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BbluncantenobHbi KOHBeuep (Instruction pipeline)

BbinosNHEHUE MHCTPYKLUMK HA npoueccope 6e3 KoHBeUepa

3Tanbl BbINOJIHEHMA UHCTPYKL UM Tart | IF s - =
(nycTb KaXkablit 3Tan anutea 1 Takr): 1 i1
= |F - BbI6Op MHCTPYKUUNU 2 11 :
= |D - pekoampoBaHue MHCTPYKLMN 3 il .
= |E — BbINO/IHEHUE UHCTPYKL NN 4 - 11
= WB —3anucb pe3ynbraTa > 12 .
6 12
7 i2
il: movl %ebx, %eax ) 8 i2
i2: cmpl $0x10, %ecx 9 i3
i3: m051 %edx,’%ebx > 16 TakTos 10 i3
i4: xorl Z%r8d, %r8d ) 11 i3
12 i3
l 13 ia
14 ia
Mpoueccop (Aap0) m—) 15 i4
16 ia




BbluncantenobHbi KOHBeuep (Instruction pipeline)

BbinosNHEHUE MHCTPYKLUMK HA npoueccope 6e3 KoHBeUepa

Takt | IF | ID | IE | WB
1 i1
9Tanbl 06paboTKN MHCTPYKL UK 2 i1
MOXHO cagenatb He3asnucnmbiMmu 3 il
U COKPaTUTb OXXUAaHUA ‘5‘ — il
1
6 i2
7 i2
il: movl %ebx, %eax 8 i2
i2: cmpl $0x10, %ecx 9 i3
i3: movl Z%edx, %ebx 10 i3
i4: xorl %r8d, %r8d 11 i3
12 i3
U 13 | ia
14 iaq
Mpoueccop (Aap0) m—) 15 i4
16 i4




BbluncantenobHbi KOHBeuep (Instruction pipeline)

BbinosNHEHUE MHCTPYKLUMK HA npoueccope 6e3 KoHBeUepa

TakT IF ID IE WB
1 il
Tanbl 06pabOTKMU MHCTPYKLUUM 2 | . | i1
MOXHO cagenatb He3asnucnmbiMmu 3 T il
W COKPaTUTb OXKNAAHUA 2 A | 11
5 12 l
6 N 12 l
§ 7 A 12 .
il: movl %ebx, %eax 8 A -
i2: cmpl $0x10, %ecx 9
i3: movl Z%edx, %ebx >~ 16 TakToB 10 N
i4: xorl %r8d, %rsd ) 11 " 13
13 ™
14 o]
Mpoueccop (Aapo) m— 15 #4
16 i4




BbluncantenobHbi KOHBeuep (Instruction pipeline)

BbinonHeHue MHCTPYKUUU Ha MNpoueccope C KOHBenepom

AocTturHyroe yckopeHue (Speedup) TalKT I; ID 1E W8
1
16 2 i2 i1
54 = L2 2.3 3 | i3 | di2 | i1

4 i4 i3 i2 il

5 i4 i3 i2

6 i4 i3

7 ia
il: movl %ebx, %eax ) 8
i2: cmpl $0x10, %ecx 9
i3: movl Z%edx, %ebx - 7 TaKTos 10
i4: xorl Z%r8d, %r8d ) 11
l 12
13
14
Mpoueccop (Aap0) m—) 15
16




BbluncantenobHbi KOHBeuep (Instruction pipeline)

AHanus yckopeHua (Speedup)

n — Konn4ecTBo 3Tanos (stages) koHBelepa
L — KONMYecTBO UHCTPYKLIMIA B MpOorpamme
t — Bpems BbINONHEHMS O4HOTrOo 3Tana

Tserial

S, = =n
Tpipeline

Tserigt =L-n-t

Tpipetine = (n — 1)t + Lt

BbinosnHeHUe MHCTPYKLMM Ha Npoueccope ¢ KOHBeNepom

Lnt Ln
S:(n—1+L)t:n—1+L
_ Ln
e

TakT | IF ID IE WB
1 il
2 i2 il
3 i3 i2 il
4 i4 i3 i2 il
5 i4 i3 i2
6 i4 i3
7 i4
8
9
10
11
12
13
14
15

=
(o)}




lMoKkasaTtenu nponsBoauUTE/IbHOCTU KOH Beﬁepa

= CPI (Cycles per instruction, Clocks per instruction) — cpegHee Konm4ecTso
TAKTOB NpoL.eccopa, HeobXxoANMbIX ANA BbINOJAHEHUA OAHOM MHCTPYKLMHK

= CPI 3aBMCUT OT CTPYKTYPbI NPOrpammbl (CTaTUCTUKMN MHCTPYKLMIA)

o [Mpoueccop 6e3 KoHBenepa (cnana 2): CPl =4

o [Mpoueccop c KoHBenepom (cnana 4): CPI=1

o Ecnn npoueccop cynepckanapHbin: CPI< 1

= CynepcKanApHbIM NPOLECCOP, BbIMONHAOWMK 2 UHCTPYKLUUN
3a TakT: CP1 =0.5

Llenb pa3paboTtunmKos cynepcKanAapHbiX npoueccopos (aaep)
CPl - min

= |PC (Instructions Per Clock) — aTo cpeaHee KONNMYECTBO MHCTPYKL M,
BbINO/IHAEMbIX MPOLECCOPOM 3a OAUNH TAKT

IPC=1/CPI



lMoKkasaTtenu nponsBoauUTE/IbHOCTU KOH Beiflepa

" [lporpamma cOCTOUT U3 L MHCTPYKLUUM

» TaKtoBas YacTtoTa npoueccopa F (Hz = Cycles / Second),
anutenbHoctb Takta C=1 / F (Seconds / Cycle)

" BpemsA BbIMOAHEHUA NPOrPaMMbl:
T=L-CPI-C
=" QueHKa cpeaHero 3HayeHuna CPI

CPI=T/L



OT yero 3aBUCUT BpeMsA BbINO/IHEHUA NPOrPaMMbl?

L . CPI 1/¢C
(Instruction (Cycles Per (Clock Rate)
Count) Instruction)
Program - 4k -
Compiler 4k - -
Instruction Set
Architecture (ISA) T + -
CPU

microarchitecture B T +
Technology - - +




Linux Perf

// prog.c
int *p = malloc(sizeof(*p) * n);
sum = 0;
for (i = @; 1 < n; i++)
sum += p[i];

$ perf stat -e instructions,cycles ./prog
Performance counter stats for './loopunrolling':

11,071,120,048 instructions # 1.20 1insns per cycle
9,258,782,431 cycles

2.894491012 seconds time elapsed

IPC=1/CPI=1.2

CPI=0.8
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Intel VTune Amplifier

8 General Exploration - Hardware Issues /4 @ Intel VTune Amplifier X€ 2011

& Analysis Target Analysis Type | B8 Collection Log| | }1 Summary | @ Bottom-up

Grouping: [Funct'on VJ
: | Hardware Event Count Retire Execution . Instruction Branch  Contested Data LLC Loac
Emchon CPU_CLK_UNHALTED....v INST_RETIRED.... CRERate . Morile Stalls Stalls EEC W= Starvation Mispredict Accesses  Sharing Misses Serviv
reduce 20,689,803,144| 12,333,075,888 0.239 0.000 0.011 0.001 0000  0.000
strlen 30,768 15,384 2,000 stf.exe 0.000 0.000 0.000 0.000 0975 0.000 0.000 B
strcpy_s 15,384 76,920 0.200 stf.exe 0.000 0.000 0.000 0.000 0.000 0.000 0.000
LocaleUpdate::_LocaIeUi 15,384 0 stf.exe 0.000 0.000 0.000 0.000 0.000 0.000 0.000
setmbcp 0 15,384 0.000 stf.exe 0.000 0.000 0.000 0.000 0.000 0.000 0.000 =
unlockexit 0 15,384 0.000 stf.exe 0.000 0.000 0.000 0.000 0.000 0.000 0.000
setSBUpLow
partor 3 Line Source I
Selected 1 TOW(S)Z {l CPU_CLK_UNHALTED.... RESOURCE_STALLS.ANY RESOURCE_STALLS.ROB_FULL RESOURCE_STALLS.STORE
— 12
3 ‘— } L A S ‘ 13 unsigned int change_endianess(char *big)
14
15 char temp;
16 temp = big[0]; 649,326,840 1,040,400,000 1,004,600,000
17 big[0] = big[3]; | 1,799,982
18 big[3] = temp; | 638,593,614 1,038,800,000 913,400,000
19 temp = big[1]; 466,662 200,000
20 big[l] = big[2]: | 751,592,484 1,044,800,000 1,000,000 1,032,600,000
21 big[2] = temp; | 599,994
22 return *(unsigned int *)big;
23}
24
25 wveoid reduce()
26 |
27 int i, n:
28 unsigned int sum = 0;
29 init();
30 |
31 for (n = 0; n < ITER_NUM; n++){ 466,662 1,000,000 1,400,000

for (1 =0; 1 < 1024; i++){

33 sum += change_endianess((char *) (buf+i));}}| 778,725,546 74,200,000 2,200,000 99,600,000
34 printf ("Sum is %d\n", sum); |
35} I

Selected 1 row(s): 17,898,954 342

11
http://habrahabr.ru/company/intel/blog/140965/
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Oracle Solaris Studio

File ‘“Wiews Tools Help

Eﬁ@%|?@@|<ﬂ \w | G4 6L [ Match case

Views 'Z:-E.' & Incl. Total @& Incl.  Source File: main.c @&**
- CPU Pl Object File: a.out (found as test.l.erfarchives/a.out ChGwGvTECVL) ?7'-
Welcome — (sec.) Load Object: a.out (found az test.l.erfarchives/a.out ChGwGvTECVL) 1

Overview
vold foo(int m, int n, double *x, double *v, double *4) |

Functions cFunction: foo>

Timeline e e J

Call Tree . . for ( J =0 3 < n; j+H

for ( i =0; i < m; i+ )
¥[3] += Alit+m*3] * =[i]:

Source

Callers-Callees

= 0; i< m; i+ )
(31 =10;73 < n: J+ )
¥[3] += A[i+m*3] * =[i]:

Mo Active Filters

e

ncaIHnst:_ | Remote Host: | Working Directory; ..verl | Compare: off | Filters: off | /2Waming

https://docs.oracle.com/cd/E37069 01/html/E37071/goiyd.html#scrolltoc 12



https://docs.oracle.com/cd/E37069_01/html/E37071/goiyd.html#scrolltoc

BbluncantenobHbi KOHBeuep (Instruction pipeline)

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

D | EX |MEM| WB

=  MuKpokoHTpoanepol Atmel AVR, PIC — 2-3TanHbiM KOHBeNEP

= Intel 80486 — 5-stage (scalar, CISC)

= |ntel Pentium — 5-stage (2 integer execution units)

= |ntel Pentium Pro — 14-stage pipeline

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

= |Intel Corei7 4771 (Haswell) — 14-stage pipeline

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

13



KoHdpaunkrbl KoHseuepa (Hazards)

* KoH}auKrt KoHseuepa (Hazard) — cntyauus,

Korga BbINOJIHEHME CAeAyIoWeit MHCTPYKLUMKU He MOKeT bbITb
HayaTo/NpoaoNXKeHO

=" Buabl KOHPNAUKTOB:

o CTpyKTYpHble KOHOAMKTbI (Structural Hazards)
o KoHpunKTbl AaHHbIX (Data Hazards)

o KoHdnukTbl ynpasneHusa (Control Hazards)

KoHPAUKTDbI ABAAIOTCA NPUYNHON 3ameaNneHuns
paboTtbl KOHBeMepa

14



CTtpyKTypHble KoHdAunkKTbl (Structural Hazards)

HekoTopble NCNOHALWME MOAYAN NPOoLLeccopa MoryT

Pa3aenATbCA HECKO/IbKMMM 3Tanamu (stages) KoHBelepa
(AnA coKpalweHue ero CTOMMOCTH)

Mpumep 1: oanH moaynb A0CTYNA K NAaMATU pa3aenaeTca 3Tanamu

IF u MEM
WHCTpyKLMA 1 2 3 4 5 6 7 8
I1 (Load) IF ID EX MEM WB
I2 IF ID EX MEM WB
I3 IF ID EX MEM WB
I4 IF ID EX MEM WB

NHcTpyKuma 11 Ha TakTe 4 obpaTtunacek K namatn (MEM)

= B TOXKe Bpems MHCTPYKLUMA 14 nonxKHa 6bITb BbibpaHa n3 namatu (IF)

" TaK KaK NnopT AOCTyNa K NaMsATU OAUH => CTPYKTYPHbIA KOHGAUKT



CTtpyKTypHble KoHdAunkKTbl (Structural Hazards)

= [1nA pa3peleHnsa CTPYKTYPHOro KOHPp/IMKTa npoLleccop
BCcTaBaAeT nepen nHcTpykumen 14 (IF) 3ageprKkKy Ha

HecKonbKo TaKToB (pipeline stall/bubbling)

MHCTpyKUMA

I1 (Load)

IF

ID

EX

MEM

WB

I2

IF

ID

EX

MEM

WB

I3

IF

ID

EX

MEM

WB

I4

STALL

IF

ID

EX

MEM

WB

16



KoHdnuKTbl gaHHbIX (Data Hazards)

" Tekywmn war KoHBerepa He MOXKeT ObITb BbIMOMHEH, TaK KaK

3dBUCUT OT PE3Y/1bTaTOB BbINO/IHEHUA NpeadblAyLWero wara

Bo3moXHble NPUYNHDbI.

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

o Write after Read (WAR) — Anti-dependency
R1 + R3
R1 + R2

o Write after Write (WAW) — Output dependency
R2 = R4 + R7
R2 = R1 + R3

17



KoHdnuKTbl gaHHbIX (Data Hazards)

Instructions
(DST, OP1, OP2)

ADD | R1, R2, R3 IF ID | EX | MEM | WB

o | B men | e | SRS

SUB| R4, R5, R1 IF | ID

AND | R6, R1, R7 IF |ID,,| EX | MEM | WB -

3anucb R1 Ha nepBoi
OR R8, R1, R9 IF ID,. EX MEM NonoBMHe TakTa 5,
YTeHWe — Ha BTOPOM
XOR | R10, R1, R11 IF ID,, EX MEM WB

CocTtoAHMA KOHBeepa Ha TaKtax 1..9

3anucb B R1 6yaeT 3aKOHUYEHa TO/IbKO Ha TaKTe 5 18



KoHdnuKTbl gaHHbIX (Data Hazards)

YcTpaHeHue KOHPAUKTOB

1. 3anucb B perncTpoBbin ¢dan Ha NepBon NOJIOBUHE
TaKTa 5, a UTEHUEe U3 Hero — Ha BTOPOU
(npumep c OR Ha npea. cnanae, TakT 5)

2. TexHuka forwarding (bypassing, short-circuiting)

3. BHeouyepeaHoe UCNOSHEHNE KOMAHA,
(Out-of-order execution: register renaming, ...)

19



KoHdnuKTbl gaHHbIX (Data Hazards)

Forwarding

* TexHuKa forwarding (bypassing, short-circuiting) —
B KOHBeWepe peanmsyeTca BO3MOXKHOCTb nepeaayn 3Ha4YeHUn
OT MHCTPYKUUUN K MHCTPYKLUUN MUHYA PETUCTPOBBLIN dann

" BbIxoa HEKOTOPbIX PYHKLMOHANbHbBIX YCTPOMUCTB annapaTypHO

cBA3bIiBaeTcA co Bxogom Apyrux (ALU - EX, ALU - MEM, MEM -
MEM, ...)

Instruction
(DST, OP1l, OP2)

ADD| R1, R2, R3 IF ID EX MEM ,W'N

SUB| R4, R5, R1 IF |ID_,,| EX MEM/ WB

AND| R6, R1, R7 IF |ID_,| EX | MEM | WB




BHeouyepeaHoe sbinonHeHue KomaHg, (OOE)

" BHeouepepgHoe BbiNnonHeHNe KomaHg, (Out-of-order execution,
dynamic scheduling, OOE) — 370 noaxoa K COKpaLLeHUIo NPOCTOEB
KoHBeMepa (stall) 3a cyeT BHeoYepeaHOro BbINOAHEHMA UHCTPYKLU UM
MO rOTOBHOCTU MX AaHHbIX (orpaHnyeHHas popma dataflow-BblumcneHmin)

= [lo3BO/IAET CKPbITb 33a4EPXHKKN NPU A0CTYNE K NAaMATH

= CDC6000: 1964, meTtop scoreboard — orpaHM4YeHHble BO3MOXHOCTU
MO Pa3peLIEHUIO CTPYKTYPHbIX KOHONAMKTOB, KOHPAnKTOoB WAR, WAW

= |BM 360/91: 1967, anroputm PobepTta Tomacyno (R. Tomasulo, 1967)
ANA NOJIHOW NOAAEPKKM BHEOUYEPEeAHOro BbIMOJHEHUA KOMaHA

= |BM POWER1: 1990, nepsbin OOE-munkponpoueccop

= B 1990-x OOE wunpoKo npnumeHAeTCcA B npoueccopax:
o IBM PowerPC 601 (1993)
o Intel Pentium Pro (1995)
o AMD K5 (1996)
o DEC Alpha (1998) 21



BHeouyepeaHoe sbinonHeHue KomaHg, (OOE)

1. WHCcTpyKuMa BbibMpaeTca u3 namaTth (o4Ha NAmM HECKONbKO)

2. WHcTpyKuma Hanpasnasaetca (dispatch) B ouepeds uHcmpykuyuti
(instruction queue, instruction buffer, reservation station)

3. HaxopgAacb B ovepean UHCTPYKUMA OXKMAAeT NOoKa ee onepaHabl
CTaHYT AOCTYNHbIMU. [TocNe Yero MHCTPYKUMA MOXKET NOKMUHYTb
oyepeab paHblue bonee cTapbiXx KOMaHA,

4. WHCTPYKUMA HanpaBaAeTcAa Ha noaxogallee ncnosiHAawulee
YCTPOWUCTBO

5. Pe3ynbraTbl BbINOAHEHUA MHCTPYKLUMN NOMELLLAIOTCA B o4epeab

6. WHCTPYKUMA 3anNnUCbIiBAaEeT AaHHbIe B PErUCTPOBbLIN Pana, TONbKO
nocne Toro Kak 6osee ctapble MHCTPYKLMN COXPAHUIN CBOM

pe3ynbTaThl (retire stage)
22



Intel Nehalem Core Pipeline
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Intel Nehalem Frontend Pipeline (in-order)

Intel64 CISC

macro-instr.
®

A 4
Nehalem RISC

ITLB [€

A\ 4

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

<« Unified L2-Cache

A

A 4

llG byte/cycle

Instruction Fetch
Unit (IFU)

Branch

A 4

Prediction

Unit (BPU) Instruction Length Decoder

Pre Decode,
Prefetch Buffer,

16 instr./cycle

Instruction Queue (1Q)

(18 entry — 18 instruction max.)

5 instructions/cycle

Instruction Decoding Unit (IDU)

3 simple + 1 complex

Simple

Simple Simple

Complex (€ {ucode

A 4 A 4

4 uops./cycle

VYVVYV

Decoded Instruction Queue (DIQ)

Loop Stream Detection, Micro-Fusion, Macro-Fusion

(28 uops. max)

micro-operations

‘ ‘ ‘ ‘ 4 micro-ops./cycle 24



Intel Nehalem Frontend Pipeline (in-order)

Intel64 CISC ITLB > L1 I-cache (32 KiB, 4-way) «— Unified L2-Cache
macro-instr. £ 116 o |
® v yte/cyc e
. Branch
Instruction Fetch | _ - Pre Decode,
Unit (IFU) > Prediction Prefetch Buffer,
. Unit (BPU) Instruction Lengthf)ecoder
. VT ’ T 6insk e
. ® Pre Decode onpegenset gnuH
= |FU Ha KaxkaoMm TaKTe Bblbupaet tion TR M)F()I'IApe(I)MKCﬂII y TZI‘IbI
n3 kawa L1 (yepes ITLB) 16 6ant 18 i ’

(ycnoBHbIli/6e3ycnoBHbIN nepexoa, ...)
N nepeaaeT MHGopMmauuio B
Instruction Queue

WHCTPYKLUMIN M nepenaeT ux Ha
npeaekoanpoBaHune B Pre Decode

wereraerasy D@C gy yra ey
3 simple + 1 complex
Simple Simple Smlple Complex [€ {ucode
4 uops./cycle
A 4 A 4 A 4 AA A A4
Decoded Instruction Queue (DIQ)
\ 4 (28 uops. max)
Nehalem RISC Loop Stream Detection, Micro-Fusion, Macro-Fusion

micro-operations ‘ ‘ ‘ ‘ 4 micro-ops./cycle 25



Intel Nehalem Frontend Pipeline (in-order)

Intel64 CISC ITLB [« L1 I-cache (32 KiB, 4-way)

b

<« Unified L2-Cache

’acm-lnstr. A

NnpeobpasyroTcsi B HECKO/IbKO MUKPOOMNepaLuii.

= [loToK N\MKpOOI’IepaLI,Mﬁ nepeanaertca B NCNoJsiHAKLWee A4P0

= IDU npeobpasyet Intel64-UHCTPYKUNM B MUKpoonepaumm (uops). CNoXKHbIe MHCTPYKLNK

= IDU nepepaet mukpoonepaumun B oyepeab DIQ, rae BbinonHAETCs NoucK Lmnknos (LSD,
ANA NPeaoTBPaLLEHNA UX NOBTOPHOIO AEKOANPOBAHMUSA), CAMAHME MUKpoonepauui (ans
yBenMYeHns NponyckHomn cnocobHoctn FEP) u apyrme ontumusaumnm

S
S
~

A 4

5 instructions/cycle

/Instruction Decoding Unit (IDU)
‘ 3 simple + 1 complex

Sm;ple Smlple Smlple

Complex

g

A 4 A 4 A 4

A A A A4

4 uops./cycle

Decoded Instruction Queue (DIQ)
(28 uops. max)

Nehalem RISC

Loop Stream Detection, Micro-Fusion, Macro-Fusion

micro-operations ‘ ‘ ‘ ‘ 4 micro-ops./cycle

26



Intel Nehalem Execution Engine

Frontend Pipeline (DIQ)

Illl 4 micro-ops./cycle

Register Renaming, Resource Allocation (RRRA)
4

M

Retirement Unit (RU),

ReOrder Buffer (ROB, 128 uops)

A 4

Unified Reservation Station (dynamic scheduler, 36 micro-ops)

lPort 0

lPort 1

lPort 2

lPort 3

l Port 4

lPort 5

Int. ALU, Int. ALU, Int. ALU,
Shift LEA Load Store Address Store Data Shift
4
FMUL, FDIV FP Add I l Branch
Complex Int. Memory Order Buffer (MOB) FP Shuffle
SSE Int. ALU, -
Int. Shuffles SSE Int. ALU,
SIE - Ll Int. Shuffles
| | |
A 4
= 6 micro-ops./cycle Data TLB <« L2 TLB 27
L1 Data Cache (32 KiB) «—> L2 Cache




Intel Nehalem Execution Engine

Frontend Pipeline (DIQ)

llll 4 micro-ops./cycle

Register Renaming, Resource Allocation (RRRA)

S5~~~
N, ===
N, ~——a
N -l
SN TE=—l
S, ~——
.............

Retirement Unit (RU),

ReOrder Buffer (ROB, 128 uops) = Resource Allocation — BbiaensaeT ana
A NOCTYynaoWmMx MMKpoonepaLuuin 610Ku
— Unified Reservation Station (i B Re-Order Buffer, Reservation Station,
NPWBA3bIBAET MMKPOONEpPaLUM K NOPTY
Port 0 Port 1 Port Bblaaun (dispatch port)
Int. ALU, Int. ALU, Load = Register Renaming — nepeMmeHoBbIBaET
Shift LEA apxmMTeKTypHble pernctpol (RAX, RBX, ...),
FMUL, FDIV £p Add Mcnosiblyemble B MMKpoonepaumn B
MWKPOAPXUTEKTYPHbIE PErncTpbl ANA
Complex Int. Me NnpeaoTBpaLLeHNA KOHONMKTOB AaHHbIX
SSE Int. ALU, (Data Hazards)
Int. Shuffles
SSE Int. Mul
e
] ] |
A 4
= 6 micro-ops./cycle e TLE > L2718

L1 Data Cache (32 KiB) <« L2 Cache




Intel Nehalem Execution Engine

=  URS - nyn u3 36 mmkpoonepaymm + gUHaMNUYE€CKMN NAaHNPOBLLMUK

= Ecam onepaHabl MMKpoonepaunn rotoebl, OHa HanMnpaBaAAETCA Ha O4HO UX UCTTOTHAKOLW KX

YCTPOMCTB (MaKCMMyM 6 MUKpoonepaumin/TakT)

= URS peanusyeT paspelleHns HEKOTOPbIX KOHPANKTOB AaHHbIX — NepeaaeT pesyabraT
BbIMO/IHEHHOW oNepaunn HanpAMY Ha BXxoa apyron (ecamn Tpebyetca, forwarding, bypass)

N = )
> Unified Reservation Station (URS, dynamic scheduler, 36 micro-ops)
l Port 0 l Port 1 lPort 2 l Port 3 l Port 4 l Port 5
Int. ALU, Int. ALU, Int. ALU,
Shift LEA Load Store Address Store Data Shift
L
FMUL, FDIV FP Add I l Branch
Complex Int. Memory Order Buffer (MOB) FP Shuffle
SSE Int. AL, A
Int. Shuffles SSE Int. ALU,
SIE - Ll Int. Shuffles
| | |
A 4
= 6 micro-ops./cycle Laiz U2 L2718 19
L1 Data Cache (32 KiB) <« L2 Cache




Intel Nehalem Execution Engine

Frontend Pipeline; ROB — XpaHWUT MMKPOOMNepaLmu '

llll 4 q C UX COCTOAHMAMM B UCXOA4HOM
- - nopaake (in-order)
Register Renaming, Resour¢
l = RU - oTcnexuBaeT, 4Tobbl 3anuch
Retirement Unit (RU), l pPe3yNbTaToOB B apXUTEKTYPHbIE )
ReOrder Buffer (ROB, 128 uops) PEerncTpbl BbINOAHANACH B I'IpﬂM?VI
'y nocneaoBaTeibHOCTU (MCXOAHOM
— : : ~ nporpammbl)
— Unified Reservation Station (URS, dyn
= BbinonHeHwue Intel64-nHcTpyKumm
Port 0 Port1 Port 2 CUMTaeTCA 3aBepLUEHHbIM, eC/n
Int. ALU, Int. ALU, a) Bce eé MMKpoonepaumm
i Load Sto
Shift LEA BbIMO/IHEHDbI,
6) Bce bonee paHHMe onepauunmn
Complex Int. Memory Order Buffer (MOB) FP Shuffle
SSE Int. AL, A
Int. Shuffles SSE Int. ALU,
SSE Int. Mul Int. Shuffles
| | |
A\ 4
= 6 micro-ops./cycle e TLE > L2718 30
L1 Data Cache (32 KiB) <« L2 Cache




Intel Architecture Code Analyzer

= Intel Architecture Code Analyzer — ctatnyeckni aHanmM3aTop Koaa,
NO3BO/IAOWMNIM aHA/IN3NPOBATb 3aBUCMMOCTb NO AAHHbIM, 1aTEHTHOCTb

N NPOMYCKHYO CMOCOBHOCTb MHCTPYKLUKUIM yyacTKoB (kernels) Bawen
nporpammsl

#include ‘“iacaMarks.h”

IACA_ START

for (int 1 = 0; 1 < n; i++) {
/* Code */

}

IACA_END

$ gcc -o prog ./prog.c

$ iaca -64 -arch SNB -analysis LATENCY ./prog
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Intel Architecture Code Analyzer

Latency Analysis Report

Latency: 7 Cycles

| Inst | Resource Delay In Cycles | |

| Num | 0 - DV |1 | 2 -D |3 -D | 4 |5 | FE | |

| O | | | | | | | | CP | vpaddd
| 1 | | | | | | | | CP | wpaddd
| 2 | I | | | | | | CP | vpaddd
3 | | | | | | | | CP | wvpaddd
| 4 | | | | [ | I | CP | vpaddd
| S I I | | I I | | CP | vpaddd
| € | | | | [ | | | CP | vpaddd

xmmO,
xmmO,
xmmO,
xmmO,
xmmO,
xmmO,
xmm0,

xmm0,
xmmO,
xmm0,
xmm0,
xmm0,
xmmO,
xmm0,

xmml
xmm?2
xmm3
xmmé
xmmS
xmmé
xmm7

Intel Architecture Code Analyzer User’s Guide
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KoHndpnukrbl ynpasnenusa (Control hazards)

v D Wi R

not
6:

mov 1l
cmpl
jne
movl
jmp

_equal:
movl

end:

%ebx, %eax
$0x10, %eax
not equal
%eax, %ecx
end

$-0x1, %ecx

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

Step 4: pe3ynbtat cmpl ewe He n3BecTeH; NO KAaKOMy agpecy
BblOMPATb CneayoLyo MHCTPYKLUUIO — 4 uaum 67

B npoueccope npucytcTeyeT
MoAynb npeacKkasaHua nepexonos (Branch Prediction Unit)
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MpeackasaHue nepexoaos (Branch prediction)

Mopgynb npeacKkasaHMA yCN0BHbIX Nepexonos
(Branch Prediction Unit, BPU) — moaynb npoueccopa,
onpeaenArWmMn No aapecy MHCTPYKLUUN BETBEHUA
bydem 51U 8bINMOsIHEH Mepexo0 U Mo KaKomy aopecy

MpeacKasbiBaeT YC/I0BHbIE Nepexoabl, BbI30Bbl/BO3BPaThI
n3 PyHKUUMN

BepoATHOCTb NPaBMbHOIO NpeacKasaHms
nepexoaoB B COBPEMEHHbIX npoueccopax npesbiwaeT 0.9

Mocne NnpeacKkasaHUA NPOLLECCOP HAYMHAET CNEKYASTUBHO
BbINOJHATb MHCTPYKUMM (Speculative execution)

AnbrepHaTtuBHbIN noaxopa, (6e3 BPU) — cnekynaTMBHO BbINONHATL
obe BeTBM BETB/IEHUSA, NMOKa He byaeT BbIMMCAEHO ynpaBaatoLllee
BblparkeHue (ycnosue)
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Branch Prediction Unit (BPU)

= CraTtuuecKoe npeackasaHue (Static prediction) —
duKcnpoBaHHOEe NpaBuao pPaboTbl NpeacKasaTena
(Hanpumep, YCNOBHbIM Nepexos He BbINO/IHAOTCA HUKOrAa)

=  CraTudyeckue metoabl npeackasaHnAa NCNoAb3yHOTCA KOrda
HEBO3MOMKHO 3aﬂ,eﬁCTBOBaTb ANHaMUYECKUNE

= PaHHue SPARC, MIPS: ycnhoBHble nepexoabl HUKOr4a
He BbINOMHAKOTCA — CPa3y Ha4YMHaeTCcsa BblIOOPKa creaytoLlen
NHCTPYKLUUNK

= CospemeHHble CPU: 06paTHbIM nepexoa
(nepexopn Ha 6bonee mnaawmne agpeca, backwards branch),
ABNAETCA LMKAOM U BbINONAHAETCA, a Nt10O60MN NpsasMOnN nepexon,
(Ha 6bonee ctapwme agpeca, forward-pointing branch),
He BbINOMHAETCA
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CTaTnueckoe npepgcKasaHue nepexonos

Intel 64 and IA-32 Architectures Optimization
Reference Manual

® [lpoueccopbl Pentium 4, Pentium M, Intel Core Solo u Intel
Core Duo MMEIOT CXOXMNe a/IfTOPUTMbI CTaTUYECKOTO
npeacKa3aHMA Nepexoaos:

O

O

H6e3ycnoBHble nepexoapbl BbinoaHATcA (to be taken)

KOCBeHHble nepexoasbl (indirect jump, jmp %eax)
He BbINOAHAETCA

YCNOBHblEe Nepexoabl NpeacKa3biBatoTCA AMHAMUYECKMM
anNropuTMom (paxke Npu NepBOM BbINOJIHEHUN)
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AnHamunueckoe npepncKkasaHue nepexonos

=  nHamuuyecKkoe npeackasaHue (Dynamic prediction) —
TaKMe MeTo/bl OCYLLLECTBAAKOT HAKONNEHNE U aHAIN3 UCTOPUM BETBJIEHUN

" WHbopmaumsa o npeablayLnX BETBJEHUAX XPaHUTCA
B bydepe npeackasaHmna nepexonos (Branch Target Buffer — BTB)

= BTB - 3T0 accoumaTMBHbIN MaccuB (xew-Tabaunua), conocTaBasowmii
afpecy MHCTPYKLMM BETBNIEHNA UCTOPUIO NEPEXOSOB N aapec nepexoaa

OxFFO1l 11: movl %ebx, %eax Instr. History | Target
OXFFO2 cmpl $0x10, %eax (low bite) Address
OxFF@3 e Jne 12 OxFF@3 | 1 | OxFFe6
OxFFO4 | movl Z%eax, »ecx

OxFFO5 ¢ jmp 13 OxFFo9 | ©

OxFFO6 12: movl $-0x1, %ecx

OxFFO7 13:

OxFFo8 cmpl $OxFF, %ebx

OXFFO9 jne 11 37




AnHamunueckoe npepncKkasaHue nepexonos

= Haatane IF no agpecy nHctpykumu (Instruction pointer — IP) nponcxoant
obpalieHue B BTB:

Echn 3anucb ana IP ecTb, 3HAUUT 3arpy*KeHHasa MHCTPYKUMA — 3TO
BeTB/ieHNe n B BTB nmeetca agpec nepexoga
(Target address)

[lanee ncnonb3ysa NCTOPUIO BETBAEHUI NPUHMMAETCA peLleHmne
OCYLLLeCTBNATb Nepexo Uan HeT

OxFFO1
OxXFFO2
OxFFO3
OxFFo4
OXFFO5
OxFFO6
OxXFFO7
OxXFFO38
OxFFO9

11: movl %ebx, %eax Instr. History | Target
el dd
cmpl $0x10, %eax (l’t)w"beistss) Address
RIS S OXFFO3 | 1 | OxFFO6
{  movl J%eax, %ecx
L gmp 13 OxFFO9 0

12: movl $-0x1, %ecx
13:

cmpl $OxFF, %ebx
jne 11 38




1-Bit dynamic predictor

Aapec MHCTPYKUMK nepexoaa (IP):

63 k éur 0
0011
Branch Target Buffer (BTB)
Record | Branch History Target
% 1 OXAF06
1 (%) 0x1134
2 1 Ox01FC
3 (%) OXFFO6
2k - 1 1 OXBEAF

Branch History (1 bit)

0 — BeTBNIEHME
He COCTOANOCDH,
He OCYLLEeCTBNATb
nepexoa

1 — BeTBNeHUE
COCTOANOCD,
OCyW,ecTBAATb
nepexon,
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1-Bit dynamic predictor

Not taken movl $0, %ecx
jmp  .L2

.L1:
Taken ( ) /* code */
addl $1, %ecx

.L2: cmpl $8, %ecx

Taken 0 jle .L1
i = 0, predicted 0, MISPREDICTION (state -> 1)
i = 1, predicted 1, 0K, (state -> 1)
i = 2, predicted 1, 0K, (state -> 1) 80% BeTBNEHUN
i = 3, predicted 1, OK, (state -> 1) I
KOPPEKTHO
i =9, predicted 1, MISPREDICTION (state -> 0)




1-Bit dynamic predictor

Not taken
Taken ( ) Not taken
Taken 0
fo i e i< e i | 1 | Predicted | Real |
f . I g ) A ) ®@ (NOT TAKEN) 1 (TAKEN)
if ((i & 1) == 0)
1 1 °
/* Code 1 */
2 0 1
else
3 1 0
* *
} | Touwocts 0% | 5 - :




Saturating 2-bit counter (Bimodal predictor)

Taken
= [lpu BbInoNHEeHUN nepexopa (Taken)
COCTOAAHME yBennymsaeTcs Ha 1

= [lpu HeBbIiNnoAHeHUM Nepexoaa (Not
taken) cocTtoAHmne ymeHbllaeTca Ha 1

= [lpeacKasaHue: |
{00, 01}:
nepexon He BbINONHAETCA Not taken Taken
{10, 11}: @

Not taken Taken

nepexos sblNMNo/IHAETCA

Not taken Taken

" Wcnonb3osBanca B Intel Pentium

" MoKHO 0600WMTb Ha caydYan N-BUTHOTO
npeacKalaTtens: v
€C/IM 3HAYEeHMe CYETYMKA = MONOBUHbI CBOETO
MaKCMMa/IbHOTO 3HAYEHMUS, TO BETBIEHWNE BbINOJIHAETCS

Not taken 42



Peanusauuu BTB

" |Intel Pentium: saturating 2-bit counter,

= |ntel Pentium {MMX, Pro, II, Ill}:
two-level adaptive branch predictor (4-bit history)

= Pentium 4: Agree predictor (16-bit global history)
= Intel Atom: two-level adaptive branch predictor

= Intel Nehalem: two-level branch predictor, misprediction penalty is
at least 17 clock cycles

Agner Fog. The microarchitecture of Intel, AMD and VIA CPUs
(an optimization guide for assembly programmers and compiler makers) //
http://www.agner.org/optimize/microarchitecture.pdf
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BeTBneHUA B nporpammax

if (x == 0)
else if (x ==

else

1)

for (i = 0; 1 < 10; i++) {
}

switch (x) {
case 0:
break;
case 1:
break;

default:

while (data > 0) {

data--;
}
do {
data--;

} while (data > 9);

44



BerBneHua B nporpammax (gcc 5.1.1)

// prog.c
if (a > 100)
printf("Case 1\n");
else
printf("Case 2\n");

$ gcc -00 -0 prog ./prog.c --save-temps

L

// prog.s

cmpl $100, -4(%rbp)

jle L2

mov1l $.LCO, %edi

call puts

jmp .L3
L2: mov1l $.LC1, %edi

call puts
.L3:
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BerBneHua B nporpammax (gcc 5.1.1)

// prog.c
if (a > 100)
printf("Case 1\n");
else
printf("Case 2\n");

$ gcc -02 -0 prog ./prog.c --save-temps

// prog.s
cmpl $100, %eax
jg .L6
mov1 $.LC1, %edi
call puts

.L3:
/] ...
ret

.L6:

mov1l $.LCO, %edi
call puts
jmp .L3



LinKnbl B nporpammax (gec 5.1.1)

// prog.c

for (int i =

9; i < 10; i++) {

printf("%d\n", 1i);

}

// prog.s, -00

movl
jmp
.L3:
mov1l
mov1l
mov1l
mov1l
call
addl
L2:
cmpl
jle

// prog.s, -02

$0, -4(%rbp) .L2:
L2

-4(%rbp), %eax
%»eax, nesi
$.LCO, %edi
$0, %eax
printf

$1) '4(%Pbp)

$9J '4(%Pbp)
.L3

mov1l
xorl
mov1l
addl
call
cmpl
jne

%ebx, %esi
%eax, nheax
$.LCO, %edi
$1, %ebx
printf

$10, %ebx
L2
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OHTMMM3aLI,VIFI UHBAPWUAHTHDLIX BEeTB/IEHUM

for (1 = 0; i < 10; i++) {
if (value > 10)
data++;
else
data--;

CKonbKo byaeT BbINO/IHEHO YC/I0BHbIX Nepexoaos?




OHTMMM33LI,VIFI UHBAPWUAHTHDLIX BEeTB/IEHUM

for (1 = 0; i < 10; i++) {
if (value > 10)

data++;
else
data--;
YcnoBHble nepexoAbil:
1. 0<10 13. 6<10
2. value>10 14. value > 10
3. 1<10 15. 7<10
4. value>10 16. value > 10 21 ycnoBHbIN
5 2<10 17. 8 <10 nepexog,
6. value>10 18. value > 10
7. 3<10 19. 9<10
8. wvalue>10 20. value > 10
9. 4<10 21. 10<10
10. value > 10
11. 5<10

12. value > 10



OHTMMM3aLI,VIFI UHBAPWUAHTHDLIX BEeTB/IEHUM

for (i =

}

data++;

else

data--;

9; 1 < 10; i++) {
if (value > 10).

L%

o
~

~.

~.

~~.
~
N ~
~ S~o
~
~
~
~.
~
~
~
~

MHBapunaHTHOe BeTB/IeHUE —
He 3aBUCUT OT COCTOAHME NPOrpammol

BHYTPU LMKAA

YcnoBHble nepexoabl:

[HN

©ONDU AW

0<10
value > 10
1<10
value > 10
2<10
value > 10
3<10
value > 10
4<10

10. value > 10
11. 5< 10
12. value > 10

13.
14.
15.
16.
17.
18.
19.
20.
21.

6<10
value > 10
7<10
value > 10
8<10
value > 10
9<10
value > 10
10< 10

21 ycnoBHbIN
nepexop,
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OHTMMM3aLI,VIFI UHBAPWUAHTHDLIX BEeTB/IEHUM

for (1 = 0; i < 10; i++) {

if (value > 10)
data++;
else
data--;

21 ycnoBHbIN
nepexoa

if (value > 10) {
for (i = 0; i < 10;

data++;
} else {
for (1 = 0; i < 10;
data--;

i++)

i++)

12 ycnoBHbIX nepexoaos

MeHblue obpalleHnn
K MoAy/t0 NpeacKkasaHus
nepexoaos (BPU)

value > 10
0<10
1<10

10<10




OHTMMM3aLI,VIFI UHBAPWUAHTHDLIX BEeTB/IEHUM

void MyFunc(int size, int blend, float *src,
float *dest, float *src 1, ...)

{
int j;
for (j = 0; j < size; j++) {
if (blend == 255)
dest[j] = src_1[7j];
else if ( blend == 0 )
dest[j] = src_2[7j];
else
dest[j] = (src_1[j] * blend + src_2[j]
* (255 - blend)) / 256;
}
}
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OHTMMM3aLI,VIFI UHBAPWUAHTHDLIX BEeTB/IEHUM

void MyFunc(int size, int blend, float *src,
float *dest, float *src 1, ... )

{
int j;
if (blend == 255) = VHBapuaHTHOe
for (j = 0; j < size; j++) BETB/IEHME BbIHECV
dest[j] = src_1[7]; 3a LUKAN
else if (blend == @) = CoKkpaTuiu
for (j = 0; j < size; j++) 4YMCNO NepexoaoB
dest[j]= src_2[j];
else
for (j = 0; j < size; j++)
dest[j] = (src_1[j] * blend + src_2[j]
* (255 - blend)) / 256;
}




Tunosble OWNOKMU

void fun()
{
if (tl == 0 && t2 == 0 && t3 == 0) {
/* Code 1 */
} else {
/* Code 2 */
J cmpl $0, -4(%rbp)
h jne L2
cmpl $0, -8(%rbp)
jne L2
cmpl $0, -12(%rbp)
jne .L2
/* Code 1 */
L. ™ e 3 BeTBNEHMUA
/* Code 2 */
.L3:
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Tunosble OWNOKMU

void fun()
{
if ((t1 | t2 | t3) == 0) {
/* Code 1 */
} else {
/* Code 2 */
! mov1l -8(%rbp), %eax
} mov1 -4(%rbp), %edx
orl %edx, %eax
orl -12(%rbp), %eax
testl %eax, %eax
jne .L2
mov1l $133, -16(%rbp)
jmp .L3
L2- 1 nepexop,
mov1l $333, -16(%rbp)
L3¢
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GCC branch annotation

#define likely(x) __builtin_expect (!!(x), 1)
#define unlikely(x) _ builtin_expect (!!(x), 0)

const char *home;

home = getenv("HOME");
if (likely(home))

printf("Your home is %s\n", home);
else

fprintf (stderr, "HOME not set!\n");
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GCC branch annotation

#define likely(x) __builtin_expect (!!(x), 1)
#define unlikely(x) _ builtin_expect (!!(x), 0)

unsigned int _ skb checksum complete(struct sk buff *skb)

{

unsigned int sum;
sum = (ul6)csum fold(skb checksum(skb, @, skb->len,
skb->csum));
if (likely(!sum)) {
if (unlikely(skb->ip summed == CHECKSUM HW))
netdev_rx_csum_fault(skb->dev);
skb->ip summed = CHECKSUM_UNNECESSARY;

}

return sum;




Hardware Performance Counters

" Linux perf

= Linux MSR Tools (rdmsr, wrmsr)
= |ntel VTune

= PAPI

perf list

List of pre-defined events (to be used in -e):
cpu-cycles OR cycles
instructions
cache-references
cache-misses

bus-cycles

stalled-cycles-frontend OR idle-cycles-frontend
stalled-cycles-backend OR idle-cycles-backend
ref-cycles

[Hardware
[Hardware
[Hardware
[Hardware

[Hardware
[Hardware
[Hardware
[Hardware




Linux Perf (Sampling)

$ perf stat -e branch-misses ./prog

Performance counter stats for './prog':

709.737801 task-clock .995 CPUs utilized
81 context-switches .114 K/sec
5 CPU-migrations .007 K/sec
2,379 page-faults .003 M/sec
2,106,950,459 cycles .969 GHz
398,589,229 branches .601 M/sec
1,280,498 .32% of all

http://perf.wiki.kernel.org
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Loop peeling (Loop splitting)

int p = 10;

for (int i = 0; i < 10; ++i) { ToNbKO Ha NepBoiA
y[i] = x[1] + x[p]; uTepaummn p =i,
p = 1i; atTemp=i-1

}

$

y[e] = x[@] + x[18];

for (int 1 = 1; 1 < 10; ++i) {
yl[i] = x[1] + x[1 - 1];

}

" Loop peeling — 310 onTMMM3aUMA UMKIA NYTEM BbIHOCA U3 €ro

Tena npobnemHbIX/n306bITOYHbIX UTEPALINIA
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PassopauuBaHue umknos (Loop unrolling)

= Loop unrolling (packpytKa, unwinding) — 310 npeobpa3oBaHue
LMK, NPU KOTOPOM KOJ, €ro Tea MHOTOKPaTHO TUParKUpyeTcs

* KonnyecTtBo UTEpaUM LIMKN COKpaLlaeTca
(3a 0aHY UTEPALUIO BbINOJHAEM CPa3y HECKOJIbKO)

= PacKpyTKa UMKNa NO3BO/IAET:

O 3pPeKTMBHEE 3arpy3nUTb CynepcKkanAapHbIN NpoLeccop
HEe3aBUCUMbIMK onepaLmnuaMm

O COKPATUTb KOTNYECTBO BETB/IEHUM Nnpu BbiINOJIHEHUUN LUKNA

e[l += aldl] * w[i]lk;
cldl] += a[{][i] * wlj]lk];
cldli] += a[][] * w[]lkl;

cldl] += a[[] * wli]lk];
el += a[[] * w[i]lk];
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PassopauuBaHue umknos (Loop unrolling)

enum { n = 40 * 1024 * 1024 };

int main()

{
int *p;
int i, sum;
p = (int *)malloc(sizeof(*p) * n);
for (1 = 0; 1 < n; i++)
p[i] = rand();
for (sum = 0, i = 0; 1 < n; i++) {
sum += p[i];
}
return O;
}
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PassopauuBaHue umknos (Loop unrolling)

enum { n = 40 * 1024 * 1024 };

int main()

int *p;
int i, sum;

p = (int *)malloc(sizeof(*p) * n);
for (i = ©; i < n; i++)
p[i] = rand();

for (sum =0, i =0; i < n; 1 +=4) {
sum += p[i];

sum += P[% + 1]; Konnuectso BetBneHui (i < n)
sum += p[i + 2]; COKpaTu/och B 4 pasa
sum += p[i + 3];

}

return O;




PassopauuBaHue umknos (Loop unrolling)

enum { n = 40 * 1024 * 1024 };

int main()

{
int *p;
int i, sum;
p = (int *)malloc(sizeof(*p) * n);
for (i = 0; i < n; i++)
p[i] = rand();
for (sum =0, i =0; i < n; 1 +=4) {
sum += p[i];
. . 3aBUCUMOCTb NO AaHHbIM
sum += p[i + 1];
sum += p[i + 2]: mexxay MHCprKLI,MFI.MM
: ] (RAW - Read After Write)
sum += p[i + 3];
}
return O;
}
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PassopauuBaHue umknos (Loop unrolling)

enum { n = 40 * 1024 * 1024 },;

int main()

{

int *p;
int 1, sum, t1, t2, t3, t4;

/* Initialization code ... */
tl = t2 = t3 = t4 = 0;
for (sum = 0, i =0; 1 < n; i +=4) {

tl += p[i];

t2 += p[i + 1]; Speedup 98 %

3 += p[? + 2]; = |ntel Core i5 2520M

t4 += p[i + 3]; = Linux x86_64 (Fedora 19)
} = GCC4.8.1, opt. flags: —00
sum = t1 + t2 + t3 + t4;

return 0;




PassopauuBaHue umknos (Loop unrolling)

* Ha KaKylo rnybuHy packpyuuBaTb LUKAN?

" MoxXHOo noabupaTb rMybUHY yuMTbIBas KONNYECTBO

$YHKUMOHANbHbIX YCTPOMCTB CynepcKansspHOro npoueccopa
(ALU, FPU, ...)

" EC/IM KONMYECTBO UTEPALIMMA LUK HE KPATHO rybuHe
PACKPYTKMU, TO LKA pa3brBaem Ha AiBa — MNepPBbIM BbINO/IHAET
MAKCMMaNbHO BO3MOMKHOE YNCNO UTEPALIMK, KpaTHOE
rnybnHe pacKpyTKKU, @ BTOPOM OCTAaTOK UTEPALIUM
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PassopauuBaHue umknos (Loop unrolling)

void fun()
{
for (1 = 9; 1 < 1024; i++) {
if (1 & 1)
fun_a(i);
else
fun _b(i);




PassopauuBaHue umknos (Loop unrolling)

void fun()
{
for (i = 0; 1 < 1024; 1 += 2) {
fun_a(i);
fun b(i + 1);
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