeEKTOpa 512

QCPU 16 apgep, 2.3 I'Tu:
Pmax = 2.3 * 109 * 16 * 8 * 2= 294,4 GFLOPS
— Yactota * HYucnofAgep * WnpnHaBekTopa * FMA

A lMNponyckHast cCNOCOOHOCTb NAMATMU:
B =50Tb/c

Q ApndmeTmndeckad MHTEHCUBHOCTD:
Al =2 FLOP/16 b =0.125 FLOP/B

Al * B = 6,25 GFLOPS
O dakTnyeckasa Nnpon3BoOANTEIIbHOCTb
P =min(P...., | * B) = 6,25 GFLOPS

max?

wwwwww
aaaaaaaaaaaa
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MHoronpoueccopHbieé CUCTEMbI
MHoronpoueccopHOCTb

O MHOronpoLecCcopHOCTb pa3gensatoT Ha 2 60nNbLWKX TMNa No CTPOEHUIO NamMAaTu (2)

— Pacnpegenennas namatse (NUMA) — HeoQHOPOAHbIM AOCTYN K NaMATH:
« COMA — cnctema ¢ JOCTYINOM TOSbKO K KaL-namMsaTn. Ha cerogHsLWHUM MOMEHT KpanHe Marno

npegctaeutenein
+ CC-NUMA - cucTema, obecrneunBaroLLas I N
KOrepeHTHOCTb JTOKamnbHbIX K3LLE pasHbIX NPOLEeCCOpoB ||  Mpomeccop | i | Tponeccop
« NCC-NUMA — cuctema, obecneumsatoLlas AocTyn : N
K riokanbHoM namsaTn 6e3 annapaTHON NoaaepKKM ﬁ I ﬁ
KOrepeHTHOCTU K3LLen pasHbIX MPOoLEecCopoB ow K| ieeci |2 Kow
— NUMA apxuTtekTypa obnagaeT xopoLuen ﬁ ﬁ
MacLITabupyeMoCTbo, HO NMpu 3TOM A0CTYN K f o
¢ | OneparuBHas i : OneparusHas
pasHbIM y4acTkam NaMsaTy 3aHUMaeT pasHoe BPeMSl (|  nawms haare
— BONBLWNHCTBO COBPEMEHHbBIX KOMMbIOTEPOB UMEIOT P
NUMA apxutektypy namatn (CCNUMA)
U

L4
( WKHa AaHHbIX )
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MHoronpoueccopHble CUCTEMbI
Roofline Model — orpaHnyeHue Nnpon3BOoANTENILHOCTLIO NaMATU

A
O Roofline Model —
WHCTPYMEHT aHanu3a 2 JU
NPOnU3BOAUTESNIBHOCTU =
o
nporpamMmm g 1
— nos3Bonser O,
onpenenunTb S 12
apndpoMeTUYECKYHO c
NHTEHCUBHOCTb U S 1/4
doakTopsbl, Hanbonee K
orpaHunymMBaroLmne : : : : >
CKOPOCTb paboThl a1/ 1 5 4 3 16
Operational Intensity [FLOPS/byte]
e, https://en.wikipedia.org/wiki/Roofline_model
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MHoronpoueccopHbieé CUCTEMbI
Roofline Model — orpaHnyeHue npoussoauntTenbHocTb0 CPU

A
’I
2 — 11’ j.[

@ N . . :
8 Gl o 4 without Instruction Level Parallelism (ILP)
o %
5 without Task Level Parallelism (TLP)
g 1/2 -
"
£
£ 1/4 -
a O

1] 1 A 1 ] A} ) 1 ) 1} )

1/4 1/2 1 2 4 8 16

Operational Intensity [FLOPS/byte]
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MHoronpoueccopHbieé CUCTEMbI
Roofline Model — npumep peanbLHOU NnporpaMmmbl

MeTopq kBaHTOBbIX ckaukoB Roofline-mogenb ana 2x Intel Xeon Gold 6148

4
o~ 1 () F T T T T T T T T | T T T T T T T ‘ T T T T T T T =
¢ - O6Las Nnpon3BoANTENBbHOCTL: | ]

i o .| B m -8 —————— L 1MK BeKTOPHBIX FMA BblyncneHui: 3072 GELOPS
O " 11406 GFlops, 46% ot nukoBon | @ __--"F 7T == X3 = 41556 G
=3 R ——emeztllo - vk REFORfklX BulMCIgHUA 1536 GFLOP
(D 10 [ \ . ..... &;\_’Q ........ -.-..;;‘.__..-.-..’.'.'....... ....;../_.-.;.__.-«.f ........... X2...;.;;._._.;_.,.....-.—..'.'f .......................................... —=
e’ E el e,c- ”””””””” __d--""—- E
0 - g 5096 SRSl ‘/2,,19(3515 | @ - e ) ]
'5 _mgu\;gm@_:__@wge-_: _____________ g_____:::,w:: _______ :::,E_ﬂ_::: _________ UK CKandpHEIX BelMUcnedwd: 192 GELOPS
Q 12 pan S09=~ 88l -7 e
35 1 () :EEQ(ﬁTgsgé ................................ ﬁtjégéiiﬁggii‘"bdf ............... ;;;;;1;;_,* .............................................................................................................................. §
o QoI 40, A GBIEE T .
= L waa S=27 RAM 2 : ]
L[ ripom®=e GroSIR-= 5
Q10 = - ¢ggaﬂ'9ﬂggg“f ........................................ 0000000000000 00O -
2 ;-99’\;' OcHoOBHLIE BEIYUCNIATENBHBIE A4 pa (>20% BpemeHn) {
8_ i HeBonbluue BblYMcruTEnbHbIE aapa (>8% BpeMeHm)
C 100 1 1 1 1 | 1 1 1 pqm.aﬂ\ I'IpOI.fISBO,EI,MTeIrIbHOCTI:T T

-2 -1 0

10 10 10 10

ApudpmeTtndeckasa MHTeHcuBHocTb (FLOP/Byte)

WBEPCu
1&&“23(—«%57-

'u H. Hoeropop, 2022 ApXUTEKTYPHbIE MEXaHN3Mbl, BNUSIOLLME HA NPON3BOAMTENBHOCTbL. YPOBHM NapannenmsmMa. 61/71



MHoronpoueccopHbieé CUCTEMbI
MHoronpoueccopHOCTb B coBpeMeHHbIX cuctemax (CC-NUMA)

O B coBpeMeHHbIX apXUTeKTypax NpoLeccopbl COeANHEHbI crieymanbHbIMU WrHaMn
— nHTepkoHHekTop (Intel: QPI, UPI; AMD: HyperTransport; NVIDIA: NVLlnk)

O Kak npaBuno, CKOPOCTb MHTEPKOHHEKTOPA NPEBOCXOAUT FEmren
CKOpOCTb ogHoro kaHana RAM

psszeare, 4 coketa ¢ 3 xanamamu UPI 8 coketoB ¢ 3 xanainamu UPI
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MHoronpoueccopHbieé CUCTEMbI
ccNUMA — nponyckHasi CnHOCOOHOCTb Mexay AOMeHaMu

WBEPCy
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)

II Homep pervoHa namaTu
0 1 2 3

|—@—a—]
A 1 '
O 1
o

B HyxHo obecneymBaTtb ¢ -

JTIOKAJIbHOCTb AAdHHbIX £ -

a libnuma

O MNapametpsbl VirtualAlloc 3

O Adpyrune cnocobbl (Nopsagok

MHULUMANM3aLummn)

25500

24000

22500

21000

19500

18000

16500

15000

[ocTurHytas nponyckHas
cnocobHocTb (MB/c)
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MHoronpoueccopHbieé CUCTEMbI
BapuaHTbl/YypOBHU napannenuima

P

i L LD

L1D

B P

L2 =)

L2

!P
o F

L3

P PlP|P
419‘ o: L1D L1D L1D : L1D
| ! L3 6 i

Other l/O

| coherent ! 0
| BT S R " PCle link

T

MapannenbHble pecypchbl
SIMD (BekTOpbI)

Anpa CPU

Mpoueccopbli/aoMmeHbiIccCNUMA

1.
2.
3. JlokanbHble KeLwwn
4,
5.

Yckoputenu
5a.lMapannenn3m BHYTpU yCKopuTenemn

Memory

Pasgensaemble pecypchl

6. O6wmm kew CPU/pomMeHa
7. WnHa namatm CPU/aomMeHa
8. NHTepKOHHEKTOp

9. lUnHbl PCle

10. Pecypchbl BBOAa-BbIBOAA

DAL Georg Hager, Jan Eitzinger, Gerhard Wellein. Node-Level Performance Engineering
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ApPXUTEKTYPHblE MEXaHW3Mbl, BIUAIOLLME HA NPOM3BOAUTENBHOCTL. YPOBHM NapanneniamMa.
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MHoronpoueccopHbieé CUCTEMbI
O 4yeM HY)XHO MOMHUTb

0O He BbINONHAETCS NU NULWLIHAA paboTa

QO PaBHomepHoCTb 3arpy3kn (FLOPS, uncno nHetpykuun, INC namsartn)
0 HacbiLeHre ncnonb3oBaHNA JIOKarbHOW NamsaTn (Kewwewn)

QO FLOPS u apudpmeTmnyeckas MHTEHCUBHOCTb

Q BekTtopusauums

Q Xapaktepuctuka CPI (Cycles Per Instruction)

0 PacnpeneneHne TMNOB MHCTPYKLWIA, OO YCNOBHbIX NEPEX0A0B U YCNELHOCTb UX
npeackasaHus

WBEPCu
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MHoronpoueccopHbieé CUCTEMbI
Cucrtembl € pacnpeaeneHHom NamMmaTbio

O MynbTUKOMNbLIOTEPBLI — HE MOTyT obecneynTb 06 JOCTYN KO BCEN NaMATMW.
KomnbloTep ucnosnb3yeTt CBOK JIOKanbHY NamMaTb, a ANg OCTyna K Apyrou
OCYLLIECTBMAETCH ABHadA nepegada JaHHbIX Mexay KomnmeepaMM

0 BblAensioT ABa TUNA NOCTPOSHNS: ey g

— MaccuBHo-napannensHas cuctema (MPP) — cuctema | Mpoueccop | : Mpoueccop
N3 OQHOPOOHbLIX Y3N0B, COeANHEHHbIX ObICTPOM
MarmMcTpanbio 4ns nepegayn coobLeHun ﬁ ﬁ

— Knacrtep — cuctema us koMnboTepos (y3nos) obLiero S Ko
Has3Ha4YeHUs, COEAUHEHHbIX B eUHYI0 CeTb C ﬁ ﬁ
MCNONb30BaHMEM CTaHAAPTHBIX CETEBbIX TEXHOMOMIA Oncparmaas Oncpammsax
Ha 6a3e KOMMYyTaTopOB NaMATS namsTs

C CeTh nepenaun JaHHBIX )
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3aKknr4veHue

B naHHOWM nekuumn pacCMOTPEHDbI:

0 OCHOBHbIE apXUTEKTYPHbIE MEXaHU3MbI, BIIUSAOLLME HA NPON3BOAUTENBHOCTb
nporpamm

0 KoHBenepHaa ob6paboTka MHCTPYKUMIA U Napannennusam ypoBHS MHCTPyKUnn (ILP)

O MexaHnambl BEKTOpMU3aumm (napannenmsm no gaHHbIM)

Q Vepapxmna namat n HEOAHOPOAHOCTL AOCTYNa K HEM B COBPEMEHHbIX
apxuTeKkTypax

a Knaccuukaumsa n cTpyktypa MHOronpoueCcCopHbIX CUCTEM

WBEPCu
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