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NMPOU3BOAUTEJIBHOCTb AINMAPATHbIX
CPEAOCTB

11111111111




OCHOBHbIE MEeTPUKHU

O TakroBaa 4actota (GHz) — ckopocTb paboTbl annapatHoro cpeactea (CPU,
namMaTn)

O BbluncnutenbHaa ckopoctb (GFLOPS) — KonnyecTBoO onepaumin, BbINOSTHAEMbIX
3a cekyHay
— Lleno4vncneHHble, ¢ nnasatowum 3anatou (single precision, double precision)
QlponyckHaa cnocobHocTb namAaTn (GB/s) — obbemM nepegaBaemblX AaHHbLIX 3a
CeKkyHay
— EcTb nn pasHuua mexay YTEHMEM 1 3anncbio?
— NUMA-apxutektypa
O MowHocTb (Watt) — konnyecTBo nNoTpedrisemMon sHeprum
QA lNNpon3BoaHbie METPUKM:
— Flop/Byte, Flop/Watt ...

WBEPCu
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3akoH Mypa

0 3akoH Mypa:

— KonnyectBO TPaH3UCTOPOB, pa3MeLLLaeMbIX Ha KpUcTansne MHTerpansHoOn CXeMbl,
DT Y TEas

yaBauBaeTca Kaxable 18 mecsaues (1965 roa) T L il gﬁ

2 L Ak

BE
— B 1975 'opgoH Myp nameHun cpok yaBoeHus Ha 24 mecaua ’ A Cia |

TIRSEE

QY10 9TO 0O3HAYaeT Ha camom aene?

“aEPCuT
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JBONLUUA NpoLeccopos

10,000,000

] allo cux nop 3akoH Mypa npaBous, HO OH
./ pacnpocTpaHseTcs TONbKO Ha
Intel CPU Trends A TpaH3nUCTOopbLI

{sources: Intel, Wikipedia, K. Olukotun)

ot o / 0 3akoH Mypa He pacnpocTpaHsieTcs Ha:

— CKopoCTb NamaTu
— MowHocCTb
— KonunyectBO MHCTPYKUMKM Ha oauH TakT (ILP)
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TEOp&TMHECKMﬁ MUK Npon3BoaAnUTEeNIbHOCTU

A lNNmkoBasi Npon3BOANTENIBHOCTL BbIYUCNEHUNA:
P+ C *Vec *ILM * Clock,
roe:
P — KOnn4ecTBO NpoLLeccopoB;
C — KONMMYECTBO S4ep Ha NPOLEeCccope;
Vec — oNnHa BEKTOPHOro PerncTpa;

ILM — KONU4eCTBO MHCTPYKUMN Ha OOUH TaKT,;
Clock — vacToTa npoueccopa.

alMukoBasa nponyckHas crnocobHOCTb NaMATH:
MFreq x BPC x MWidht,
roe:
MFreq —4JacTtoTa naMaTu (He NyTaTb C YacTOTOM nNpoueccopa);
BP(C— KOnn4yecTBO KaHarnoB NamMAaTu;
goeeen, MWIdhE — LUIMPUHA LLUNHBI.

'u H. Hoeropop, 2022 MeTpukn Npon3BoaNTENBHOCTU, METOAMKA MX cOopa 1 aHanu3a 8/43




‘ GPU vs. CPU
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Q Bce nu tak xopowo Ha GPU?

McTouHmk: Nvidia Cuda C Programming Guide version 4.2
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PeanbHasa npon3BoauUTesibHOCTb

A lNNm1koBas Npon3BOAMNTESNIbHOCTb OOCTUraeTCs:
— Mpun 100% 3agencTBoBaHUM BbIMUCTIUTENBHLIX 61OKOB
— lNpn 100% napannenuname
— [Mpu nepepaye gaHHbLIX C MakCMMaribHOW MPONYCKHOW CNOCOOHOCTLIO (Ha BCEX YPOBHSX)

0O Kakasi npon3BoaAnTENBHOCTb B peanbHOCTU?
— Hu ogHO npunoxeHne He MoXeT paboTaTb C MMKOBOW NPOU3BOAUTENBHOCTbLIO

O Kak oueHunTb pearbHyo Npon3BoAUTESIbHOCTb CUCTEMBI?

— beHumapku (Linpack, HPCG — BbicokonpounsBoanTensHas nmHenHasn anrebpa, Graph —
paboTa c rpagamu, 06xoq B LUNPUHY)

WBEPCu
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NMPOU3BOAOUTEJNIBHOCTDb
MPOIrPAMMHOI'O OBECIEYEHUA

wwwwww
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MeTpuku npoussogutenbHoctu MO

O MNMonb3oBaTtenu (Hackornbko xopoLwo paboTaeT NpuUnoXxeHue?):
— Bpemsa paboThl
— YckopeHue
— MacwTabupyemocTtb
Q Paspabotuukm (MoxHO nn caenatb ny4ywe?):
— BbluncnntensHas cnoXHocCTb
— bnusocTb K NIMKoBOW NPON3BOANTENBLHOCTHN
0 3aka3umkm (Ha ckosibkO XOpOLLO MUCMOSb3yeTcs MOt MHApACTPYKTypa N TpaTUTCS
MOW DoaXKeT?):
— Ncnonb3oBaHne pecypcoB (BbIYUCIIUTESNbHbIX, AEHEXHbIX U T.4.)

WBEPCu
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‘ YckopeHue

Amdahl's Law

0O 3akoH Amaana:
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YcKkopeHue (2)

O YcKopeHue Ha npakTuke:

roe:
T, — Bpemsi paboTbl NocneagoBaTenbHOW NporpaMmmbl;
T, — Bpems paboTbl NapannensHon NporpaMmme!.

0 Kakoe ObIBaeT yckopeHue:
- § < p — cybnnHenHoe
- § = p — NINHENHoe

Bo3mMoxxHO nn S > p — cBepXxnmMHenHoe?

maEFCuT
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HaknagHble pacxoabl

O MexnpoueccopHble B3aMMOLeNCTBUS:

— KommyHukauum

— CUWHXpOHU3auun [MpocTton B paboTe
Q lncbanaHc Harpysku:

— HepaBHOMepHOe pacnpegeneHve 3agad

Q [lononHuTernbHbIE HAaKNagHble pacxoabl:
— BblaeneHue namaTtu
— PacnpegeneHue gaHHbIX

0 Kak oueHnTb HaknagHble pacxoabl?

WBEPCy
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HaknagHble pacxoabl

O MexnpoueccopHble B3aMMOLeNCTBUS:

— KommyHukauum

— CUWHXpOHU3auun [MpocTton B paboTe
Q lncbanaHc Harpysku:

— HepaBHOMepHOe pacnpegeneHve 3agad

Q [lononHuTernbHbIE HAaKNagHble pacxoabl:
— BblaeneHue namaTtu
— PacnpegeneHue gaHHbIX

0 Kak oLeHWUTb HaknagHble pacxoabl?
T, = pr — T

WBEPCy
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AP PEeKTUBHOCTb

Q 3de)eKTVIBHOCTb — COOTHOWEeHne Mexay pedylibtTatTaMn n NcrnoJib3a0BaHHbIMUA
pecypcamu.
S T,
p plp
[TokasbiBaeT HAaCKONbKO XOpPOoLWOo napanneirnbHad peann3auna UCnosib3yet
naparnsennmdmMm MmallnHbl

QE <1
1

E — T
] I (0]

Q T, oNsa napannenbHon peanu3aumm HeM3MeEHHO

QO YBenuyeHne p => yBenMyeHne HaknagHblX pacxodoB => CHUXeHue
9o (PeKTUBHOCTH

“aEPCuT
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MacwTtabunpyemocTtb

O MacwTtabnpyemocTb — rnokasblBaeT, Kak UBMEHUTCS BpeMsl paboTbl NPUITOKEHUS
npu n3ameHeHUn obbema 3agadum N JOCTYMHLIX PECYPCOB

0 CunbHas macwTabupyeMocTb — MOKasbiBaeT 3aBMCMMOCTb BPEMEHU peLleHUust
3a4a4n OT Yncna AOCTYMHbIX PecypcoB Npu OUKCMPOBaAHHOM pa3mMepe 3agauu

AQCnabasa macwtabnpyemocTb — MOoKasblBAeT 3aBUCUMOCTb BPEMEHU pPeLUeHUs
3agauyun OT Ymncna AOCTYMHbIX PecypcoB Npu OUKCMPOBAHHOM pasMepe 3adayun Ha
eanHULY pecypca

WBEPCyrp
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AHAJIN3 NMPOU3BOAUTEJNIBHOCTHU

maEFCuT
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NMpumeHeHune

O OrpaHn4yeHmna npu aHanmae Npon3BoaANTENBHOCTN:
— 3amMep NpousBoanNTENIBHOCTU COOTBETCTBYET YHUKANbHOMY Habopy:
* [NpunoxeHune
* BblumMcnutensHas mawinHa
» Habop gaHHbIX
0 Bo Bpemsi pa3paboTku koaa:
— lNoHUMaHKne y3Knx MecT NPUioKeHnm
— [MosBongeT y3HaTb, Kak ynyyLnTb CBOE MNPUroXxeHue
— [MosBongeTt NoHATL, KOrga oCTaHOBUTLCS B ONTUMU3aALMN KoAa

Q 1ns nporHo3upoBaHuA:

— lNpeackasaTtb NnoBegeHNE NMPUNOXKEHUS:
« [1nga pasHbIX KOHPUrypaunm BblMUCINTENBHbBIX MaLLWH
« [1na pasHbIX NpUMeHeHumn

WBEPCy
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OTHOCUTENbHbIE METPUKMU

Q MeTpuku:

— Bpemsa paboThl

— YckopeHue

— O PEKTUBHOCTL

— MacwTabupyemocTtb
O OTHOCUTeNbHaA NPon3BOAUTESILHOCTDL !!!
Qllo3BonaAlT cpaBHUBATL TOSIbKO OAUH U TOT Xe anropuTtm

QHe YYNTbIBAOT NMpUMEeHeEHne nporpaMmmHoOro obecnevyeHunsa B UHbIX 3ada4vax

WBEPCy
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OueHKa npou3BoANTESIbHOCTU

O BbluucnutensHada nponsBoauUTeNbHOCTD:
— Hocturnytasa: FLOPs = FLOP/T
— OddektnBHoCTb: Ec = FLOPs/Peak_FLOPs
A lMponyckHast cNOCOOHOCTb
— Hocturnytaa: BW = (READ + WRITE)/T
— OddektuBHocTb: Ebw = BW /Peak_BW
Q locTurHytas nponsBoAnUTENbHOCTb NO3BONSET CpaBHMBATL pPasHble anropuTMbl

0 OddDHEKTUBHOCTb MCNONb30BaHUS pPecypcos no3sonsieT YYMTbIBaTb
XapaKTEPUCTUKN BbIYUCITNTENBHON MaLUUHbI

WBEPCy
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ApundmMmeTnyeckass UHTEHCUBHOCTb

O ApudpmeTnyeckas WHTEHCUBHOCTb — KOJIMYECTBO BbIMNOSIHEHHbBIX oOnepaunn
(06bI4HO C NnaBaloLWmMn 3ansaTon) Ha banT NnepegaHHbIX AaHHbIX

0O XapakTepucTuka npurioxXeHus, a He anroputmMa

QO CoaepXX1T TONbKO nornesHble ornepaunn. He yyntbiBaeT HaknagHble pacxodbl

Qo apndmeTnyeckon NHTEHCMBHOCTN BUOHO Y3KOE€ MECTO NPUIOXEHUS:

— BblyncneHus
+ Heobxoanmo gob6aBuTb BblYUCIUTENbHBIX MOLLHOCTEN

— [MamaTtb
* Heobxoaumo yBennunTb NPOnycKkHY0 CNOCOBHOCTb NaMATH

WBEPCu
1:\Dﬁwzac«0r5r

'u H. Hoeropop, 2022 MeTpukn Npon3BoaNTENBHOCTU, METOAMKA MX cOopa 1 aHanu3a 23/43




‘ ApudpmMmeTnyeckas MHTEHCUBHOCTDL (2)

0.1-1 FLOPs/Byte Tunnynble, <2 FLOPs/Byte O(10) FLOPs/Byte
| | |

| 1 11 |
< ApndmeTtnyeckaa MHTEHCUBHOCTb >
' |
PaboTta ¢ ceTkamu
(TpacbapeTHble MeTozbl, [peobpasoBaHune dypbe (FFTSs),
ovd.yp. B 4acT.Npou3..)* CnekTpanbHble MeToabl*
PaspexxeHHas anredpa, PaboTta c ceTkamu InHennaa anrebpa
Onepauuu c Bektopamn  (MeToa peLleToUHbIX ypaBHEHUN)” NMIOTHLIX MaTpuL,
(BLAS1,2)* | \ (BLAS3)"
\ | ' ]
CJIOKHOCTB aJIrOpUTMa _ O(l) O(Iog(n)) O(n)

Tpebyemast namMaTh

*MpubnnantenbHasn apndmeTnyeckas MUHTEHCMBHOCTb Npu 3EKTUBHOM peanmsaumm anropmtma

“““““““
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Npumep

Q YMHOXeEHWNE NIIOTHbIX KBagpaTHbIX MaTpWUL.

void MatMult(double* a, double* b, double* c, size t size) {

for (size t i = @; i < size; i++)
for(size t j = @; j < size; j++) {
double sum = 0.0;
for (size t k = 0; k < size; k++)
sum += a[i * size + k] * b[k * size + j];
c[i * size + j] = sum;

WBEPCy
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NMpumep. NamaTb

Q YMHOXeEHWNE NIIOTHbIX KBaApaTHbIX MaTpPWL.

void MatMult(double* a, double* b, double* c, size t size) {

for (size t i = @; i < size; i++)
for(size t j = @; j < size; j++) {
double sum = 0.0;
for (size t k = 0; k < size; k++)
sum += a[i * size + k] * b[k * size + j];
c[i * size + j] = sum;

}
0 KonnyecTBo 3arpy3ok namatu: load = 8 x (N + N3)
0 KonnyecTBo 3anucen B NnaMaTb: store = 8 X N2
QYTo MOXeT npomcxoanTb ¢ sum?
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NMpumep. Boluncnenusn

O YMHOXeHME NSIOTHbIX KBagpaTHbIX MaTpuL,:
void MatMult(double* a, double* b, double* c, size t size) {
for (size_ t i = @0; i < size; i++)
for(size t j = @; j < size; j++) {
double sum = 0.0;
for (size_t k = 0; k < size; k++)

sum += a[i * size + k] * b[k * size + j];
c[i * size + j] = sum;

}

0 Onepauuu ¢ uenbiMu: INTOP =3 X N3 +3 X N3+ 3 X N? + N*3
0 Onepauuu ¢ nnasaroLwmi 3anaton: FLOP = FMA X N3
O FMA — BbluncneHue a * b + ¢ (1 onepaums)
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NMpumep. ApncpmeTnyeckas UHTEHCUBHOCTb

Q YMHOXeEHWNE NIIOTHbIX KBaApaTHbIX MaTpPWL.

void MatMult(double* a, double* b, double* c, size t size) {

for (size t i = @; i < size; i++)
for(size t j = @; j < size; j++) {
double sum = 0.0;
for (size t k = 0; k < size; k++)
sum += a[i * size + k] * b[k * size + j];
c[i * size + j] = sum;

}

O TeopeTunyeckasa apmdmeTmnyeckas MHTEHCUBHOCTD:
FLOP FMA x N3

load + store 8 x (2X N3+ N?)

0(1)

WBEPCy
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‘ NMpumep. ApucpmeTnyeckas UHTEHCUBHOCTD (2)

! 1 O(10) FLOPs/lByte

| 1 1 |
< ApudpmetTnyeckad NHTEHCUBHOCTb >

INnHenHaga anrebpa
NMOTHLIX MaTpuLy
| | | (BLAS3)* ]

| ‘ ' ’ !

CJ0XXHOCTb aJiIrOpuTMa
’ O(n)

TpebyeMasi naMsaTh
0 TeopeTnyeckasa apupmetnyeckast UHTEHCUBHOCTD:
FLOP FMA x N3
e, load + store 8 X (2 X N3 + N2)
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ROOFLINE-MOAEJIb

“aEPCuT
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OnpepeneHue

O Roofline-mopenb — Bu3yarbHas NHTYUTNBHO MNOHATHaA Mogenb
NPON3BOOUTESTIBHOCTU

— YuunTbIBaET XapakTEPUCTUKN NPUNOXKEHUS Yepe3 apndPmMeTNUIecKyto MHTEHCUBHOCTb
— YuuTbiBaeT nnatdopMy Yepes3 TEXHUYECKME XapaKTEPUCTUKM 0O0pyaoBaHUS

Q Onpe,u,enﬂeT rpaHnubl Npon3BoANTESIbBHOCTH
D,D,aeT NMOHUMaHNE O BO3MOXHbIX ONTUMN3aLUNAX

A Roofline-mogenb — 3TO rpauk B ocaAx apupMeTU4ecKOn unu onepaumoHHOU
nHTeHcueHocTn (FLOPs/Byte) n npounssogutensHoctn (GFLOPS)

Williams S., Waterman A., Patterson D. Roofline: an insightful visual performance model for multicore
architectures //Communications of the ACM. — 2009. — T. 52. — Ne. 4. — C. 65-76.

WBEPCu
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BbluncnutenbHbIe NMUKU

Q lng npumepa paccMoTpum nnatdpopmy:
— 2 x Intel Xeon Platinum 8260L (2x24 agpa, 2.4 GHz, AVX512)

A lMNNuK ckanapHbIX BbIYUCITEHNNA.
Scalar Peak = 2(p) * 24(c) * 2(ILM) * 2.4GHz = 230.4 GFLOPs

Q [NK BEKTOPHbIX BblYUCIIEHUWN (ABOWHAA TOYHOCTb):
Vector Peak = 2 x 24 * 2 x 8(vec) * 2.4GHz = 1843.2 GFLOPs

Q [NnK BEKTOPHBbIX BbldMcieHnn ¢ FMA (gBOMHast TOYHOCTD):
Vector FMA Peak = 2 « 24 «x 4(ILM + FMA) = 8 * 24GHz = 3686.4 GFLOPs
= 3.6 TFLOPs

— FMA — BblbUcneHWe axb +c, KOTOpPOE MOXET BbINOMHATLCA B COBPEMEHHbIX
apXuUTEKTypax Kak ofHa ornepauma 6e3 npoMeXXyToOHHOro OKpyrieHus
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‘ BbluncnutenbHble NUKKU (2)
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10

—
(=)
()

—_
o

=
OA

MpounssogmtebHocTb (GFLOPS)

Mnk BekTOpHBLIX FMA BblYUCIEHWA:

MWK ckangpHbIX BeidUcneHWd: 230.4 GFLOPS

3686.4 GFLOPS

g
10
107

10" 10°
ApudmeTtnueckaa MHTeHcuBHocTb (FLOP/Byte)

10

1

10

H. Hoeropop, 2022

MeTpuku NponsBoAUTENBHOCTU, MeToAMKa MX c6opa U aHanu3a

33/43



[MponyckHass cCnOCOOHOCTb NamMATH

O TeopeTUYeCcKyto OLEHKY MPOMYyCKHOM CMOCOOHOCTM MaMATU He WCMOSb3yHT AN
Roofline-mogenn, Tak Kak OHa MOXET CUIMbHO OTNMYaTbCs OT MNPAaKTUYECKUX

3Ha4YeHUNn
QO cnonb3yoT 3Ha4YeHUs!, NOSTyYeHHbIE C NOMOLLLI0 BeHYMapKoB

Q lna paccmaTtpusaemon nnatgopmbi:
— [MponyckHas cnocobHocTb DRAM: 244 GB/sec
— [MponyckHas cnocobHocTb kawa L3: 1178.4 GB/sec
— [MponyckHas cnocobHoCTb kawa L2: 6812.9 GB/sec
— [MponyckHas cnocobHocTb kawa L1: 15450.4 GB/sec

0O Kak Ha rpaduke oTobpasnTb NPOMyCKHY CrNOCOOHOCTb NAMATN?

WBEPCu
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‘ [MponyckHaa cnocobHOoCTbL namaTu (2)

. Roofline-moaenb ana 2xintel Xeon Platinum 8260L
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‘ Y3Kue mecTta nporpamMmmbl
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Lunknbl n dpyHKUMN NPUNOXKEHUSA

QO Kaxxabin uykn B nporpaMmme obnagaet cnegyowmmMmmn XxapakTepuctukamu,
— ApndmeTtnyeckas MIHTEHCUBHOCTbL (3aBUCUT OT CKOMMUIMPOBAHHOIO Koaa)
— Ob6BbeM BbIMMCNEHUN
— Bpems BbinonHeHud

A Kaxgasa dyHKUMS B nporpamMme MOXeT ObiTb npeacTaBrieHa Kak COBOKYMNHOCTb
CBOMX LMKIT0B U PYHKLUN

OBce uumknbl U YHKUUM NPUIOXKEHUS MOryT ObiTb OTOOpaXeHbl Ha rpaduke
Roofline-moaenu

|:> npOI/I3BO,EI,I/ITeJ'IbHOCTb LnKIna
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‘ Luknbl n dpyHKkumnn npunoxeHus. Npumep

MeToa MarHyca Roofline-mogens gna 2x Intel Xeon Gold 6148
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3aknroJveHue

O PaccmMmoTpeHbl OCHOBHbIE METPUKU NPOU3BOAUTENIBHOCTU annapaTHbIX CPeacTB:
— BblumMcnurtenbHaa ckopocTb
— [MponyckHasi cnocoBbHOCTb NamMATH
— MowHocTb
O PaccmMmoTpeHbl OCHOBHbIE METPUKU NPOU3BOANTENBHOCTU NPOrpPaMmMHOro
obecneyeHus:
— YcKopeHne n apdpekTMBHOCTb
— MacwTabupyemocTb
— ApndmeTmnyeckaa MIHTEHCUBHOCTb

a PaccmoTtpeHa Roofline-moaens
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