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ApxuteKktypa 9BM k. doH HelmaHa

OcCHOBHbIle 4yepTbl apxuteKTypbl 3BM K. PoH HemaHa

* MpUHLMUN OAHOPOAHOCTU NAMATU — KOMAHAbl U AaHHbIE XPaHATCS
B OZIHOM M TOM e namaTu (BHelIHe Hepas3AnYnMbl)

* MpuHUMN aaPECHOCTU — NAaMATb COCTOUT U3 MPOHYMEPOBAHHbIX AYEEK,
npoueccopy AOCTynHa Ntobas syenka

" MpUHUKMN NPOrpPaMMHOro ynpaB/ieHUA — BblYMCAEHUA NPeACcTaBAeHbl
B BUAE NPOrpaMmbl, COCTOALLEN U3 NOCNeA0BaTe/IbHOCTU KOMaHA,

* MpuHUKMN ABONYHOIO KOAUPOBAHUA — BCA MHPOpMaL A,
KaK JaHHble, TaKk U KOMaHAbl, KOAMPYIOTCA ABOUYHbIMU LUmdpamm O u 1

Mepsblie IBM ¢ XxpaHUMOU B NaMATU NPOrPaMmmMOu

= EDVAC (1944-1951, CLLA): "
. OKepT, K. Moknu, K. PoH HermaH, I. lTonacanH The EDVAC as installed in Building 328

at the Ballistics Research Laboratory,
Maryland USA // Wikipedia




ApxuteKktypa 9BM k. doH HelmaHa
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BBO BbIBOA

Y3Koe mecTo apxutektypbl . poH HemmaHa —
COBMECTHOE MCMNOJIb30BaHME LLMHbI ANA AO0CTYNa K NamMATU 33 AaHHbIMU
M KOMaHAaMM NPorpammbl (3To orpaHMYMBaET NPOMNYCKHY CNOCOBHOCTb
MeXay NPOoLLeCCOPOM M NAMATLIO)



[yt yBennyeHua npoussogutenbHoctu 3BM
CoBepLueHCTBOBaHUE 3/1eMeHTHON 6a3bl

dneKTpomexaHUUYecKue pene, BakyymHble Aamnbl

|

TpaH3UCTOpPbLbI

|

MMKpOCXEMbI HU3KOMN CcTeneHu UHTEerpauunuu

|

BUC, CBUC, mukponpoueccopbl

|2

OnmuyecKue, KeaHMoaeble, MoseKYyAAPHbIEe Npoyeccopbl




Nyt ysennyeHua npounssogutenbHoct 95BM

CoBeplueHCcTBOBaHUE apXUTEKTYypbl O9BM

= CoBepLueHCTBOBAaHME NpoLecca BbINOJIHEHUA UHCTPYKLUUN

o CoBepLueHCTBOBaHME apXUTEKTYpbl Habopa KomaHA, (Instruction Set Architecture — ISA):
RISC, CISC, MISC, VLIW

o Mapannennsm ypoBHa MHCTPYKuUM (Instruction Level Parallelism — ILP):
KOHBEMEepHana apxmnTeKTypa, cynepckanapHasa obpabotka, VLIW

o Mapannennam yposHa notoKoB (Thread Level Parallelism — TLP):
MHOTONPOLLECCOPHblE CUCTEMbI, OAHOBPEMEHHA MHOTOMNOTOYHOCTb,
MHOrosiaepHble NpoLeccopbl

o Mapannennam pgaHHbIX (Data Parallelism):
BEKTOpHas 06paboTKa AaHHbIX (BEKTOPHbIE Npoueccopbl/UHCTPYKLUNK)



Nyt ysennyeHua npounssogutenbHoct 95BM

CoBeplueHCcTBOBaHUE apXUTEKTYypbl O9BM

= CMeHa napagurmbl opraHu3aLnm BbIMUC/IEHUM

= ApXMUTEKTypa C ynpasBieHMem noToKOM KOMaHp,
(Control flow, knaccnueckas apxurektypa ¢oH HerimaHa) —
nocaea0BaTe/IbHOCTb BbINOJIHEHUS MHCTPYKLMIM 3a4aHa NPOrpammon

= ApXMUTEKTYypa C ynpaBieHMem noToKom AaHHbix (Data flow) —
HeT CYETYMKA MHCTPYKLUMIN, KOMaHAbl BbINOAHAIOTCA MO FOTOBHOCTU BXOAHbIX AaHHbIX
(onepaHp0B), NOPAAOK BbINOAHEHUA ONEpPaLUA 3apaHee HeU3BeCTeH

Bypues B.C. Hosbie npuHyunsl op2aHU3ayuu 8bI4UCAUMENbHbIX MPOYECCO8 8bICOKO20 Napasneau3ma
// MCO-2003, URL: http://old.lvk.cs.msu.su/files/mco2003/burtsev.pdf



http://old.lvk.cs.msu.su/files/mco2003/burtsev.pdf

Mapannenmsm yposHA MHCTPYKLUM
(Instruction Level Parallelism — ILP)



BbluncaurenoHoi KoHBeuep (Instruction pipeline)

| IF | ID | EX |MEM
v | F | ID | EX WB
. L F | ID MEM WB
| IF EX |[MEM wWB

D | EX |MEM| WB

MuKpoKoHTponnepbl Atmel AVR, PIC — 2-3TanHbi KOHBeNep

Intel 80486 — 5-stage (scalar, CISC)

Intel Pentium — 5-stage (2 integer execution units)

Intel Pentium Pro — 14-stage pipeline

Intel Pentium 4 (Cedar Mill) — 31-stage pipeline

Intel Core i7 4771 (Haswell) — 14-stage pipeline

ARM Cortex-A15 — 15 stage integer/17-25 stage floating point pipeline



BbluncaurenoHoi KoHBeuep (Instruction pipeline)

| IF | ID | EX |MEM
v | F | ID | EX WB
. L F | ID MEM WB
| IF EX |[MEM wWB

D | EX |MEM| WB

OcHoBHbIe 3Tanbl 06paboTKN UHCTPYKLUMUA
(RISC pipeline)

IF (Instruction Fetch) — 3arpy3ka MHCTpYKUMKN M3 NnamAaTK (K3Wa MHCTPYKUMI, 1 TaKT)
ID (Instruction Decode) — aekoampoBaHUe NHCTPYKLUK

EX (Execution) — BbiIno/HEHUE
(Reg-Reg Op. — 1 takt, Mem. ref. — 2 takTa; Div, Mul, FP Ops. — >1 TakTa)

MEM (Memory access) — gocTyn K NnamaTu (4TeHne/3anuchb)

WB (Register Write Back) — 3anucb B perucrpbi



BbluncantenobHbi KOHBeuep (Instruction pipeline)

| IF | ID | EX |MEM
v | F | ID | EX WB
. | IF D MEM WB
| IF EX [MEM| WB |

MaKcumanbHoe yckopeHue (Pipeline speedup)
PaBHO YMCANY 3TAaNOB KOHBeMnepa

IF (Instruction Fetch) — 3arpy3ka MHCTpYKUMKN M3 NnamAaTK (K3Wa MHCTPYKUMI, 1 TaKT)
ID (Instruction Decode) — aekoanpoBaHUE NHCTPYKLUMU

EX (Execution) — BbiIno/HEHUE
(Reg-Reg Op. — 1 takt, Mem. ref. — 2 takTa; Div, Mul, FP Ops. — >1 TakTa)

MEM (Memory access) — gocTyn K NnamaTu (4TeHne/3anuchb)

WB (Register Write Back) — 3anucb B perucrpbi



Pentium Il Pipeline (11 stages)

IFUL [ IFU2 [ 0FD3 [ 1DM 1D RxT | ROB | DIS IX | EEIl | REL2

Processor fetches instructions from memory in (static) program sequence

Each instruction is translated into one or more fixed-length RISC instructions (micro-ops)

Processor executes the micro-ops in superscalar pipeline fashion;
micro-ops may execute out-of-order

Processor commits results of each micro-op to the register set in (dynamic) program sequence

IFU Instruction Fetch Unit

ID Instruction Decode

RAT Register Allocation Table (or Allocator)
ROB Reorder Buffer

DIS Dispatcher

EX Execute Stage

RET Retire Unit




KoHdnuKTbl gaHHbIX (Data hazards)

* TeKywiuin war KOHBeUepa He MOXKeT 6biTb BbINOJIHEH,
TaK KaK 3aBUCUT OT pe3y/IbTaToB BbINO/IHEHUA NpeablayLLero wara

= BoO3MOMXHble NPUYNHDbI.

o Read After Write (RAW) — True dependency

il: R2=R1+R3
i2: R4 =R2 +R3 Ana paspelweHun
o Write After Read (WAR) — Anti-dependency AR HECTBENEE
R4 =R1+R3 NPUOCTaHAB/IMBAETCA
R3 = R1 + R2 (pipeline stall, bubble)
o Write After Write (WAW) — Output dependency
R2 = R4 + R7

R2 =R1 +R3



KoHpaukTbl gaHHbIX (Data hazards)

* TeKywiuin war KOHBeUepa He MOXKeT 6biTb BbINOJIHEH,
TaK KaK 3aBUCUT OT pe3y/IbTaToB BbINO/IHEHUA NpeablayLLero wara

= BoO3MOMXHble NPUYNHDbI.

o Read After Write (RAW) — True dependency
il: R2=R1+R3
i2: R4 =R2 +R3

o Write After Read (WAR) — Anti-dependency
R4 =R1+R3
R3 =R1 + R2

o Write After Write (WAW) — Output dependency

R2 = R4 + R7
R2 =R1 +R3

Step IF ID EX ST
1 il
2 i2 il
3 i2 il
4 i2 il
5 -

Data Hazard — Read After Write (RAW)
[na pa3peweHmna npobaembl KOHBENED

npuocTtaHaBnmBaeTca (pipeline stall, bubble)




KoHndpnukrbl ynpasnenua (Control hazards)

.text
movl Z%ebx, %eax
cmpl $0x10, %eax
jne not equal
movl %eax, %ecx
jmp end

not equal:
movl $-0x1, %ecx

end:

B npoueccope NpuUcyTCTBYET MOAY/Ib NpeAcKa3aHUA nepexonos

Step IF ID EX ST
1 movl
2 cmpl | movl
3 jne cmpl | movl
4 ??? jne cmpl mov1l
5
6
7

KaKylo MHCTpYKLUMIO BbIGUpaTh
u3 namatu (IF) Ha ware 4?

(MHCTPYKUMA jne ewle He BbINOAHEHA)

(Branch Prediction Unit — BPU), KoTopbi# ynpaBaseT CHETYNKOM KOMaH/,




CynepckansapHbie npoueccopbl (Superscalar)

UcnonHaowme moaynm KoHBelrepa NPUCYTCTBYIOT B HECKO/IbKUX 3K3emnaapax
(HeckonbKo ALU, FPU, Load/Store-moayneit)

32 OAMH TaKT NPOLECCOp BbINONHAET Napan/ie/ibHO HECKOIbKO MHCTPYKLMA

[Mpoueccop AMHAMMYECKU NPOBePAET BXOAHbIE MHCTPYKLUMM HA 3aBUCUMOCTb NO AaHHbIM —
AVHAMUYECKMNM NIaHMPOBaHUE BbIMOJAHEHUA MHCTPYKUMA (Maen dataflow-apxutekTtypbl)

BHeouepeaHoe ncnonHeHme komang, (Out-of-order execution) — nepeynopago4ynmBaHne KOMaHA
AN MakcumanbHo 3arpysku ALU, FPU, Load/Store (MMHMMKM3aLMA 3aBUCMMOCTU NO AAaHHbIM MeXKay
NHCTPYKLUMAMM, BbINOJIHEHME MHCTPYKLMIA NO TOTOBHOCTU UX AAHHbIX)

Dynamic scheduling: scoreboarding (CDC 6600, 1965), anroputm P. Tomacyno (IBM S/360, 1967)

a=b+c ‘IF'ID:E}:'MEMWB
IF D | EX MEM| WB
d =e + f F | ID | EX |[MEM| we
F | ID | EX |MEM| we
IF | 1D | EX |MEM| WB
IF | ID | EX MEM WB |
F (D | EX [MEM wB
a=>b + c F [ID | EX [MEM| we
IF | ID | EX MEM| we
b=e+f IF | D | EX MEM WB |




CynepcKanapHblie npoueccopbl (Superscalar)

CDC 6600 (1965)
Intel iI960CA (1988)

AMD 29000-series 29050 (1990)

Intel Pentium — nepBbI cynepcKanapHbin x86 npoueccop, 2 datapaths (pipelines)

IF | 1D | EXx [MEM[WE
IF | ID | EX MEM|WB
F | ID  EX |[MEM WE
F | ID | EX [MEM wB
F | 1D [ EX |MEM| WB
IF | ID | EX MEM| WB |
F [ ID | Ex [MEM wB
F LD | EX [MEM| we
IF | ID | EX MEM| WE
IF | ID | EX [MEM WB




Front-End Pipeline
(in-order)

Intel 64 CISC
macro-instr.

Execution Engine
(out-of-order)

Nehalem RISC
micro-operations

Intel Nehalem Core Pipeline

Intel 64 CISC macro-instructions

Instruction Fetch & Pre Decode

M

Instruction Queue (1Q)

Decode

Rename/AIIocate

Retirement Unit
(Re-Order Buffer)

A

Scheduler
Reservation Stations

]

—+ Execution Units

|

ITLB «—{ Instruction Cache (32 KiB) I

A A 1

|

|

+ !

|

A\ 4 1

L2 TLB !
A L2 Cache L L

(256 KiB, 8-way) I

|
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|
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|

|

|

|

|
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A\ 4 A\ 4 I

|

DTLB «—{ Data Cache (32 KiB) :

3 Cache



Intel Nehalem Frontend Pipeline (in-order)

Intel64 CISC ITLB [« L1 I-cache (32 KiB, 4-way) «— Unified L2-Cache
macro-instr.
I 16 byte/cycle
: ) Branch i
. | Instruction Fetch .nc. 2 SREERG, .
! it (IFU <> Prediction Prefetch Buffer, !
| Unit (IFU) Unit (BPU) Instruction Length Decoder E
E IG instr./cycle E
i Instruction Queue (1Q) E
i (18 entry — 18 instruction max.) i
E 5 instructions/cycle E
i Instruction Decoding Unit (IDU) i
i 3 simple + 1 complex i
E Simple Simple Simple Complex (¢ + micro-code E
E 4 uops./cycle E
| \ 4 A 4 A 4 A A A A 4 |
Nehalem RISC | Decoded Instructhn ngue (DIQ, 28 uops. ma>f) :
— | Loop Stream Detection, Micro-Fusion, Macro-Fusion :

micro-operations
Ifﬁ 4 micro-ops./cycle



Intel Nehalem Frontend Pipeline (in-order)

Intel64 CISC .,

L1 I-cache (32 KiB, 4-way)

macro-instr. I

16 byte/cycle

Instruction Fetch
Unit (IFU)

Branch
» Prediction

Unit (BPU) Instruction Length Decoder

Pre Decode,
Prefetch Buffer,

-
\

~
~
~<

-
1 7
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=
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<« Unified L2-Cache

IFU Ha Kaxkaom TakTe Bblbupaet
n3 Kawa L1 (yepes ITLB) 16 6aut

Instruction Queue (IQ)

(18 entry — 18 instruction max.)

MHCTPYKLUWUIM N NepeaaeT uUx Ha

5 instructions/cycle

n nepenaet MHGOPMaLMIO

npegekoanpoBaHue B Pre Decode

Instruction Decoding Unit (IDU)

3 simple + 1 complex

B Instruction Queue

Pre Decode onpeaenset ananHy
WHCTPYKLUMM, X NpedPuKCbl U TUMbI
(ycnoBHbIli/6e3ycnoBHbIN nepexoa, ...

)

Simple

Simple Simple

Complex ¢  micro-code

A 4

A 4 A 4

4 uops./cycle

VVVYV

Nehalem RISC

Decoded Instruction Queue (DIQ, 28 uops. max)
Loop Stream Detection, Micro-Fusion, Macro-Fusion

micro-operations

- = = === ]




Intel Nehalem Frontend Pipeline (in-order)

IDU npeobpasyert Intel64-nHctpykumm B RISC-mukpoonepaumm (Uops, CAOXKHbIe d L2-Cache
MHCTPYKUMM Npeobpa3yroTca B HECKONIbKO MUKpoonepaunii)

IDU nepegaet mnukpoonepauuu B ouepeb DIQ, roe BbINoO/IHAETCA NOUCK LLUKNOB
(LSD, ana npeaoTBpalleHNA nx NOBTOPHOIO AeKOAMPOBAHMA), CAMAHNE MUKPOONepaLnii
(Ans yBennyeHua nponyckHom cnocobHocTn FEP) n gpyrmue ontummnsaumm

MoTtok RISC-mnKpoonepauumn nepeaaetcs B UCMONHAOWEE AP0

A % ]

. Instruction Queue (IQ) E

i N18 entry — 18 instruction max.) i

E ~~~~~~~~~~~~~~ 5 instructions/cycle E

| Instruction Decoding Unit (IDU) |

i 3 simple + 1 complex i

E Simple Simple Simple Complex (¢ + micro-code E

| 4 uops./cycle |

: A 4 A 4 A 4 A A \VJV :

: Decoded Instruction Queue (DIQ, 28 uops. max |
Nehalem RISC ) Q . ( Q P _) !
— | Loop Stream Detection, Micro-Fusion, Macro-Fusion :

micro-operations
m 4 micro-ops./cycle



Intel Nehalem Execution Engine

Frontend Pipeline (DIQ)
1111 4 micro-ops./cycle

1t

Retirement Unit (RU),
ReOrder Buffer (ROB, 128 uops)

Register Renaming, Resource Allocation (RRRA)
L 4

i +
i —> Unified Reservation Station (dynamic scheduler, 36 micro-ops)
E I Port 0 l Port 1 lPort 2 l Port 3 l Port4 I Port 5
i Int. ALU, Int. ALU, Int. ALU,
: Shift LEA Load Store Address Store Data Shift
! *
| FMUL, FDIV FP Add I l Branch
| N
| Complex Int. Memory Order Buffer (MOB) FP Shuffle
! SSE Int. ALU, _
i Int. Shuffles SSE Int. ALU,
i SHIE i 0 Int. Shuffles
i | | |
—————————————————————————————————————————————————————————— af——————————————————————————————————————
_— micro-ops./cycle Data TLB ' <« L2 TLB
L1 Data Cache (32 KiB) <« L2 Cache




Intel Nehalem Execution Engine

Frontend Pipeline (DIQ)
1111 4 micro-ops./cycle

Register Renaming, Resource Allocation (RRRA)

. 4 X
\~:
\‘\
N,
N
Y N,
\

Retirement Unit (RU),
ReOrder Buffer (ROB, 128 uops)

S
L

-
f"
-
-
-

= Resource Allocation — BbiaensaeT ans

LR 4 NOCTyNaloLWmMX MMKpoonepaumn 610Ku

N Unified Reservation Station (dynamic sck, 8 Re-Order Buffer, Reservation Station,
: NPWBA3bIBAET MUKPOONEPaLNM K NopT

: Port 0 Port 1 Port 2 Poi, . : . . S

: Bblaaun (dispatch port)

i Int. ALU, Int. ALU, ) )

: Shift LEA Load Store Addre = Register Renaming — nepenmeHoBbIBaeT
! 1 apxuTekTypHble pernctpbl (RAX, RBX, ...),
! ARSI DAY Pt ] MCMNoNb3yeMble B MUKpOONepaumn B

| Complex Int. Memory Order Bu MUKPOAPXMUTEKTYPHbIE PErNCTPbLI ANA

SSE Int. ALU, = npenoTBpaLleHns KOHGIMKTOB AaHHbIX

; it Shues || ssent. mul (Data hazards)

; | |

__________________________________________________________ B e e e

Data TLB «— |2 TLB

= 6 micro-ops./cycle
ps./cy L1 Data Cache (32 KiB) <« L2 Cache




Intel Nehalem Execution Engine

Frontend Pipeline (DIQ)
1111 4 micro-ops./cycle

1t

Retirement Unit (RU),
ReOrder Buffer (ROB, 128 uops)

Register Renaming, Resource Allocation (RRRA)
L 4

A 4
—> Unified Reservation Station (dynamic scheduler, 36 micro-ops)

‘[ Port0 .. _l Port 2 l Port 3 l Port 4 I Port 5

= ! ]__I 1__[ L_J ),

e o= = = e e = = = = = = = = = = = = e e e = e -
e = = = = = = = = = = = = = e e e = e e = = = =

URS — nyn n3 36 mnkpoonepauum + AMHaMNYECKU NIaHUPOBLLUNK

Ecnm onepaHabl MMKpooMnepaLum roToBbl, OHa HanpaBAAETCA Ha OAHO UX UCMONHAOLWMX YCTPOMUCTB —
BbIMOJIHEHME MO rOTOBHOCTU AaHHbIX (MaKCUMym 6 MMKpoonepauuii/Takt — 6 nopTos)

URS peanusyet paspelleHnsa HEKOTOPbIX KOHGAMKTOB AaHHbIX — NepefaeT pe3yabTaT BbINO/IHEHHOM onepaumn
HanpAMyt Ha Bxog, apyron (ecnn Tpebyetca, forwarding, bypass)

Data TLB «— |2 TLB

= 6 micro-ops./cycle
ps./cy L1 Data Cache (32 KiB) <« L2 Cache




- —— -

Intel Nehalem Execution Engine

Frontend Pipeline (DIQ)

1111 4 micro-ops./cycle

Register Renaming, Resource Allocation (RRRA)

1t

Retirement Unit (RU), el 5
ReOrder Buffer (ROB, 128 uops) T

Unified Reservation Station (dyhr.. .

ROB — XxpaHUT MUKpoonepaunm c nx
COCTOSIHMAMM B UCcxoaHOM nopsaake (in-order)

RU — oTcnexunBaeTt, 4tobbl 3anmcb pe3ynbtaTos

B aPXUTEKTYPHbIE PErMCTPbI BbINOJIHANACH
Port 0 Port 1 Port 2 o >
B NPAMOM NOC/1e40BaTENbHOCTM (MCXOAHOM
Int. ALU, Int. ALU, nporpammbil)
Shift LEA Load Store A
=  BbinonHeHue Intel64-nHCTpPYyKUMM cumMTaeTcs
FMUL, FDIV FP Add 3aBepLUEeHHbIM, eCNu
Complex Int. Memory Ordd a) Bce eé MMKpoonepaLumn BbINOJIHEHDI,
SSE Int. ALU, < 6) Bce bonee paHHMe onepaumn 3aBepLLEHbDI
Int. Shuffles e v ’ S
Nt VI Int. Shuffles |
I I J !
______________________________________________________ B e e e
, Data TLB —
6 micro-ops./cycle ot : L2TLB
L1 Data Cache (32 KiB) <« L2 Cache




Mpoueccopbl C LLIMPOKMM KOMaHAHbIm chosom (VLIW)

VLIW-apxurteKrtypa (Very Long Instruction Word) — winpokme MHCTPYKLU MK
coaeprKaTt B cebe HeCKO/IbKO KOMaH/, KOTOPbIE MOXHO BbIMOJIHATbL MNapannenbHo
Ha ALU/FPU/Load-Store-moaynax

CtaTnyecKkoe nnaHupoBaHue (popmupoBaHme “WINPOKMX” KOMaHI) BO3NOXKEHO
Ha KomnunaTop (static scheduling)

NMpumepbli
o 3nbbpyc 2000 — 6 ALU, oo 23 onepauui 3a TaKT

o Intel Itanium — 3 kKomaHabl B 128-6UTHOM LWUMPOKOW MHCTPYKL MK,
Ha CTaauu IF 3arpy*aeTtca 2 MHCTP. => 6 KOMaH/, 33 TaKT

o Transmeta Efficeon — 2 ALU, 2 LD/ST, 2 FPU; 8 KomaHA, B 256-6UTHOM LLMPOKOWA
NHCTPYKLUMK

o Texas Instruments TMS320C6x — 8 KomaHA, B 256-6MTHOMN LWUMPOKOW MHCTPYKL MU



OpHoBpemeHHaa MHoronoto4YHocTb (Simultaneous multithreading)

= OpgHOBpeMeHHaA MHOronoOTOYHOCTb

(Simultaneous multithreading — SMT, hardware multithreading) —

Thread 1

Thread 2

TEXHOJ1I0TUS, NO3BOAIOLW,AA BbIMOAHATb MHCTPYKLIMU U3 HECKOIbKMUX MOTOKOB
BbIMNO/IHEHUA (MPOrpamm) Ha OAHOM CynepcKanApPHOM KOHBelepe

= [oTOKu pa3aenaioT O4AUH cynepcKkanapHbI KOHBeWep npoueccopa
(ALU, FPU, Load/Store)

=  SMT no3BonaeTt NoBbICUTb 3PPEKTUBHOCTb UCMO/Ib30BAHUA MOAYNEN
cynepckansapHoro npoueccopa (ALU, FPU, Load/Store) 3a cueTt Hannuus
H6onblUero KonNM4yecTsa NMHCTPYKLUMIM U3 pa3HbIX MOTOKOB BbINO/IHEHUA
(HMXKe BepOATHOCTb 3aBUCMMOCTU MO AAHHbIM)

IF
IF

Lo | ex [mMem[WNE
ID | EX |MEM| WB
IF | ID | EX |MEM| we
IF | D | EX [MEM| we
IF | ID | EX MEM| WB
IF | ID [ EX |MEM| W8 |
IF [ ID | EX [MEM wWB
IF LD | Ex [MEM wB
IF | D | EX MEM| WB |
IF | ID | EX MEM WB
R e e o o o o o e e
Pa3deneHue pecypcos

" [lpumepbl peanmsaumu:

d
d
d

IBM ACS-360 (1968 r.), DEC Alpha 21464 (1999 r., 4-way SMT)
Intel Pentium 4 (2002 r., Intel Hyper-Threading, 2-way SMT)
Intel Xeon Phi (4-way SMT), Fujitsu Sparc64 VI (2-way SMT), IBM POWERS (8-way SMT)

Superscalar pipeline

ALU, FPU, Load/Store



Intel Hyper-Threading Technology

Jlornueckum npoueccop
Architectural State

Jlornueckum npoueccop
Architectural State

Frontend ILP
(Fetch, Decode)

Backend
BbluncaurenbHoe agpo
(Execution Engine)

Kew-namarb
(Cache)

Chip

http://www.intel.ru/content/www/ru/ru/architecture-and-

technology/hyper-threading/hyper-threading-technology.html

Architectural state +
Interrupt controller (LAPIC) =
Logical processor

2 NOTOKa pPa3aenatoT CynepcKanApHbIn
KOHBeunep

YckopeHue (Speedup) ~ 30 %

Architectural state = {

O Peructpbl obuiero HazHavyeHMs
(RAX, RBX, RCX, ...)

L CermeHTHble peructpsi (CS, DS, ...),
O Ynpasnawouwue pernctpbl (RFLAGS, RIP, GDTR)

O X87 FPU-perucTpbl,
MMX/XMM/YMM-perunctpbl

O MSR-peructpsl, Time stamp counter


http://www.intel.ru/content/www/ru/ru/architecture-and-technology/hyper-threading/hyper-threading-technology.html

[Mapannennsm ypoBHA AaHHbIX
(Data Parallelism — DP)
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BeKTOpHbIe npoueccopbl

= BeKtopHbIii npoueccop (Vector processor)— npoLeccop noaaepmnsatoLmii
Ha YPOBHE CUCTEMbI KOMaHA onepauumn ansa paboTbl ¢ Bektopamu (SIMD-UHCTPYKUMK)

= BeKTOpHble BblYUCAUTENIbHbIE CUCTEMDI

o CDC STAR-100 (1972 r., BeKTOpbl A0 65535 anemeHTOB)
o Cray Research Inc.: Cray-1 (BekTopHble peructpsl), Cray-2, Cray X-MP, Cray Y-MP

Source 1 X1 X2 XN
? ? ’
1 1 |
1 1 |
! ! I
Source 2 'yl Y2 ' YN
P P P
| | ]
Cno)xeHue

)

ABYX BEKTOPOB

<

4]
4]

Destination X1+ Y1 X2 +Y2 XN + YN




BeKTOpHbIe npoueccopbl

MaKcumanbHoe yckopeHue (Speedup)
IMHEMNHO 3aBUCUT OT YMNC1a 3/1IEMEHTOB B BEKTOPHOM perucrpe

(Mcnonb3oBaHME BEKTOPHbIX MHCTPYKLUMIM MOXKET NPUBECTU K COKPaALLEHUIO KONMYECTBA KOMaH/,
B Nporpamme, a 3To MoxkeT obecrneuntb 6onee apdeKTUBHOE NCMOb30BaHUE KeLl-NaMATH)

Source 1 X1 X2 XN
* * *
1 | 1
1 | 1
! ! !
Source 2 'yl Y2 ' YN
P P P
] ! !
CnoxeHue

ABYX BEKTOPOB

<

4]
@
)

Destination X1+ Y1 X2 +Y2 XN + YN




SIMD-UHCTPYKLU UM B COBPEMEHHbIX npoueccopax

Intel MMX (1996)

Motorola PowerPC, IBM POWER AltiVec (1999)

AMD 3DNow! (1998)

Intel SSE (Intel Pentium 111, 1999)

Intel SSE2, SSE3, SSE4

AVX (Advanced Vector Extension, Intel & AMD, 2008)
AVX2 (Haswell, 2013)

AVX-512 (2015)

ARM Advanced SIMD (NEON) — Cortex-AS8, 2011
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Mpumep ncnonb3osaHnA SSE-MHCTPYKLUNA

void add sse asm(float *a, float *b, float *c)

{

__asm_ _ volatile

(
"movaps (%[a]), %%xmm@ \n\t"
"movaps (%[b]), %%xmml \n\t"
"addps 7%%xmml, 7%%xmm@ \n\t"
"movaps %%xmm@, %[c] \n\t"
: [c] "=m" (*c)
: [a] "r" (a), [b] "r" (b)
: "%xmme", "Z%xmml"

)



Mapannennsm ypoBHA NOTOKOB
(Thread Level Parallelism — TLP)

33



MHoronpoueccopHblie SMP-cuctembl (Symmetric multiprocessing)

" [lpoueccopbl SMP-cnctembl UMEKOT OAMHAKOBOE BpemMa AOCTYNa K pa3aensiemomn namaTtu
(cummeTpuyHbIN aocTyn)

" CuctemHasn wuHa (System bus) — 3To y3Koe mecTo, orpaHu4mnBatoLLEe MaclTabrupyemocTb
BbIYNC/INTENIBHOTO Y33



MHoronpoueccopHblie SMP-cuctembl (Symmetric multiprocessing)




MHoronpoueccopHblie NUMA-cuctemobl (AMD)

= NUMA (Non-Uniform Memory Architecture) — 3To apxuTekTypa BbIYUCANTENBHOMN CUCTEMbI
C HEOAHOPOAHbIM AOCTYNOM K Pa3geniemon NnamaTu

* [poueccopbl crpynnuposaHbl B NUMA-y31bl O CBOEN 10Ka/IbHOM NaMATbIO

= JlocTtyn K nokanbHo namaAaTn NUMA-y3na 3aHUMaeT MeHbLLEe BPEMEHM MO CPAaBHEHUIO
C BpeMeHeM A0CTYNOM K NamMATU yaa/IEHHbIX MPOLLeccopoB

= 4-x npoueccopHaa NUMA-cuctema

= 3 ; - = Kaxablil npoueccop nmeet
MHTErpUPOBaHHbIV KOHTpOAep

-. - = [lpoueccopbl coegMHEHbI LLMHON
Hyper-Transport

(cnctembl Ha 6a3e npoueccopos AMD)

LOCG/ access (fast) [locTyn K yaaneHHoM namaTu

Controller 3aHMMaeT 6osblue BpeEMEHMU
(ana Hyper-Transport ~ Ha 30%, 2006 r.)

I/O




MHoronpoueccopHblie NUMA-cuctembil (Intel)

CPUO CPU1

= 4-x npoueccopHan
NUMA-cuctema

III L3 L3 L3 L3 L3 L3 L3 L3 L3 L3 L3 L3 III
QP QP QP QP

Memory Memory

COCl1C2 C3C4C0C5pgpmw COC1C2 C3C4C5

= KaxAabln npoueccop
MMEET MHTErPUPOBAHHbIN
KOHTPOINEP N HECKONBbKO
6aHKOB NamMATH

" [Mpoueccopbl COEANHEHbI LUMHOM
Intel QuickPath Interconnect (QPI)

— peweHuns Ha base npoueccopos
Intel Nehalem based systems with QPI Intel

2-way Xeon 5600 (Westmere) 6-core, 2 IOH



NMonuntukm ynpasneHua namartbio NUMA-cuctembl

Stream -- 1 thread

" MMonnTUKKU ynpassieHUA NaMATbIO MOXHO 3a4aBaTb oo
B HacTpoiikax BIOS/UEFI: 10000
8000 -
= NUMA Mode — B cucteme NnpucyTcTByeT HECKONbKO 6000 -
NUMA-y3108B, Yy KaXXg0ro y3na nmeeTtca CBOA JIOKa/1bHaA 4000 1
namaTb (local), onepaymoHHasa cuctema yuyntbiBaeT .
TOMNOJIOTNIO CUCTEMBI NPU BblAeNeHNN NaMATU A LocAL INTERLEAVE REMOTE

NUMA Policy
M Copy M Scale Add M Triad

= Node Interleave — namaTb LUKTNUYECKU BblAaeNnAaeTca CO BCEX

NUMA-y3n108B (4epegoBaHue), onepaunoHHasa cmctema Memory Latency
120
“Bnant” NUMA-cuctemy Kak SMP-mawinHy 100 e
80
Memory latency and bandwidth accessing local, remote 40 //
memory for a PowerEdge R610 server (Dual Intel Xeon 520 =
X5550 Nehalem, 6 x 4GB 1333 MHz RDIMMS) § O S TR
z SN TINT oo ddmT o0
http://i.dell.com/sites/content/business/solutions/whitepapers/ja/D Log 2 MB

ocuments/HPC Dell 11g BIOS Options jp.pdf s | QCAL s REMIOTE INTERLEAVE



http://i.dell.com/sites/content/business/solutions/whitepapers/ja/Documents/HPC_Dell_11g_BIOS_Options_jp.pdf

MHorosaepHbie npoueccopbl (Multi-core processors)

JlorMyeckuii npoueccop Chip

Architectural State

Jlormueckni npoueccop

) Core 0
Architectural State

Core 1

Frontend ILP
(Fetch, Decode)

Frontend ILP
(Fetch, Decode)

Kew-namartb
Backend (Cache)

BbluncnutenbHoe agpo
(Execution Engine)

Kew-namaTb
Backend (Cache)

BbluncautenbHoe agpo
(Execution Engine)

____________________________________________________________________________________________________________________________

= [lpoueccopHble aApa pasmelleHbl Ha oaHom Ymne (Processor chip)

" fAapa npoueccopa Mory pa3aensaTb HEKoTopble pecypcbl (Hanpumep, Keww-namsaTb)

= MHoroagepHbin NpoLLeccop peanunsyeT napannennsm yposHsa notokos (Thread level parallelism — TLP)



MHoroaaepHbie npoueccopbl ¢c noaaep*KKom SMT

Architectural State

Jlornueckui npoueccop | Jlormueckuia npoueccop
Architectural State

Jlornueckuit npoueccop | Jlormueckuii npoueccop

Architectural State

Architectural State

Frontend ILP
(Fetch, Decode)

Backend
BbluncnautenbHoe agpo
(Execution Engine)

Kew-namaTtb
(Cache)

Frontend ILP
(Fetch, Decode)

Backend
BbluncautenbHoe agpo
(Execution Engine)

Kew-namatb
(Cache)

MHoroagepHbIn NPOLLECCOP MOXKET NoAAepKMBATb OAHOBPEMEHHYHO MHOIFOMNOTOYHOCTb
(Simultaneous multithreading — SMT, Intel Hyper-threading, Fujitsu Vertical Multithreading)

Kaxpoe Aapo MOXKET BbINOJ/IHATb HECKO/IbKO MOTOKOB Ha CBOEM CyNepCcKaaApHOM KOHBenepe
(2-way SMT, 4-way SMT, 8-way SMT)

OnepauuoHHas cuctema npeacrtasafeT Kaxkablh SMT-NOTOK KaK 10rM4eckuin npoueccop




MHoroaaepHblie npoueccopbl ¢ noaaepKKom SMT

Instruction Level Parallelism only!

Concurrency

Architectural State

Jlornueckuni npoueccop | Jlormueckuia npoueccop
Architectural State

Jlornueckuin npoueccop | Jlormueckumia npoueccop

Architectural State

Architectural State

Frontend ILP
(Fetch, Decode)

Backend
BbluncautenbHoe agpo
(Execution Engine)

Kew-namatb
(Cache)

Frontend ILP
(Fetch, Decode)

Backend
BbluncautenbHoe agpo
(Execution Engine)

Kew-namaTtb
(Cache)

OnepaunoHHasa cucTtema BUAUT 4 OrMYecKkux npoueccopa

[MoTOoKM O 1 1 BbINONHAKOTCA HA pecypcax O4HOro aapa — NPMBA3aHbI K 10rM4eckum npoueccopam SMT

Ob6a NnoToKa pa3aenatT pecypcbl 04HOMO CynepcKaaapHOro KOHBenepa agpa —
KOHKYPUPYIOT 33 pecypcbl (TONbKO Napannenmsm ypoBHA UHCTPYKUKUINA — [LP)




MHoroaaepHblie npoueccopbl ¢ noaaepKKom SMT

Thread Level Parallelism +
Instruction Level Parallelism

Jlornyecknit npoueccop
Architectural State

Jlornueckuim npoueccop
Architectural State

Jlornyecknit npoueccop
Architectural State

Jlornyeckuni npoueccop
Architectural State

Frontend ILP
(Fetch, Decode)

Backend
BbluncautenbHoe agpo
(Execution Engine)

Kew-namatb
(Cache)

Frontend ILP
(Fetch, Decode)

Backend
BbluncautenbHoe agpo
(Execution Engine)

Kew-namaTtb
(Cache)

OnepaunoHHasa cuctema BUAUT 4 NOrM4Yeckux npoueccopa

[MoToKkn O 1 1 BbINONHAIOTCA Ha CyrnepCcKaaspHbIX KOHBerepax pa3Hbix A4ep

3a1enCcTBOBaH Napannenn3m ypoBHs NnoTokoB (TLP) u nHctpykumi (ILP)




CoBpeMeHHble cuctembl Ha base
MHOrosaepHbIX NPOL,EecCopoB
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Apple iPhone 6

SoC Apple A8
o Dual-core CPU A8 1.4 GHz (64-bit ARMVS8-A)
o Quad-core GPU PowerVR

SIMD: 128-bit wide NEON

L1 cache:
per core 64 KB L1i, 64 KB L1d

L2 cache: shared 1 MB
L3 cache: 4 MIB
Technology process: 20 nm (manufactured by TSMC)



Samsung Galaxy S4 (GT-19505)

Quad-core Qualcomm Snapdragon 600
(1.9 GHz with LTE, ARMv7, CPU Krai 300)

KoHseuep (Pipeline): 11 stage integer pipeline
(3-way decode, 4-way out-of-order speculative issue superscalar)

SIMD: 128-bit wide NEON
LO cache: 4 KB + 4 KB direct mapped

L1 cache: 16 KB + 16 KB 4-way set associative

L2 cache: 2 MB 8-way set associative

Technology process: 28 nm

http://www.samsung.com/ru/business/business-products/mobile-devices/smartphone/GT-19505ZRFSER



http://www.samsung.com/ru/business/business-products/mobile-devices/smartphone/GT-I9505ZRFSER

CneumanunsuposaHHble yckoputenu: Intel Xeon Phi

Multi-Threaded Multi-Threaded
Wide SIMD - Wide SIMD

IS5 DS 13 D$
— A ——
——— =

L2 Cache
—- -—
—— —

(

Special Function
System & /O
Interface

|
Memory Controller

Memory Controller

Multi-Threaded Multi-Threaded
Wide SIMD 2 3 a3 Wide SIMD

15 D$ IS DS

http://www.intel.ru/content/www/ru/ru/processors/xeon/xeon-phi-detail.html

The Tianhe-2 Xeon Phi drawer in action

. . http://www.theregister.co.uk/Print/2013/06/10/inside chinas
= [ntel Xeon Phi (Intel MIC): 64 cores Intel P54C (Pentium) tianhe2_massive hybrid_supercomputer/

= Pipeline: in-order, 4-way SMT, 512-bit SIMD

= Konbuesasa wuHa (1024 6urT, ring bus) ana ceasun agep sMP-cucrema RIS
N KoHTpoanepa namatn GDDR5 256 JIOrUYEeCKmX

npoLueccopos

= YcraHasnuBaetca B PCl Express cnot


http://www.theregister.co.uk/Print/2013/06/10/inside_chinas_tianhe2_massive_hybrid_supercomputer/
http://www.intel.ru/content/www/ru/ru/processors/xeon/xeon-phi-detail.html

CneuunanunsuposaHHble yckoputenu: GPU — Graphics Processing Unit

= Graphics Processing Unit (GPU) — rpadunyecknn npoueccop, cneumanm3ampoBaHHbIN
MHOTFOMNPOLECCOPHbIN YCKOPUTENDb C 0OLLLEN NAaMATbLIO

* Bonbluana YacTb NoWaan Yymna 3aHATa anemeHTapHbimu ALU/FPU/Load/Store
MOAYNAMMU

= Yctpouncto ynpasneHua (Control unit) otTHocutTenbHo npoctoe no cpasHeHuto ¢ CPU

ALU AU & I I I
Control : | | |
ALU  ALU | L) L)L
- | | |
- | | |
- I I I
I — NVIDIA GeForce GTX 780 AMD Radeon HD 8970

(Kepler, 2304 cores, GDDR5 3 GB) (2048 cores, GDDR5 3 GB)



CneunanmnsnpoBaHHble MHOroAepHble NPoLeccopbl

Sony Playstation 3
IBM Cell
(2-way SMT PowerPC core + 6 SPE)

Microsoft XBox 360
IBM Xenon
(3 cores with 2-way SMT)

Cisco Routers
MIPS
Multi-core processors

Tilera TILEPro64
(64 cores, VLIW, mesh)




PacnpepeneHHble
BblUMCAUTE/IbHbIE CUCTEMDI
(Distributed Computer Systems)
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BbluncantenbHble Knacrepbl

Certb InfiniBand (BbluncnutensHas ceTb)

!

!

!

!

Anpo (| Anpo

Anpo (| Anpo

Mpoueccop

Mpoueccop

A
\

A
\

O06Lwaa namaTtb

| O6Lwwas NnamMaTb

| O6Lwas naMaTb

Obwasa namaTb

| O6Lwwas namMaTb

A
A

A
A

A
Y

A
Y

A
\

A
\

A
Y

A
Y

Mpoueccop

Mpoueccop

Mpoueccop

Mpoueccop

Mpoueccop

Mpoueccop

Mpoueccop

Mpoueccop

Anpo || Aapo

Aapo || Aapo

Agpo (| Azpo

Agpo (| Aapo

Anpo || Aapo

Anpo || Aapo

Agpo (| Azpo

Agpo (| Aapo

Frontend (login node) I

Compute node 1 I

Compute node 2 I

Compute node 3 I

Compute node 4 I

CeTtb Gigabit Ethernet (cepBucHasa cetb: NFS, DNS, DHCP, ssh, ...)




’M6puaHbie BblUNCAUTENbHbDIE Y3bl

Memory (DDR3) Memory (DDR3)

CPU1 QPI CPU2

—)
Core1 Core2 Core3 Cored Core1 Core2 Core3 Cored

1/0 Hub

PCIl Express Gen. 2

GPU1 GPU2

GPU Memory GPU Memory

Cores Cores




U,EI'IM ontTmMmmnsauumum nporpamMmmHOro obecneueHus

" MWHMMMN3AUMNA BPEMEHU BbIMONHEHUA
" MuHnmmnsauma obbema notpebisemon namaTu

" MuHMMM3aLUA sHepronoTpebieHna NpoLeccopom/BbIMNUCINTENBHBIM Y3/10M
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3Tanbl ONTUMM3ALLIUM KOAA

. AnropuUtmuuyecKaa onTMMu3saumsa Koaa

. Pacnapannenusanue — Thread Level Parallelism
(OpenMP/Pthreads, CUDA/OpenCL/OpenACC, MPI)

. ONnTMMM3auMAa AoCcTyna K NamaTu

(kew-namaTtn, O3Y, AMCKOBOMN, CETEBbIM XPaHWU/IULLLAM)

. Bektopusauua Koga — Data Parallelism
(SSE, AVX, AltiVec, ARM SIMD)

. OnTumunsauma BeTBNEHUU, ONTUMM3ALUA
3arpy3Ku Kouseuepos — Instruction Level Parallelism



OnTumusauma Koga

OcyuwecTtBnaetcs npodunmpoBaHme Koaa (npobiemHbIX y4acTKOB)
" BbiABAAIOTCA “ropaumne Toukn” (hot spots) — yyactkm nporpammei,
Ha KOoTopble NpuxoanTca 6onblue BCero BPeMeHM BbIMOJIHEHUA

[opAuMe TOUKM COPTUPYIOTCA B NopAaKe He yObiBaHMA BpeMEHW BbINOAHEHUSA
— popmunpyeTca NPUOPUTETHBLIN CIMCOK YY4ACTKOB NPOrpammbil
ANA nocneaytowen onTMmMmmsaumm

Kamp,aﬂ ropadyan TO4Ka ontTuMmmnusnpyeTca

Mocne onTMMMU3aUUKM KaXKao0ro “Xot cnota” npoBoAUTCA TECTUPOBaHME
nporpammbl — NpoBepAeTca coBnageHme pe3ynbratoB eé paboTbl A0
MoANDUKALMKM U NOCNE BHECEHNA N3MEHEHUM



OnTmmnsunpyoLme KOMNUAATOPbI

GNU GCC

gcc -march=core2 -02
Intel ICC

icc -xT -02

PathScale Compiler

pathcc -march=core -02
Oracle Solaris Studio

cc -xchip=core2 -02



Profile-Guided Optimization (PGO)

1. Generate profile
icc -prof-gen -o myprog ./myprog.c

./myprog

2. Use profile
icc -prof-use -0 myprogopt ./myprog.c

./myprogopt
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NMpodunmnposLLNKHK

Intel VTune Amplifier XE

Linux perf

AMD CodeAnalyst

Visual Studio Team System Profiler
Oprofile

GNU gprof

Valgrind — BbiInONHAET Nnporpammy Ha BUPTYa/IbHOW MaLLUHE



PexXxnmbl pabotbl NpoPmnAnNpoBLLUKOB

* CemnaunposaHue (Sampling) — npodmnanpoBLLUMK NepUOANYECKN CHUMAET
MHPOPMALIMIO O COCTOAHMM NPOrpPamMmbl (3Ha4YEHMNA CYETYMKOB NPOUN3BOANTE/IbHOCTH
npoueccopa, 3HaYeHMe CYETYMKA KOMaHA, ...) — POPMUPYET CTaTUCTUKY

"= Ha pe3ynbTaTtbl CEMN/IMPOBAHMUA 3HAYUTE/IbHO BAUAIOT APYrne Nporpammbl
3anyLleHHble B cMCTEME

" [lpn cemnAMpPoOBaHUN XKenaTenbHo, YTo bbl nccneayemas nporpamma pabortana
OTHOCUTENbHO ANUTENbHbIN MPOMENKYTOK BPpEMEHMU (MPOPUNNPOBLLNK AO0MKEH
ycneTb HabpaTb CTaTUCTUKY) U B cucTeme H6bII0 MUHMMYM 3anNYLLLEHHbIX MPOrPaMmm

Linux perf, Oprofile, Intel Vtune, AMD CodeAnalyst, ...



PexXxnmbl pabotbl NpoPmnAnNpoBLLUKOB

UHcTpymeHTauma (Instrumentation) — BHeapeHne B nporpammy Koaa And nepexsaTa
NHTEPECYIOLLMX NoNb30BaTeNA cobbITU (Hanpumep, Bbi3oBa GYHKLMN)

NHcTpymeHTauma no3sonaetr opmmnpoBaTtb rpad BbI3OBOB NPOrpamMmmbi, NogpoobHYO
MHPOPMALMIO O BpEMEHM BbINOJHEHMA GYHKUUN N Ap.

GNU gprof, Intel VTune, Valgrind, AMD CodeAnalyst, ...




Intel Vtune

4

é Process: foptfintelfviune’samples viunedemafvtunedems; Process |D: 4975; Size: 1

¥

o 1,17 i
divd_row 200, 00D 3,642 3643 i 0
test_if 10 0050 16,045 16,045 i 0
test_ifl 100,000 11,755 11,755 0 o

a T s

=R T ] [
ShowTep: 50 || 2% Recaleulae || Hghiight: | Recursive functions

it

s

<1

Graph | Call list




CPU Dispatching

#include <mmintrin.h>
__declspec(cpu_specific(pentium))
void array sum(int *r, int const *a, int *b, size t 1))

{
}

for (; length > @; 1--) *result++ = *a++ + *b++;

__declspec(cpu_specific(pentium_ MMX))
void array sum(int *r, int const *a, int *b, size t 1)

{
¥

/* Code for MMX */

__declspec(cpu_dispatch(pentium, pentium_ MMX))
void array sum(int *r, int const *a, int *b, size t 1))

{
¥



N3mepeHune BpemeHU BbINOJIHEHUA KOAa



U3mepeHue BpemeHu BbinosHeHUsa Koga (GNU/Linux)

int gettimeofday(struct timeval *tv, struct timezone *tz)
int clock _gettime(clockid t clk id, struct timespec *tp)
clock_t clock(void)

time_t time(time t *t);

CPU Time Stamp Counter (TSC, 64-bit MSR register)



dyHKuua gettimeofday()

#include <sys/time.h>

int main()

{
struct timeval t1, t2;

double t;
gettimeofday(&tl, NULL);
/* Measured code */

gettimeofday(&t2, NULL);

t = (t2.tv_sec * 1E6 + t2.tv _usec -
tl.tv_sec * 1E6 - tl.tv usec) * 1E-6;

printf("Elapsed time: %.6f sec.\n", t);

return 0;



U3mepeHUe BpemeHU BbiNOJIHEHUA KOAa

m UNmeetca dparmeHT Koga (PpyHKuUMA), TpebyeTca nsmepuTb NPOAOIKUTENBHOCTb
ero BbIMO/IHEHMS

m [1poaonKUTenbHOCTb BbINONHEHUA Koaa (Aanee, Bpemsa) MoXKeT bObiTb BbiparkeHa
B CeKyHAaX, TakTax npoueccopa/CUCTEMHON WNHbI U NP.

m Pe3synbtatbl U3mepeHuin AONKHbI 6bITb BOCMPOU3BOANMbIMMU
t0 = get _time(); (NOBTOPHbIN 3aMyCK USMEPEHUIN AO/IKEH AaBaTb TakMe XKe

MEASURED_CODE() ; pesynbTaThl UK 6AU3KME K HAM)
tl = get_time();

m be3 BocnponsBoagnmocT HEBO3MOXKHO OCYLLECTB/IATD
ONTUMM3ALMIO KOAA: KaK MOHATb, YTO CTAaN0 NPUYNHOM

elapsed_time = t1 - t0; COKpALLEHMA BPeMeHW BbINONHEHMA KoAa -

ONTUMM3ALUUA AN 3TO OLUMOKA U3MEPEHUIA?



U3mepeHUue BpemeHHU BbiNOJNHEHUA KOAa

Cnepyet BbIbMpPaTb CaMbl TOYHbIM TAUMEP MMEIOLLIMKACA B CUCTEME:
RTC, HPET, TSC, ...

Heobxoammo yuntbiBaTb 3PpPeKTbl KEW-NAMATU 1 BOSMOXHO UTHOPUPOBATb
nepBbln 3aNyCK TecTa (NporpeBoYHbIN, Warm-up) — He BKA0YaTb €ro B UTOrOBbIN
pe3ynbrart

N3mepeHusa KenaTenbHO NPOBOAUTb HECKO/IbKO Pa3 U BbIYMUCIATb OLEHKY
MaT. OXUMAaaHuA (cpeaHero sHa4YeHUs ) U3mepAaemMmon BeIMYNHDbI
(Hanpumep, BpeMeHM BbINOJIHEHUA) U AUCTIEPCUIO

3anyCcK TeCTOB *enaTe/IbHO OCYLLLEeCTBAATb BCerga B OAHMX U TEX Ke YCAOBUAX —
Habop 3anyLEeHHbIX Nporpamm, annapaTtHas KoHburypaums, ...



MeTtoauka namepeHnAa spemeHun BbinosiIHEHUA KOA4a

1. ToToBUM CcUCTEMY K NPOBEAEHUIO USMEPEHUMN
O HacTpamMBaem annapaTHblie noacmctembl (HacTpoku BIOS)

O napameTpbl onepaLMoOHHON CUCTEMBI U MPOLLECCa, B KOTOPOM ByAyT OCyLLecTBAATLCA U3SMEPEHUSA

2. BbinonHsem pa3orpeBoyHbIi Bbi30B M3mepsaemoro Koga (Warmup)

o Pernctpupyem Bpems BbINONHEHWA MEPBOro BbI30Ba U HE YY4UTbIBAEM €ro B 06LLen CTaTUCTUKE
(Npy NepBOM BbI30BE MOMKET OCYLLECTBIATLCA OTI0XKEHHaA NHMULUMaNMU3aLUna 1 np.)

3. BbinonHAem MHOroKpartHble 3anyCKu u cobnpaem CTaTUCTUKY O BPEMEHMU BbINO/IHEHUA

o KakabIn 3anyCcK A0/1KEH OCYLLECTBASATLCA B OAHUX U TEX XKE YCNOBUAX
(BXOAHbIE MacCcUBbI 3aMN0/IHEHbI OAHUMU U TEMU XKe JaHHbIMU,
BXOAHble AaHHble OTCYTCTBYIOT/MPUCYTCTBYIOT B KELL-NaMATU npoLeccopa, ...)

o BbinonHaem U3MepeHnAa NoKa:

v/ oTHocuTenbHadA cTaHAapTHaA owmnbKa cpeaHero spemeHu BbinosHeHua (RSE) 6onblue 5%
[onumMoHanbHO]

v/ 4NCNO BbIMNOAHEHHbIX MSMEDEHMI‘;I MeHbLE MAaKCUMaAJZIbHO A0NYCTUMOTO



MeTtoauka namepeHnAa spemeHun BbinosiIHEHUA KOA4a

4. MpoBoanM CTaTUCTUUECKYIO 06pabOTKY pe3ynbTaToB U3MepeHUM

o Haxoamm n otbpacbiBaem npomaxu usmepeHui (Bbibpocsl, outliers):
Hanpumep, 25% MUHMMANbHbBIX U MAaKCUMAJIbHbIX 3HAYEHUIN Pe3yNbTaToB U3MEPEHUIN [ONUMOHANBHO]

O BbluMcnaem oUueHKY maTeMaTUUECKOTO OXKUAaHUA BpeMeHU BbiNoaHeHUA (mean)
(MmeanaHy [onumoHanbHO])

O Bbluncnaem HecMmelleHHYIO OLUEHKY AUCNepCUmn BpeMeHM BbINONHEHUS
(unbiased sample variance - Var)

o Bbluncnaem ctaHaapTHOe oTKNOHeHue (corrected sample standard deviation - StdDev)

o BbluMcnaem cTaHAAPTHYIO OWWMOKY cpeaHero BpemeHu BbINMoAHEHUSA
(standard error of the mean - StdErr)

O BbluMcnaem OTHOCUTENIbHYIO CTAaHAAPTHYIO OLUMBKY cpeaHero BpeMeHM BbIMOJIHEHUS
(relative standard error of the mean - RSE)

o Ctpoum goseputenbHble nHtepsanbl (confidence interval)



dnemeHTapHana o0bpaboTKa pe3ynbTaToB USMepeHUun

MaTtemaTtuyeckoe oxKuaaHue BpemeHu BbinosiHeHns (Mean)

tl‘|‘t2‘|‘"'+tn
T

t =

HecmelieHHan oueHKa gucnepcum spemenm sbinonHeHusa (Unbiased sample variance - Var)

SE:n.iljZ:;(t}_E): (n—1) th ;t})zj

CraHpapTtHoe oTknoHeHue (Corrected sample standard deviation - StdDev)
5= V32

CraHpapTHan owunbKa cpegHero BpemeHu BbinonHeHUA (Standard error of the mean - StdErr)

OTHOCUTENbHAA CTaHAAPTHAA OWKNOKa cpeaHero BpemMeHu BbINONHEHUS
(relative standard error of the mean - RSE)

StdE
2 100%

5 _
StdErr = 7 RSE(f) =



dnemeHTapHaa o6paboTKa pe3ynbTaToB USMEPEHUMN

RSE nokasblBaeT Ha CKO/IbKO 6/1M3KO BblYMC/IEHHOE cpefiHee BPeMs BbINO/IHEHUS
K UICTUHHOMY CpeZiHEMY BPEeMEHM BbINOJIHEHUA (CpeaHemMy reHepasibHOM COBOKYMHOCTH)

o Ha npaKkTtuke xopowaa TouHocTb RSE <= 5%

OueHKa norpeLwwHoOCcTU Npu 60abLIOM YNCNe N3IMEPEHUMN
t =1+ 3s

o CBepoaTHocTbio 0.997 Bpems BbIMONHEHMA NEXKUT B MHTepBane (f — 3s;t+
o CBepoATHocTblo 0.955 Bpems BbINONHEHUA NEXUT B UHTepBane (t — 2s;t+

o CBepoaTtHocTblo 0.683 BpemsA BbINONHEHUA NEXUT B MHTepBane (t — s;t+ s
OueHKa norpewwHoCcT! NprU Masom uyucne usmepenum (n < 10)

O 3agaem Tpebyemblii ypoBeHb a goBepuTenbHom BeposaTHocTh (0.95; 0.99), n3 Tabanubl bepem 3Ha4yeHme
Koadpunumenta t,, CrblogeHTa

t=1t+t,, - StdErr



BbluncneHue ctaHaapTHOro otknoHeHus (StdEv, StdDev)

m CTaHaapTHbIV NoaxoA: s> MoXKeT bbiTb < 0, oMbKa Npu BbIMUCIEHUN KOPHA

5 1 L 1 1 ) n . L .
S = . (tf tj_ﬂ(ﬂ—lj}(n;t (;tfj) - . _ﬁ

m Metopg B.P. Welford’a
Knuth D. The Art of Computer Programming, Vol. 2, 3ed. (p. 232)

M, =z, My =Mp—1 @& (2 © Mp—1) @k,
51 =0, Sk = Sk-1® (z1 © Mi_1) ® (zx © My),

= o= /S/(n-1)
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