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ApxuTteKktypa 3BM . poH HemaHa

OcCHOBHbIle 4yepTbl apxuteKTypbl 3BM K. PoH HemaHa

* MNpUHLMN OAHOPOAHOCTM NAMATU — KOMAaHAbl U AaHHblEe XPaHATCA
B OZIHOM M TOM e namaTu (BHelIHe Hepas3AnYnMbl)

" MpuHUMN aaPECHOCTU — NAaMATb COCTOUT U3 NPOHYMEPOBAHHbIX AYEEK,
npoueccopy AOCTynHa Ntobas syenka

" MpUHUMN NPOrpPaMMHOr0 ynpaB/ieHUA — BblYMCAEHNA NPeACcTaB/eHbl
B BUAE NPOrpaMmbl, COCTOALLEN U3 NOCNeA0BaTe/IbHOCTU KOMaHA,

* MpuHUKMN ABONYHOIO KOAUPOBaAHUA — BCA MHPOpMaL A,
KaK JaHHble, TaKk U KOMaHbl, KOAUPYIOTCA ABOUYHbIMU LUmdpamm O u 1

[Mepsble 3BM ¢ xpaHUMOM B NamMATU NPOrpammon

= EDVAC (1944-1951, CLLUA): —
[K. OKkepT, K. Mokan, . PoH HenmaH, . TonacanH The EDVAC as installed in Building 328

at the Ballistics Research Laboratory,
Maryland USA // Wikipedia




ApxuTtektypa 3BM K. poH HemaHa
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Y3Koe MecTo apxmuTeKTypbl K. poH HermmaHa —
COBMECTHOE MCMNO/1b30BaHME WNHbI ANA AOCTYNa K MaMATK 33 AaHHbIMU
M KOMaHAaMM NPOorpaMmmbl (3TO OrpaHMYMBaAET NPOMYCKHYO CMOCODOHOCTb
MeX Ay NPOoLEeCCOPOM M MAaMATHIO)



[yt yBennyeHna npoussogutenbHoct 3BM
CoBepLueHCTBOBaHUE 3/1eMeHTHOU 6a3bl

dneKTpomexaHUUYecKue pene, BaKkyymHbie 1amnbl

|

TpaH3UCTOpPbLbI

|

MuKpocxembl HU3KOM CTENEHU UHTerpauum

|

BUC, CBUC, mukponpoueccopbl

|2

OnmuyecKue, KeaHMoaeble, MOseKYAAPHbIE MPoyeccopbl




Nyt ysennyeHua npoussogutenbHoctu 3BM

CoBeplueHCTBOBaHUE apXUTEKTYypbl 9BM

= 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):
KOHBeMepHan apxnTeKTypa, cynepckanapHasa obpaboTKa, VLIW

o Mapannennam yposHa notokoB (Thread Level Parallelism — TLP):
MHOTONPOLLECCOPHblE CUCTEMbI, OAHOBPEMEHHA MHOTOMNOTOYHOCTb,
MHOTrosiAepHble NpoLLeccopbl

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



Nyt ysennyeHua npoussogutenbHoctu 3BM

CoBeplueHCTBOBaHUE apXUTEKTYypbl 9BM

» CMmeHa napagurmbl opraHu3aLmMmn BblMUCNEHWNA

" ApXUTEKTypa C YnpaB/JieHUEM MOTOKOM KOMaH/,
(Control flow, knaccnyeckas apxutekTypa ¢oH HerMmaHa) —
nocae0BaTeIbHOCTb BbIMOIHEHUA NHCTPYKLLXIM 3a4aHa NporpaMmmol

" ApXMTEKTYpa C ynpaBaeHMemM NOTOKOM AaHHbIX (Data flow) —
HEeT CYEeTYMKA MHCTPYKLUMIN, KOMAHAbl BbINOJIHAKOTCA MO FOTOBHOCTU BXOAHbIX AaHHbIX
(onepaHa0B), NOPALOK BbINOJIHEHMA ONepaLUuii 3apaHee HeM3BecTeH

Bypues B.C. Hosbie npuHyuUNbI 0p2aHU3auuU 8bI4UCAUMESTbHbIX NPOUECCO8 BbICOKO20 NAPAsI/eau3mMa [/
MCO-2003, URL: http://old.lvk.cs.msu.su/files/mco2003/burtsev.pdf



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

[Mapannennsm ypoBHS MHCTPYKL UM
(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

OcHOBHble 3Tanbl 06paboOTKN MHCTPYKLMIA
(RISC pipeline)

IF (Instruction Fetch) —3arpy3ka MHCTPYKUMM M3 NAMATU (KaLa MHCTPYKUMIA, 1 TaKT)
ID (Instruction Decode) — gekogmpoBaHMe MHCTPYKL UM

EX (Execution) — BbinonHeHuMe
(Reg-Reg Op. — 1 TakT, Mem. ref. — 2 TaKkTta; Div, Mul, FP Ops. — >1 TaKra)

MEM (Memory access) — 40CTyn K namaT (4TeHne/3anmnchb)

WB (Register Write Back) —3anuncb B perncrtpsl



BbluncantenobHbi KOHBeuep (Instruction pipeline)

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

MakcmmanbHoe yckopeHue (Pipeline speedup)
PaBHO YMNC/y 3TANOB KOHBENEepPa

IF (Instruction Fetch) —3arpy3ka MHCTPYKUMM M3 NAMATU (KaLa MHCTPYKUMIA, 1 TaKT)
ID (Instruction Decode) — gekogmpoBaHMe MHCTPYKL UM

EX (Execution) — BbinonHeHuMe
(Reg-Reg Op. — 1 TakT, Mem. ref. — 2 TaKkTta; Div, Mul, FP Ops. — >1 TaKra)

MEM (Memory access) — 40CTyn K namaT (4TeHne/3anmnchb)

WB (Register Write Back) —3anuncb B perncrtpsl



KoHpnkTbl aaHHbIX (Data hazards)

" TeKyLlUMM War KoHBenepa He MOXKET ObiTb BbINOJIHEH,
TaK KaK 3aBUCUT OT pe3y/1bTaToB BbINOAHEHUA NpeablayLLero wara

= BO3MOXHble NPUYNHDI:

o Read After Write (RAW) — True dependency

i1: R2=R1 +R3
i2: R4=R2 +R3 nAa pa3pelwleHuna
o Write After Read (WAR) — Anti-dependency NpO6AEMBI KOHBEAEP
R4 = R1+ R3 NMPNOCTaHaB/INBAETCA
R3 = R1 +R? (pipeline stall, bubble)
o Write After Write (WAW) — Output dependency
R2 =R4 + R7

R2=R1+R3



KoHpnkTbl aaHHbIX (Data hazards)

" TeKyLlUMM War KoHBenepa He MOXKET ObiTb BbINOJIHEH,
TaK KaK 3aBUCUT OT pe3y/1bTaToB BbINOAHEHUA NpeablayLLero wara

= BO3MOXHble NPUYNHDI: Step | IF ID EX ST

o Read After Write (RAW) — True dependency 1 i1
i1: R2=R1+R3 2 i2 il
i2: R4 =R2 +R3 3 i2 | i1

o Write After Read (WAR) — Anti-dependency 4 i2 il
R4 =R1+R3 5 -
R3=R1+R2

o Write After Write (WAW) — Output dependency o ] e S L T
R2=R4+R7 [ns paspelwieHms npobiembl KOHBeKep
R2=R1+R3

npuoctaHasnueaeTca (pipeline stall, bubble)



KoHpnunkTbl ynpasneHua (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 Nnepexonos

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

KaKylo MHCTpYKUUIO BbIGUpaTh
u3 namatm (IF) Ha ware 4?

(MHCTPYKUMA jne ewle He BbINOAHEHA)

(Branch Prediction Unit — BPU), KoTopbi ynpaBaseT cHeTYUMKOM KOMAHA




CynepckansapHbie npoueccopbl (Superscalar)

UcnonHaowmre moaynum KoHBelepa NPUCYTCTBYIOT B HECKO/IbKUX 3K3emnaapax
(HeckonbKo ALU, FPU, Load/Store-moayneit)

32 OAMH TaKT NPOLECCOpP BbINONHAET Napa/ie/ibHO HECKONbKO MHCTPYKLMIA

[Mpoueccop AMHAMMYECKU NPOBEPAET BXOAHbIE MHCTPYKLUMM HA 3aBUCUMOCTb NO AaHHbIM —
AVHAMUYECKMNM NIaHMPOBaHWE BbIMOAHEHUA MHCTPYKUMA (Maen dataflow-apxutekTtypbl)

BHeouepeaHoe ncnonHeHme komanpg, (Out-of-order execution) — nepeynopago4ymBaHne KOMaHA
AN MaKcumanbHo 3arpysku ALU, FPU, Load/Store (MMHMMM3aLMA 3aBUCUMOCTU NO AAHHbIM MeXKay
NHCTPYKLUMSAMM, BbINOIHEHMUE UHCTPYKLMI 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 | ID | EX MEM|WB

d =e + f __ F | ID | EX |MEM| WB
. F | ID | EX |[MEM We

IF | ID | EX |MEM| wB
IF | 1D | EX MEM| wWB |
F [ ID | EX MEM| wB
F [IB | EX [MEM wB

a=b+c x
IF | D | EX MEM wB
b=e+f IFE | 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




OpraHuM3auma agpa npoueccopa ¢ apxutekrypou Intel 64

- = Jlornueckuiu npoueccop (Logical processor)
Jlornaecknn npoueccop Processor npeacTaBneH apxumeKkmypHbIM COCMOAHUEM
Architectural State chip PeA P P .
N KOHTPOJ1/IEPOM MpPepbIBaHUM

Frontend (Interrupt controller, APIC)
(Fetch, Decode)

m Keww-namaTb =  ApPXUTEKTYpPHOE COCTOAHMUE

Backend (Cache) (Architectural state, AS) BkatoyaerT:
BbluncnntenoHoe agpo

(Execution Engine) L peructpsbl obwero HasHayeHus (RAX, RBX, ...)

cermeHTHble peructpsl (CS, DS, ...),

ynpasnasawouwme peructpbl (RFLAGS, RIP, GDTR, ...)
X87 FPU-peructpbl, MMX/XMM/YMM-perncrpsi

MSR-peructpsl (time stamp counter, ...)

(R Wy Wy

O Intel64 and 1A-32 Architectures Software
Developer Manuals //

bl o V24
https://software.intel.com/en-us/articles/intel-sdm " Jlormueckum npoueccop — 370 TO, 4TO "BUAMT

onepaunoHHaA CNCTEMA



https://software.intel.com/en-us/articles/intel-sdm

OpraHuM3auma agpa npoueccopa ¢ apxutekrypou Intel 64

Jlornyecknin npoueccop
Architectural State

Frontend
(Fetch, Decode)

Backend
BbluncnntenoHoe agpo
(Execution Engine)

Processor
chip

Kew-namaTb
(Cache)

= Jlornyeckmim npoueccop Ucnonb3yeT
pecypcbl BbIMUCUTE/IBHOMO A4PA
(Execution engine)

" Frontend peanunsyet BbIOOPKY,
NEeKoANPOBaHNE NHCTPYKLUUN,
noaaeprKMBaeT ovepeab ANA
nepegayn MHCTpyKumun B Backend

= Backend — 310 BbluMCAIUTENBHOE AAPO; €I0 ANHAMMNYECKMN NNAHNPOBLLUK
pacnpeaensaeT MHCTPYKLUMM NO UCnonHaoLwmm yctpomnctesam: ALU, FPU, Load/Store

= Backend peanunsyet napannenvHoe 8binosaHeHUe UHCMPYKYUU
(Instruction level parallelism — ILP)



Intel Nehalem Core Pipeline

Intel 64 CISC macro-instructions

11
i T |
Front. End Pipeline Instruction Fetch & Pre Decode | D ITLB [« Instruction Cache (32 KiB) I
(in-order) : 1 T R X |
11
Intel 64 CISC i Instruction Queue (1Q) = | :
macro-instr. ! 7 R :
Decode N L2 TLB '
|
L _________)'7x L ol > L3 Cache
Fmmm e N (256 KiB, 8-way) I
o . |
Execution Engine : Rename/Allocate ' :
(out-of-order) | ' % 5 |
I Iy I
Nehalem RISC | | Retirement Unit | :
micro-operations | | (Re-Order Buffer) . ;
|
: AN L : : :
: Scheduler . :
! Reservation Stations - i
I l : : I
| I ” N I
' X . I ; !
' —+ Execution Units < DTLB [ Data Cache (32 KiB) l
I I I
N N . N N ww 4

7 ceHTAabps 2018 . 18



Intel Nehalem Frontend Pipeline (in-order)

Intel64 CISC ITLB [« L1 I-cache (32 KiB, 4-way) «—> Unified L2-Cache
macro-instr.
1 16 byte/cycle
! . Branch i
i | Instruction Fetch a- c. Pre Decode, !
! i (IF < Prediction Prefetch Buffer, !
| Unit (IFU) Unit (BPU) Instruction Length Decoder E
E lG instr./cycle i
i Instruction Queue (IQ) i
i (18 entry — 18 instruction max.) i
E 5 instructions/cycle !
i Instruction Decoding Unit (IDU) i
i 3 simple + 1 complex i
E Sinlple Sinlple Sinlple Complex [€ + micro-code E
E 4 uops./cycle E
| y A y AAA% |
Nehalem RISC | Decoded Instructl9n ngue (DIQ, 28 uops. ma>.<) :
. Loop Stream Detection, Micro-Fusion, Macro-Fusion :

micro-operations
ml 4 micro-ops./cycle

7 ceHTAabps 2018 . 19



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
i . Branch i
i | Instruction Fetch | . Pre Decode, .
: Unit (IFU <> Prediction Prefetch Buffer, !
E mE (IFU) Unit (BPU) Instruction Length Decoder E
L 6insth, e 5
IFU Ha KaXXaom TaKTe Bb|6mpae-|- Instruction Queue (IQ) Pre Decode onpeaenaet oNnUHy
n3 kawa L1 (yepes ITLB) 16 6aiit (18 entry — 18 instruction max.) MHCTPYKUMI, UX NPePUKCbI U TUMb
MHCTPYKUMIA M nepeaaeT Ux Ha 5 instructions/cycle (ycnoBHbIN/6e3ycnoBHbIM nepexoa, ...)
npeaekogmposaHue B Pre Decode . } - M nepesaet nHdopmauuto
Instructlpn Decoding Unit (IDU) B Instruction Queue
i 3 simple + 1 complex .
E Sinlple Sinlple Sinlple Complex |[€ + micro-code i
E 4 uops./cycle E
1 y A y AAA4 1
Nehalem RISC . Decoded Instructl9n ngue (DIQ, 28 uops. ma>.<) :
. Loop Stream Detection, Micro-Fusion, Macro-Fusion :

micro-operations
IIII 4 micro-ops./cycle

7 ceHTAbps 2018 T. 20



Intel Nehalem Frontend Pipeline (in-order)

IDU npeobpasyet Intel64-nHctpykummn B RISC-mmnKkpoonepaummn (Uops, CNOXKHbIE d L2-Cache
NHCTPYKLUUM NpeobpasytoTca B HECKO/IbKO MUKpOoonepaLunii)

= |IDU nepepaeTt mukpoonepaunm B ovepeb DIQ, rae BbINONHAETCA NOUCK LMKIOB
(LSD, ana npenoTtBpalleHna X NOBTOPHOIO AEKOANPOBAHMUSA), CANAHME MUKpPOONepaL Ui
(ana ysennyenms nponyckHow cnocobHocTtn FEP) n apyrue ontmummsaumm

" [loTok RISC-muKpoonepauunit nepeaaeTcs B UCNONHAIOLLEE 540

A 2 :

) X Instruction Queue (IQ) E

i 18 entry — 18 instruction max.) i

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

| Instruction Decoding Unit (IDU) |

i 3 simple + 1 complex i

E Sinlple Sinlple Sinlple Complex [€ + micro-code E

E 4 uops./cycle E

1 y N y AAA4 1

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

micro-operations
II—II 4 micro-ops./cycle

7 ceHTAabps 2018 . 21



Intel Nehalem Execution Engine

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

1

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

Register Renaming, Resource Allocation (RRRA)
L 4

| v |
i > Unified Reservation Station (dynamic scheduler, 36 micro-ops) E
E l Port 0 l Port 1 lPort 2 l Port 3 l Port 4 l Port5 |
| Int. ALU, Int. ALU, Int. ALU, | !
| Shift LEA Load Store Address Store Data Shift :
1 4 :
! FMUL, FDIV FP Add l Branch !
: v i
: Complex Int. Memory Order Buffer (MOB) FP Shuffle :
! SSE Int. AL, - :
| Int. Shuffles SSE Int. ALU, | !
: S92 i, bt Int. Shuffles E
: I 1 J :
:. _________________________________________________________ B e e e T e 1
_— micro-ops./cycle Data TLB ' «—> L2 TLB
L1 Data Cache (32 KiB) <« L2 Cache

7 ceHTAabps 2018 . 22



Intel Nehalem Execution Engine

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

Register Renaming, Resource Allocation (RRRA)

l . '\\
Retirement Unit (RU), ‘
ReOrder Buffer (ROB, 128 uops)

’
’
‘------1

-
f"
-
-
-

= Resource Allocation — Bbigenset gns

LR d NocTynatowmx MMKpoonepaLunin 6a1oKku
> Unified Reservation Station (dynamic sc‘}\‘ B Re-Order Buffer, Reservation Station,
: NpWBA3bIBAaET MUKpPooNepaLumm K nopT
: Port 0 Port 1 Port 2 Poi, P : P Pas PTY
: Bblgaun (dispatch port)
i Int. ALU, Int. ALU, ] ]
: Shift LEA Load Store Addre{ = Register Renaming — nepenmeHoBbIBaeT
i apxuTeKkTypHble peructpbl (RAX, RBX, ...),
! AAIEL AN P l MCcnonb3yemMble B MUKpOONepaLmnmn B
| Complex Int. Memory Order Bu MWKPOAPXUTEKTYPHbIE PErUCTPbI ANSA
SSE Int. ALU, = npenoTBpalleHnsa KOHGIMKTOB AaHHbIX
E Int. Shuffles . (Data hazards)
| | |
:. _________________________________________________________ B e e e T e 1

_— micro-ops./cycle Data TLB ' «— L2 TLB

L1 Data Cache (32 KiB) <« L2 Cache

7 ceHTAabps 2018 . 23



Intel Nehalem Execution Engine

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

1

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)

l Port0 . ,,"'_I Port 2 l Port 3 l Port 4 l Port 5

. 1 I " ! J__I 1__[ L_J ]

= URS — nyn 13 36 mmkpoonepaunmn + AMHAMNYECKUN NNAHNPOBLLMK

= Ecnm onepaHAabl MMKPOONEpPaLnm roToBbl, OHA HAaNPaBASAETCA HAa OAHO NX UCMOAHAKOLWLNX YCTPONCTB —
BbINO/IHEHWE NO rOTOBHOCTU AaHHbIX (MaKCMMyM 6 MUKpoonepaumin/TakT — 6 nopTos)

» URS peanusyeTt paspelleHna HEKOTOPbIX KOHPAMKTOB AaHHbIX — NepeaaeT pe3ynbTaT BbINOJIHEHHOW onepauun
HanpAMYt Ha Bxog, apyron (ecnm Tpebyetca, forwarding, bypass)

Data TLB «—> L2 TLB

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

7 ceHTAabps 2018 . 24



Intel Nehalem Execution Engine

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

1

Register Renaming, Resource Allocation (RRRA)

Retirement Unit (RU), ¥l _____ i = ROB — xpaHUT MMKpoOONepaumn ¢ nx
ReOrder Buffer (ROB, 128 uops) ™. "7  coctoaHMAMM B UcXxomHOM nopaake (in-order)
LA
> Unified Reservation Station (dxii‘m\ = RU — oTcnexkmnsaet, 4ToObl 3an1cb pe3ynbTaTos
: B APXMTEKTYpPHblE PErnCTPbI BbINOIHANACH
: Port 0 Port1 Port 2 v o
| B NPAMOW NOC/Ne[0BaTe/IbHOCTU (MCXOAHOM
! Int. ALU, Int. ALU, nporpammbi)
| Shift LEA Load Store A
: " BbinonHeHue Intel64-nHCTPYKUMKN CUMTaAETCA
| FMUL, FDIV FP Add 3aBepLUEHHbIM, ecu
| Complex Int. Memory Ordd a) Bce eé MMUKpoonepaLnm BbINOAHEHDI,
: SSE Int. ALU, < 6) Bce bonee paHHMe onepaunm 3aBepLLEHDI
E Int. Shuffles S v 5 ——
: nt. viu Int. Shuffles |
| ] I J :
__________________________________________________________ B e e e e ey |
_— micro-ops./cycle Data TLB ' «— L2 TLB
L1 Data Cache (32 KiB) <« L2 Cache

7 ceHTAabps 2018 . 25



Intel Haswell Execution Engine (backend)

7 ceHTAabps 2018 .

Unified Reservation Station

e

Doubles peak FLOPs
Two FP multiplies

benefits legacy

4th ALU
Great for integer workloads
Frees Port0 & 1 for vector

New Branch Unit New AGU for Stores
- Reduces Port0 Conflicts - Leaves Port 2 & 3
- 2nd EU for high branch code open for Loads

http://arstechnica.com/gadgets/2013/05/a-look-at-haswell/2/

26
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Mapannennsm ypoBHA MHCTPYKUMM (Instruction level parallelism — ILP)

= CynepckanapHbli KOHBeuep (Superscalar pipeline) — ncnonHatowme )
MOAY/IN KOHBeMepa NPUCYTCTBYIOT B HECKOJIbKMX 3K3eMMN/Ifpax
(Heckonbko ALU, FPU, Load/Store-moaynei)

= BHeouepegHoe ucnosiHeHue KomaHpg (Out-of-order execution) — Intel 64
nepeynopAaaovYmsBaHne KoMmaH4 ANnAa MakCcumanbHO 3arpyskun ALU, FPU, CPI< 1
Load/Store (MMHMMM3aLMA 3aBUCMMOCTUN NO AAHHBIM MEXAY UHCTPYKLMAMM, (Cycles per instruction)

BbIMO/IHEHME UHCTPYKLMIA NO FOTOBHOCTU UX A@HHbIX — 3/1EMEHTbI
dataflow-apxutekTypbi)

= SIMD-uHcTpyKuum — moaynu ALU, FPU, Load/Store noaaep:xmBatoT onepaumnm
Haja BeKTopamu (Habopbl MHCTPYKUMM SSE, AVX, AltiVec, NEON SIMD)

= VLIW-apxutektypa (Very Long Instruction Word) — npoueccop ¢ LUIMPOKMM KOMaHAHbIM C/IOBOM
OnepupyeT C MHCTPYKUUAMMU, COAEPKALLMMM B cebe HECKOIbKO KOMAHA, KOTOPble MOMKHO
BbIMNONHATb NapannenbHo Ha ALU/FPU/Load-Store
(Intel Itanium, Transmeta Efficeon, Texas Instruments TMS320C6x, 3A0 “MUCT” 3nbbpyc)
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OaHoBpemMeHHas MHoronoto4yHocTb (Simultaneous multithreading)

= OpHOBpPEeMEHHaA MHOronOTOYHOCTb

(Simultaneous multithreading — SMT, hardware multithreading) — Thread 1 Thread 2
TEXHO/10TNA, NO3BONAKOLWAA BbINMO/IHATL MHCTPYKUUUN U3 HECKOJ/IbKUX = —
MOTOKOB BbINONHEHUA (NpOorpamm) Ha 0AHOM CyNepCcKansiPHOM KOoHBelepe l ‘
= [loTOKM pa3aensaoT O4AUH cynepcKansapHbIY KOHBelep npoueccopa
(ALU, FPU, Load/StorE) Nornyeckuii npoueccop Noruyeckuii npoueccop
Architectural State Architectural State
= SMT no3BonAeT NoBbICUTb 3PPEKTUBHOCTb MCMONb30BAHUSA MOAYNEN Frontend (3

cynepckansapHoro npoueccopa (ALU, FPU, Load/Store) 3a cuet e

Kew-namartb

v Backend (Cache)
Ha/1IM4YUnA 60ﬂbLL|erO KO/1n4ecCcTtBa MHCTPYRLUNUN N3 PaA3HbLIX MOTOKOB BbIUMCANTENBHOE AAPO
BbIMO/IHEHUNA (HM)‘Ke BEPOATHOCTb 3aBNCHUMOCTUN MO ﬂ,aHHb”V\) (Execution Engine) Chip
] ﬂpVIMprI peann3auunu: Pa3deneHue pecypcos

ALU, FPU, Load/Store
O IBM ACS-360 (1968 r.), DEC Alpha 21464 (1999 r., 4-way SMT)

O Intel Pentium 4 (2002 r., Intel Hyper-Threading, 2-way SMT)
O Intel Xeon Phi (4-way SMT), Fujitsu Sparc64 VI (2-way SMT), IBM POWERS (8-way SMT)

7 ceHABpA 2018 T. http://www.intel.ru/content/www/ru/ru/architecture-and-technology/hyper-threading/hyper-threading-technology.html
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[Mapannennsm ypoBHA AaHHbIX
(Data Parallelism — DP)
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BeKTOpHble npoLeccopbl

* BekTopHbIM Nnpoueccop (Vector processor) — npoueccop NoaaepKMBatoLLniA
Ha YpOBHE CMCTEMbI KOMaHA onepaunm ana pabotbl ¢ BekTopamm (SIMD-UHCTPYKLNN)

=  BeKTOpHbIe BblYUC/IUTENbHbIE CUCTEMDI

o CDCSTAR-100 (1972 r., BekTOpbl A0 65535 anemeHTOB)
o Cray Research Inc.: Cray-1 (BeKkTopHble pernctpsl), Cray-2, Cray X-MP, Cray Y-MP

Source 1 X1 X2 XN
¢ ¢ G
1 1 |
1 1 |
! ! !
Source 2 Y1 Y2 I'YN
R R M
| | 1
| | ]
Cno)xeHue

@l

ABYX BEKTOpPOB

<

4]
4]

Destination X1+Y1

>
N
+
<
N

XN+ YN




BeKkTOpHbIe npoueccopbl

= BekmopHbil npoyeccop (vector processor)— npoueccop, NoaaepHKnBatoLLmnim
Ha YpOBHE CMCTEeMbl KOMaHA onepauun ana paboTbl C 0O4HOMEPHbIMW MacCUBamMMm
(BekTopamm)

CKanapHblii npoueccop BeKTOpHbI Npoueccop
(Scalar processor) (Vector processor)
X [ [ % [ ] %a | [ Yo | Yo ]| Yoo |
+
[ x+v | [ %+ ¥, | %o+, [ ] Xa+v,. |

add Z, X, Y add.v Z[@:n-1], X[@:n-1], Y[@:n-1]



BeKTopHbIX npoueccop vs. CKansipHbIX npoueccop

MosnemeHTHOE cymmupoBaHue aByx maccmsoB U3 10 umcen

CkanapHbiit npoueccop (scalar processor)

for i = 1 to 10 do

ID - Instruction Decode
Load Operandl
Load Operand2
Add Operandl Operand2
Store Result

end for

IF - Instruction Fetch (next)

BeKTOpHbIN npoueccop (vector processor)

IF - Instruction Fetch

ID - Instruction Decode

Load Operandl[0:9]

Load Operand2[0:9]

Add Operandl[©:9] Operand2[0:9]
Store Result

MeHble npeobpa3oBaHU aapecos
MeHble IF, ID

MeHblue KOHGJMKTOB KOHBEeWepa,
owmnbOoK npeackasaHMAa Nepexonos
ddPeKkTMBHEE AOCTYN K NAMATH

(2 BbIGOPKM Vs. 20)

Onepauna Hag onepaHaaMM BbINMOJHAETCA
napannenbHo

YMeHbLlKnACA pa3mep Koaa



SIMD-MHCTPYKLUM COBPEMEHHbIX NpoLeccopos

Intel MMX: 1997, Intel Pentium MMX, 1A-32

AMD 3DNow!: 1998, AMD K6-2, IA-32

Apple, IBM, Motorola AltiVec: 1998, PowerPC G4, G5, IBM Cell/POWER
Intel SSE (Streaming SIMD Extensions): 1999, Intel Pentium IlI
Intel SSE2: 2001, Intel Pentium 4, 1A-32

Intel SSE3: 2004, Intel Pentium 4 Prescott, 1A-32

Intel SSE4: 2006, Intel Core, AMD K10, x86-64

AMD SSE5 (XOP, FMA4, CVT16): 2007, 2009, AMD Buldozzer
Intel AVX: 2008, Intel Sandy Bridge

ARM Advanced SIMD (NEON): ARMv7, ARM Cortex A

MIPS SIMD Architecture (MSA): 2012, MIPS R5

Intel AVX2: 2013, Intel Haswell

Intel AVX-512: 2013, Intel Xeon Skylake, Intel Xeon Phi
ARMVS -- Scalable Vector Extension (SVE, 2016)



[Mpnmep ncnonb3osaHmUA SSE-MHCTPYKUMN

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"

)



[Tapannennsm ypoBHA NOTOKOB
(Thread Level Parallelism — TLP)
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MHoronpoueccopHbie SMP-cuctembl (Symmetric multiprocessing)

. arbiter |

________________________________

" [Mpoueccopbl SMP-cucTembl HaX0AATCA Ha OAMHAKOBOM «PACCTOAHMK» OT Pa3aenaemMon NamaTu
(cummeTpuyHbIN aocTyn)
" CuctemHasn WwuHa (System bus) — 3To y3Koe mecTo, orpaHMyYmMBatoLee MaclITabnpyemocTb

BbIMNC/TNUTESIBHOIO Y3/1a
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MuoronpoueccopHbie NUMA-cuctembl (AMD)

= NUMA (Non-Uniform Memory Architecture) — 310 apxmuTeKkTypa BblMUCAUTENIbHOMU CUCTEMDbI
C HEOAHOPOAHbIM AOCTYNOM K Pa3gensiemon NnamaTu

= [Mpoueccopsl crpynnupoBaHbl B NUMA-y3abl CO CBOEM NOKabHOW NaMATbIO

= JNlocTtyn K nokanbHon namAaTn NUMA-y3na 3aHMMAET MeHblLLEe BPpeMEHU NO CPaBHEHUIO
C BpemeHeMmM JOCTYyNoM K NamMATU yAaNeHHbIX NpoLueccopos

" 4-x npoueccopHaa NUMA-cuctema

»  Kaxaplit npoueccop nmeet
- MHTErPUPOBaHHbIN KOHTPONNEP

M HEeCKO/IbKO BaHKOB NamAaTu

T = [lpoueccopbl COEANHEHbI LUINHOMN
s 2 l-- Hyper-Transport

(cnctemol Ha 6a3e npoueccopos AMD)

Local access (fast) = [locTyn K yaaneHHon namaTtu
Vo 3aHUMaeT 60/iblLe BpEMEHM

(ana Hyper-Transport ~ Ha 30%, 2006 r.)

Controller
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MHoronpoueccopHbie NUMA-cuctemsl (Intel)

CPUO CPU1

= 4-x npoueccopHan
NUMA-cuctema

III COCl1C2 C3C4C0C5pgpmw COC1C2 C3C4C5 III

L3 L3 L3 L3 L3 L3 L3 L3 L3 L3 L3 L3 " Kaxabl npoueccop
III QP api Pl L QP III MMEET MHTErPUPOBAHHbIN
KOHTPOANEP U HECKONbKO
6aHKOB NamaTu

Memory Memory

= [lpoueccopbl COEANHEHbI LLNHOM
Intel QuickPath Interconnect (QPI)
— peweHuna Ha ba3e npoueccopos

Intel Nehalem based systems with QPI Intel
2-way Xeon 5600 (Westmere) 6-core, 2 IOH
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MHorosaepHble npoueccopbl (Multi-core processors)

Jlornueckum npoueccop
Architectural State

Core O

Frontend ILP
(Fetch, Decode)

Backend
BbluncnutenbHoe agpo
(Execution Engine)

Kew-namatb
(Cache)

Jlornueckum npoueccop
Architectural State

Core 1

Chip

Frontend ILP
(Fetch, Decode)

Backend
BbluncautenbHoe agpo
(Execution Engine)

Kew-namartb

(Cache)

______________________________________________________________

[MpoueccopHble AApa pa3melleHbl Ha oaHom yune (Processor chip)

Appa npoueccopa Mory pasfenaTb HEKOTOPble pecypcbl (HanpUmep, Keww-namsaTb)

MHorosaepHbIN npoueccop peannsyeTt napannenmsam yposHa notokos (Thread level parallelism — TLP)

7 ceHTAabps 2018 .
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MHoroaaepHble npoueccopbl ¢ noaaepXKkon SMT

Jlornueckui npoueccop | Jlormueckmii npoueccop
Architectural State Architectural State

Jlornueckui npoueccop | Jlormueckuia npoueccop
Architectural State Architectural State

Frontend ILP
(Fetch, Decode)

Frontend ILP
(Fetch, Decode)

Kew-namartb
Backend (Cache)

BbluncautenbHoe a4po
(Execution Engine)

Kew-namartb
Backend (Cache)

BbluncnautenbHoe agpo
(Execution Engine)

* MHoroaaepHbIM NpoLeccop MOXKeT NoaaepHKnBaTb OA4HOBPEMEHHYIO MHOFOMOTOYHOCTb
(Simultaneous multithreading — SMT, Intel Hyper-threading, Fujitsu Vertical Multithreading)

" Kaxgoe a4p0 MOXKET BbINONHATb HECKO/IbKO NOTOKOB Ha CBOEM CYNEPCKaNAPHOM KOHBeNepe
(2-way SMT, 4-way SMT, 8-way SMT)

= OnepaunoHHanA cucTema npeacrtaBaseT KaxKabih SMT-NOTOK Kak IOrMYecKnin npoueccop
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MHoroaaepHble npoueccopbl ¢ noaaepKkon SMT

Instruction Level Parallelism only!
Concurrency

Jlornueckum npoueccop | Jloruueckum npoueccop Jlornueckum npoueccop | Jlormueckum npoueccop

Architectural State Architectural State Architectural State Architectural State
B e e e 1
| Frontend e | Frontend ILP
: (Fetch, Decode) (Fetch, Decode)
------------------- Kew-namaTtb Kew-namartb
Backend (Cache)

BbluncautenbHoe agpo
(Execution Engine)

BbluncantenbHoe A4po
(Execution Engine)

]
]
I

Backend : (Cache)
I
]
]
]

=  OnepaunoHHaA cuctema snauT 4 normyeckmx npoueccopa
= [loTokn O 1 1 BbINO/IHAKOTCA Ha pecypcax o4HOro AApa — NPMBA3aHbl K 1oruvyecknm npoueccopam SMT

= (Ob6a NoTOKa pa3aenatoT pecypcbl OA4HOMO CynepcKanApHOro KOHBenepa — KOHKYPMPYHOT 3a pecypchbl
(Tonbko napannennsm ypoBHA MHCTPYKUMIA — ILP)
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MHoroaaepHble npoueccopbl ¢ noaaepKkon SMT

Thread Level Parallelism +
Instruction Level Parallelism

Jlornueckum npoueccop | Jlormueckum npoueccop Jlornueckum npoueccop | Jlormueckum npoueccop

Architectural State Architectural State Architectural State Architectural State
R e e e - 1 e B 1
| Frontend e | : Frontend e |
| (Fetch, Decode) | (Fetch, Decode)
------------------- Kew-namaTtb m—m——s—s———————————===1| Kew-namaTb

BbluncautenbHoe agpo
(Execution Engine)

BbluncnutenbHoe agpo
(Execution Engine)

i i
i i
] ]

Backend : (Cache) Backend : (Cache)
: :
i i
i i
i i

- OﬂepaLI,I/IOHHaFl cucrtema BnMAUT 4 nornyeckmnx npoueccopa

* [MoToKkn O 1 1 BbINOAHAIOTCA Ha CyNepCcKanApHbIX KOHBenepax pasHbix Aaep

= 334encTBOBaH Napannennsm ypoBHA NoTokos (TLP) n nHctpykuum (ILP)
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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 MB
= Technology process: 20 nm (manufactured by TSMC)
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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

= L0 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
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CneuunanunsmnpoBaHHble yckoputenu: Intel Xeon Phi

Multi-Threaded Multi-Threaded
Wide SIMD S Wide SIMD

15 D$ IS DS

L2 Cache

Interface

System & I/0
Memory Controller

Memory Controller
1 1
Special Function

Multi-Threaded Multi-Threaded
Wide SIMD S 2o Wide SIMD

15 DS 15 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

= Intel Xeon Phi (IntEI MIC): 64 cores Intel P54C (Pentium) tianhe2 massive_hybrid supercomputer/
= Pipeline: in-order, 4-way SMT, 512-bit SIMD
= KonbueBasa wuHa (1024 6uT, ring bus) ans ceasu agep SMP-cuctema ¢ -
256 NOrMYECcKnX © .
N KoHTponnepa namatn GDDRS POLLECCOPOE Ve

= YctaHasnuBaeTtcAa B PCl Express cnort
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CneuunanusmnposBaHHble yckoputenn: GPU — Graphics Processing Unit

= Graphics Processing Unit (GPU) — rpadunuecknin npoueccop, cneumanm3mpoBaHHbIN
MHOTOMPOLLECCOPHbIN YCKOPUTE/Ib C 0OLLIEN NAMATBIO

* Bonbluan YacTb N/OWAAM YMna 3aHATa anemeHTapHbimu ALU/FPU/Load/Store
MOAYNAMMU

* YctpowncTteo ynpasneHusa (Control unit) oTHocuTenbHO npocToe no cpaBHeHuto ¢ CPU

ALU ALU — [ L] | |
Control = I I I | I I
- 1
ALU ALU = (11 L) LT L]
- [ 1] [ ] |
- [ 11 [ ] [
- [ 1T1 1 I
- [ 11 [ 1 I
* * NVIDIA GeForce GTX 780 .

(Kepler, 2304 cores, GDDR5 3 GB) (2048 cores, GDDR5 3 GB)
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Cneunann3npoBaHHble MHOrosiZepHble NPoLeccopbl

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

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

Cisco Routers
MIPS
Multi-core processors

Tilera TILEPro64
(64 cores, VLIW, mesh)
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The Free Lunch Is Over

* Kak (Ha yem) pa3pabaTtbiBaTb NPOrpammbl 418 TaKOro KOJIMYECTBA
MHOTOSiAEPHbIX APXUTEKTYP?

= KaK ObITb C NEPEHOCMMOCTbIO KOAA NPOrpamm mexay naatbopmamm?

" Kak 6bITb C NePEHOCMMOCTbIO NPON3BOANTENILHOCTU NPOrPamm?

=" Bce am anroputmbl 3dPeKTUBHO pacnapannenmBatoTca?

Concurrency is the next major revolution
in how we write software

-- Herb Sutter

Herb Sutter. The Free Lunch Is Over:
A Fundamental Turn Toward Concurrency in Software [/
http://www.gotw.ca/publications/concurrency-ddj.htm
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Mpoueccbl U NOTOKMKU

Ctek notoka 0

// Uninitialized data (BSS)

int sum[1@0]; // BSS

// Initialized data (Data)
float grid[100][100] = {1.0};

Kyua (heap) int main()
(AMHamMMyecku Bblaenaemas namaTb: malloc/free) {
// Local variable (stack)
061acTb HEMHULIMANU3UPOBAHHLIX AaHHbIX (BSS) double s = 0.0;

(rnobanbHble HEMHULMANN3MPOBAHHbIE NEPEMEHHDbIE)

O61acTb UHNLUMANN3NPOBAHHbIX AaHHBIX (Data)

// Allocate from the heap

(rnobanbHble MHULMAAM3MPOBAHHbIE NepeMeHHbIe) float *x = malloc(1000);
/] ...
MoTok © free(x);
int fun() }
{
// ..

}



Mpoueccbl U NOTOKMKU

Ctek notoka 0

Crek noToKa 1

CrteknotokaN-1

Kyua (heap)
(AMHamMMyecku Bblaenaemas namaTb: malloc/free)

O61acTb HEMHULMANN3UPOBAHHLIX AaHHbIX (BSS)
(rnobanbHble HEMHULMANN3MPOBAHHbIE NEPEMEHHDbIE)

O61acTb UHNLUMANN3NPOBAHHbIX AaHHBIX (Data)
(rnobanbHble MHMLMANM3NPOBAHHbIE NEePEeMEHHbIEe)

MoTok O MoTok 1 MoTok N-1
int fun() int fun() int fun()
{ { 00 {
/] .. /] .. /] ..

} } }

// Uninitialized data (BSS)
int sum[1@0]; // BSS

// Initialized data (Data)
float grid[100][100] = {1.0};

int main()

{
// Local variable (stack)
double s = 0.0;
// Allocate from the heap
float *x = malloc(1000);
/] ...
free(x);

}



CpeacTBa MHOTONOTOYHOrO NPOrPaMMMUPOBaHUA

YpoBeHb
nonb3oBsaTena
(User space)

YpoBeHb aapa
(Kernel space)

MpuknagHbie 6UbANoTEKM A3bIKKM NporpammupoBaHuA
» Intel Threading Building Blocks (TBB) = OpenMP = C# Threads
= Microsoft Concurrency Runtime (C/C++/Fortran) = Java Threads
= Apple Grand Central Dispatch = Intel Cilk Plus = Erlang Threads
= Boost Threads = C++11 Threads = Haskell Threads
= Qthread, MassiveThreads = C11 Threads

CuctemHblie 6ubnnortekn (System libraries)

POSIX Threads Win32 API/.NET Threads Apple OS X Cocoa, Pthreads

Thread Thread Thread Thread Thread Thread Thread «e« | Thread

Kernel Kernel Kernel Kernel Kernel Kernel Kernel Kernel
thread thread thread thread thread thread thread thread

Process scheduler

Ol'lepaLl,MOHHaFI CUCTEMA
GNU/Linux, Microsoft Windows, Apple OS X, IBM AlX, Oracle Solaris, ...

Hardware (Multi-core processor, SMP/NUMA)

clone()
(Linux syscall)



Concurrency != Parallelism

= Concurrency (04HOBpeMEeHHOCTb) —
HECKO/IbKO MOTOKOB Pa3AenAatoT O4HO
npoLeccopHoe AApo

" OnepauroHHAA CUCTEMA pPeanunusyeT
PEXUM pasaeneHnsa BpemeHn aapa
npoueccopa (time sharing)

= YcKOopeHue BblMUCAEHUN OTCYTCTBYET
= 33yem?

= ObecneyeHune OT3bIBYMBOCTU
nHtepdenca, coemelleHune
BBO/a-BblBOAA N BbIYUCAEHUH, ...

7 ceHTAabps 2018 .

= Parallelism (napannennsam) —
Ka)XAbl NOTOK BbIMNOJ/IHAETCA Ha
OTAENbHOM fiape NpoL.eccopa
(HEeT KOHKypeHUMM 33
BbIYNCAUTENIbHbIE PEeCcypCbl)

" BbluncneHu BbINOAHAKOTCA bbicTpee

Core 1
Dual core

Core 2
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