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KoncnekT no OKKA — |l u,

0. ApXUTEKTYpPHM 0COBEHOCTW HA CbBPEMEHHUTE KOMMIOTPU. TEHAEHUMM.

1. MpoussoautenHocT. EqpekTMBHOCT — BMAO0BE.

2. CISC/RISC. CynepckanapHu LiM. MHoxecTBo yHuUKknoHanHu yctpouncTsa. LM ¢ VLIW.

3. TakcoHomust Ha OnumH: SISD/SIMD/MISD/MIMD. 3akoH Ha Amaan. CynepkoMmioTpum.

4. SMP/MPP/NUMA. Mpexxu. Knbctepw.

5. MHorosiapeHocT/MHoroHuwkosocT. SMT/CMT.

6. BekTopHu, MaTpuunn 1 rpachuunm npouecopu. ,Konauun®. SIMD-komaHam Ha L.

7. MoHsTne 3a koHBeep. OcobeHOCTH B paboTaTta Ha KOHBeepa 3a KOMaHy.

8. MexxaykomaHHu 3aBUCUMOCTW — CbLUHOCT W HAYMHM 3@ HamMansBaHe Ha BIIMSHUETO UM.

9. Npexoan. MNpeankTop Ha NPexoan/cToMHOCTU. CrnekynaTMBHO M3MbAHEHWe. 3aLbpXKaH npexod.
10. CBpbxonepaTuBHa (KELL-)nameT: acoUMaTUBHOCT, 3anuc, 06em Ha 611oKa, KOXePEeHTHOCT.

11. Xopu3oHTanHa opraHu3aums: ApxutekTypa Xapsaps, pascnoeHa naMmeT, MHOroKaHamneH pexxum.
12. PasnonoxeHve Ha aaHHWTe B nameTTa. [Nogpenba Ha baioseTe.

13. [porpameH Mofen, METOAM HA aapecauns, NPexoaun, npeHoc 1 butoswn noneta B 1A-32.

14. lNporpameH MOAen, METOAM HA afpecaums, NPexoau, npeHoc u butosu noneta 8 ARM.

15. MporpameH Mofen, MeTOAM Ha aapecauns, Nnpexoau, npeHoc 1 6utosu noneta B POWER[PC].
16. MNporpameH Mofen, MeTOAM Ha afapecaums, Npexoau, npeHoc u 6utosu noneta B SPARC.

17. MporpameH Mofen, METOAM Ha aapecaums, NPexoau, npeHoc u 6utoswu noneta s MIPS.

18. MNporpameH Mofen, METOAM Ha aapecaums, NPexoau, NpeHoc u 6utoswn noneta B RISC-V.

19. MNporpameH Mofen, METOAM Ha afpecaums, NPexXoau, NPeHoc 1 GUTOBYM noneTa B Apyra apxuTekTypa rno u3bop.



L 0 NO U kA WbhPE

ADXUTEKTYNHU 0CODCHOCTU HA
CbBIIEMEGHUTE ROMMIOTN:

LLinpoKo nsnonssaHe Ha RISC (mnoHe BbTPELLHO)

MapanenHoct V HuBa: sapa/HULWIKN/DY/KoHBeNep
CepuUMHOCT HA LUMHUTE N AP. BbTPELIHMN BPBH3KU
CBpbxonepaTtnBHU nameTtu (cache) n bydbepupane
MN3non3BaHe Ha CUMHXPOHHU AMHAMUYHU MaMEeTH
N3non3saHe Ha yecToTHU YyMHOKuTeamn (PCC) B UC
BbvTpewHounnosu mpexxu (3a copsbpute u CK)
ABTOMATUYEH KOHTPON Ha TY n nskntouBaHe Ha PY
BrpageHa nogapuiKka Ha Kpuntorpadpuma u MM/ MO
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RO CHOBHU ACIIEKTA:

R TTTEK TV PEHIE O BALVV]

REKTHBHO U3TTONSBAHE HA
BEIO/[OI UYHUTE HOAOLEPEHUA

TEHJEHIIANA:

RISE@R0a31paHny MallliHU

KPUTHUTHN TEXHUKY 32 IIOBUIIIABAHE HA
lipousBoauTeaHocTTa: 1LP (mapanenu3mu Ha HUBO
MHCTPYKIAM ), Keml — mameTtu, 1L




Current Trends in Architecture

uoIONPOIU|

= Cannot continue to leverage Instruction-Level
parallelism (ILP)

= Single processor performance improvement ended in
2003

= New models for performance:
» Data-level parallelism (DLP)
= Thread-level parallelism (TLP)
» Request-level parallelism (RLP)

= [hese require explicit restructuring of the
application




Performance (vs. VAX-11/780)
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Moore’s Law — The number of transistors on integrated circuit chips (1971-2018)

Moore's law describes the empirical regularity that the number of transistors on integrated circuits doubles approximately every two yvears.

This advancement is important as other aspects of technological progress — such as processing speed or the price of electronic products — are

linked to Moore's law.

50,000,000,000

10,000,000,000
5,000,000,000

1,000,000,000

72-core Xeon Phi Centrig 2400 ©GC2IPU
SPARC M7 \\03? core AMD Epyc
IBM 213 Storage [\unirullw\‘ Apple A12X Bionic
Qi 5 o Box/SCXB180
Xbox One main L‘J[’\ s \ual{'omm napdragon Box/ 1
&1-core Xeon Phi 3 3 HiSilicon Kirin 980 + Apple A12 Bionic
12-core po-.a\‘[n < ™ HiSilicon Kirin 710
Six-core Xeon 7400, ‘ 3 uaeoms r‘:lpdmot‘grl‘?sgr-c\.lt:l\-\«L‘II u
Dual-core Itanium 2¢p " € Quad-core + GPU GT2 Core i7 Skylake K
Pentium D Presler < Quad-core + GPU Core i7 Haswell

18-core Xeon Haswell- E.; 1e,3 a Xavier
8-core Xeon Nehalem-EX~, 0 -Core (_.or% i7 Broadwell-E
L3 ODJQ core + GPU Ins

Itaniym 2 -.-,i-.no\ovlIEHO 0(0 7 (Quad) Apple AT (dual-core ARMB4 “"mobile SoC”)
9 MBE cache sore i7 (Quad]
500,000,000 Itanium 2 Madison 6M€ ‘f‘qu[\/ [1)“qu€c‘ Sale HiEs
Pent D Smithfield Juo G
Itanium 2“@&“0;@ e \0 g&uw;@[f‘%}m ?mE)r?g Wolfdale 3M
Pentium 4 Prescott-2Mep \0(,0 @ 2 Duo Allendale
Pentium 4 Cedar Mill
100,000,000 AMD K9 0F’s'nhunl i Prescott
Pentium 4 Northwoot
= 50,000,000 Pentium 4 Willamette € %iﬁlu:i??:‘; At Qatom
3 Pentium Il Mobile Dixon. QAR Cortex-Ag
o AMD K7 € €pPentium |l Copperming RS .
© AMD K6-ll
c 10,000,000 AMD K, entigm Il Katmai
,E Pentium Pro Peﬁmﬁlﬁgﬁum T Bescriutes
w 5,000,000 Qo Kiamath
% J’erniu.‘n9 AMD K5
= s SATI10
Intel 80486
1,000,000 i Shuon
Tl Explorer's 32-bit
500,000 LSz e -,
Intel 803860 :{J‘t"cDO QARM 3
Motorola 68020 ¢ - °D
y S P s
100,000 Motarola Intel 80286
500 Y
50.000 intel B0186
Intel 80864y €pIntel B0BE © QrRM 2 ,\rﬁﬁ 5
ARM 1
gg%gla B5CE16 nz\”x
10,000  T™sgjooo  Zilog Z80 Woe NC4016
RCAI802 Rt 3985 b
5 ’ 000 Intel 80080 Intel SUE:Ue
MQ[(’ daia Ml; Technology
Intel 4004 6500
1,000
R S SRR L A R A R I IS ISR IR
LS N LS N N N N N N N N N N N N ) v G+ v G+ v L ) )

Data source: Wikipedia (https://en.wikipedia.org/wiki/Transistor_count)

The data visualization is available at OurWorldinData.org. There you find more visualizations and research on this topic.

Licensed under CC-BY-SA by the author Max Roser.



Gates’ Law:
The speed of
software halves
every 18 months.



Measuring Performance

= Typical performance metrics:
= Response time
= Throughput

m Speedup of X relative to Y
= Execution timey / Execution timey

= Execution time
= Wall clock time: includes all system overheads
= CPU time: only computation time

= Benchmarks
= Kernels (e.g. matrix multiply)
= Toy programs (e.g. sorting)
= Synthetic benchmarks (e.g. Dhrystone)
= Benchmark suites (e.g. SPECO06fp, TPC-C)

aouew.olad bulinses|y




Mepku 3a Npon3BOAUTENHOCT

MIPS (Millions of Instructions Per Second)
— MUINMOHN NHCTPYKLUMKN 3a CEKyHOa

MOPS (Millions of Operations Per
Second) — MUNMOHM onepaumn 3a CekyHaa

FLOPS (Floating Point Operations Per
Second) — 6bpoin onepauun ¢ nnasaila
3aneTtas 3a cekyHaa

©BOROVSKA




EDeKTUBHOCT — BUZ10BE:

€ EdexkTnBHOCT Ha napanenHaTa paborta: E=S/ N
€ IkoHomunyeckKa (LeHoBa) epekTnBHOCT: E=S/V
& ExepruiiHa edpeKTMBHOCT/MKOHOMUYHOCT: E=S /P

€ 3aKkoH Ha Grosch (1953 r1.): Mpon3BOANTENHOCTTA
HapacTBa C KBagpaTa Ha ueHaTa. am ¢ apyru aymum,
KOJIKOTO MO-CKbMN € KOMMNIOTbPBT, TO/ZIKOBA NO-roNaMa
MKOHOMMYECKa (LeHoBa) edpeKTMBHOCT nma. lNMoagobHa
MWNCHN e U3Ka3BaHa U oT Seymour Cray. [1o-KbCHUTE
n3caeaBaHMA CoYaT, Ye Ta3n 3aBUCUMOCT Ce pa3MMBa.



Vneara npm RISC apxmTekTypaTa € Ila Cce I[OCTUI'He OBpP30JeUCTBUE,
[IOCPeICTBOM OCHUI'YpABaHe Ha MMHMMAJIHO BpeMe '3a M3II'BJIIHEHMe Ha 4YeCcTo
M3NOJI3BaHUTe KoMaHIM. To3M NoOxXoIl, a CHIO Taka M obcTodTelICTBOTO,
ye CJIOXKHaATa CcucTeMa OT KOMaHIM M3MCKBa I[Io-T'oJIEMM CHUCTEeMHM
M3IPBEKKM, BOIM IO CUCTeMa CBC CBEKpaTeH Habop KOMaHIINM.

3a ma OpmaT OBa Ipollecopa (QYHKLUMOHAJIHO eKBUBAJIEHTHU, e€IUHUAT
or komTOo e CISC, a gpyruar RISC, e HeobxomMMo @QyHKLUMMTE Ha
npoliecopa, pealuMsypaHuM oOT p4doko cpemaHuMTe CISC xKoMaHIOM ona ce
3aMeHdaT c nociyenopaTesHocT oT RISC xomaHnom B RISC npoliecopa.

[l[oHacTO4dmeM HdMa eIVMHHO OoIlIpeleJieHMe =3a ToBa, KakeBo e RISC -
apXUTeKTypa. Bce mnak npeobllajaBRa CcTaHOBMUIIETO, 4Ye =a —dMcTaTa”
RISC - apxuTekTypa ca XapaKTepHM CJIeIHMTe OCODEeHOCTHM:

a) KkxoMaHIMTe Tp4dabBa Ia ce M2NBJIHIBaT =2a elIMH W ChHiIl Dpon
TakToBe (B MIeaJIHMd cCJIy4daM =2a eIMH TakKT) ;

©) kKoMaHIMTe Tpabra Oa MMaT e€IMH M CEHIlI dopMarT;

B) OOpPEIIEHMETO KBM [MaMeTTa € CRBRBP3aHO caMOo C KOMaHIOM OT THII
LOAD m STORE;

') BCUYKM apUTMETUYHM U JIOTHUMUYeCKM OYVHKLIMM Cce U2NBIHABaAT Ha
HUBO PEeTUCTEP.

Tpabea @ma ce nomyeprae, 4Ye He BEBEB BCcuMUukM RISC — rmpoliecopwu,
10 eOHa WM »Opyra I[OpuuMHa, Cce pealmn3npaT WM 4YeTUpUTe W3MCKBaHMA
eIHOBpPeMeHHO. HaW-dyecTo ce HapylmaBaT M3MCKBaHM4g a) u 0).




Integer average

Rank 80x86 instruction (% total executed)
I load 229
2 conditional branch 20%
3 compare 16%
4 store 12%
s add 8%
6 and 6%
7 sub 3%
8 move register-register 4%
9 call 1%
10 return | %
Total 96 %

Figure A.13 The top 10 instructions for the 80x86. Simple instructions dominate this
list and are responsible for 96% of the instructions executed. These percentages are the
average of the five SPECint92 programs.



Number of

Maximum number

memory of operands
addresses allowed Type of architecture Examples
0 3 Load-store Alpha, ARM, MIPS, PowerPC, SPARC, SuperH,
T™M32
1 2 Register-memory IBM 360/370, Intel 80x86, Motorola 68000,
TI TMS320C54x
2 Memory-memory VAX (also has three-operand formats)
3 8 Memory-memory VAX (also has two-operand formats)

Figure A.3 Typical combinations of memory operands and total operands per typical ALU instruction with
examples of computers. Computers with no memory reference per ALU instruction are called load-store or register-
register computers. Instructions with multiple memory operands per typical ALU instruction are called register-
memory or memory-memory, according to whether they have one or more than one memory operand.

Type

Advantages

Disadvantages

Register-register
(0, 3)

Simple, fixed-length instruction encoding.
Simple code generation model. Instructions
take similar numbers of clocks to execute
(see Appendix C).

Higher instruction count than architectures with
memory references in instructions. More instructions
and lower instruction density lead to larger
programs.

Register-memory
(1,2)

Data can be accessed without a separate load
instruction first. Instruction format tends to
be easy to encode and yields good density.

Operands are not equivalent since a source operand
in a binary operation is destroyed. Encoding a
register number and a memory address in each
instruction may restrict the number of registers.
Clocks per instruction vary by operand location.

Memory-memory

(2,2)or (3, 3)

Most compact. Doesn’t waste registers for
temporaries.

Large variation in instruction size, especially for
three-operand instructions. In addition, large
variation in work per instruction. Memory accesses
create memory bottleneck. (Not used today.)

Figure A.4 Advantages and disadvantages of the three most common types of general-purpose register com-
puters. The notation (m, n) means m memory operands and n total operands. In general, computers with fewer alter-
natives simplify the compiler’s task since there are fewer decisions for the compiler to make (see Section A.8).



CYNEPCKAJIAPHU NMPOLIECOPWU

e - o
PETUCTPOB ®AUN
Multiple-issue Processors

CTpyKTypa Ha cynepcKarnapeH npowecop ¢ ABa
MHCTPYKLMOHHM KOHBenepa




N3nbnHeHne ¢ npeHapexaaHe Ha MUHCTPYKUMUTE
Out-of-order Instruction Issue

MHo>ecTBO (PyHKLIMOHANHN YCTPOUCTBA
MoraT oa ce umnnemeHTupaTt mHoxectBo AJlY-Ta

NHCTPYKUMOHEH Bydoep, HapeveH UHCMPYKUUOHEH
npo3opey (instruction window), ce UMNIEMEHTUPa MexXay
doasaTa 3a usBnNMYaHe Ha UHCTPYKUUNTE N U3NbIHUTENHATA
doasa

NHCTpYyKUuMnTe ce nsbumpat 3a n3nbiiHEHUE OT
NHCTPYKLIMOHHMS NPO30peL,, KoraTto onepaHanTe UM ca
rOTOBM U CbOTBETHOTO (PYHKLIMOHASTHO YCTPOWUCTBO €
cBobOOOHO (OCHOBEH rpuHUun Ha data flow komrrompume)

MHCTPYKUMOHHUAT NpO30peL, MOXe Oa ce MMniemMeHTmpa no
2 HauYnHa:

1.  LleHTpanuanpaH MHCTPYKLMOHEH Npo3opeL

2. [JeueHTpanuanpaH MHCTPYKLMOHEH NPO30peL, o
©BOROVSKA




CynepckanapeH npoLecop chbC
cneuuanusnpaHu U3nbsAHUTENTHN YCTPOUCTBA

Multiple-issue Processors

)

‘ .\
3AMNUC I
(STORE)

Out-of-order issue

Temporal parallelism ||

KELWW 3A JAHHU |
.




C UeHTpasfim3npaH

|
m CynepckanapeH npoecop
MHCTPYKLIMOHEH npo3opeL,

UHCTPYKLUN
e —

Multiple-issue Processors
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CynepckanapeH npo3opeL, ¢
pe3epBaLUOHHN CTaHLUMU

M| (npyHUMn Ha Tomacyrno)
T

N3
W3BJIMYAHE HA
WHCTPYKUUN
“— I—

LIETEHE HA _|\_11‘Ilul—-’i"lllﬂili‘-lll'l—
OMNMEPAHOU .='$
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Multiple-issue Processors




CbabpxaHne Ha UHCTPYKLUMOHHUS
nposopeL
Instruction Window Contents

Register Operand Register Operand Register
Destination ID - Operand 1 ID Operand 2 ID

ot WY A RN 6
I e e BRI

4 / |Opcode4| D4 | | VAWE
5/ [ Opoodes D5 | VAWE | b [0  DSA
AN P I I I N B
— /1 . . | .

[OTOBA 3A U3IMTbJIHEHUE —
M3MNPALLA CE KbM ®YHKLIMOHANHOTO YCTPOUCTBO

DATA FLOW PRINCIPLE
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lw $t0, 40($s0)
add $tl, $t0, S$sl
sub $t0, $s2, S$s3
and St2, S$s4, S5tO
or $t3, S$sb, S$s6
sw $s7, 80($t3)

Superscalar Example

Ideal IPC: 2
Actual IPC: 2

lw $t0, 40(S$s0)

add $tl, $sl1, S$s2

sub $t2, $sl, $s3

and $t3, $s3, S$s4

or S$t4, $sl1, $sb5

sw $sb, 80(S$s0)

MICROARCHITECTURE

1 2 3 4 5 6 7 8
-
Time (cycles)
1w sSOV:B_ Msto
40 —
IM RF [551 DM R
add S50 jz}___ || 5t
subv 25l M \ St2
1 [es :B_ pm| |
IM RF [ss3 - RF
and -[ $s4 :B— -
or Ss1M N\ Mot
(I :B_ pm| |
IM RF |sso0 oos RF
SW _[ 50 :B_ s5| |

© Digital Design and Computer Architecture, 2" Edition, 2012

Chapter 7 <122>




Superscalar with Dependencies

lw $t0, 40($s0)
add $tl, $t0, $sl

sub $t0, $s2, $s3 Ideal IPC: 2

and $t2, $s4, S$tO Actual IPC: 6/5=1.2

or St3, S$sb5, $s6

sw $s7, 80($t3) 2 3 5 6 7 8 °
Time (crbis)

[

k23
t
(=]

4
1 MR Y R
1w $t0, 40($s0) 40 | —
RF
x W

.
add $t1, , $s1

sub $t0, $s2, $s3

and $t

or $t3, $s5, $s6

B2 h%3
n |0
N

%23
W

B

[ = |
||€ w|n
{ {
=
hul
@
o
f r

M —— 33K
sw $s7, 80(5td) s

MICROARCHITECTURE
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Out of Order Processor Example

lw $t0, 40($s0)

add s$tl, $t0, $sl

sub $t0, $s2, S$s3 Ideal IPC: 2

and $t2, S$s4, S$tO Actual IPC: 6/4=1.5

or St3, S$s5, $s6
sw S$s7, 80(St3)

N $sOM
1w $t0, 40($s0) Lo 10
W || fess Lses
$s6 556

4
/
om| |
V $t3R V 71 ™
SW $S7 ’ ) SW -[ 80 %7 = w2 -
M RF (I} {P™ RF

5 6 7 8

>

Time (cycles)

Mo

RF

S7Av,

two cycle latency
between load and \RAW i | -
use of $t0 - - T
v $t0 ; v
add s$tl, , $s1 add _[ ssl?fa_ $tl
/ IM RF[soa| RE
:B_ S0

$t2
DM RF

{WAR |

sub , $s2, $s3 =B ] ss3|
S
and $t2, $s4, @ and%{ $t0

© Digital Design and Computer Architecture, 2" Edition, 2012 Chapter 7 <126>
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Register Renaming

lw $t0, 40($s0)
add $tl, $t0, $sl

sub $t0, $s2, S$s3 Ideal IPC: 2
and St2, S$s4, $tO Actual IPC: 6/3=2
or St3, S$Ss5, $s60
sw $s7, 80(st3) 1 2 3 4 5 6 7 _
Time (cycles)
L N $s0M E sto
M . RF 222 RF
- $s3 :B_ PO
and V zié _V $t2
M RF <25 DM RF
or _[ - | ] $t3
addM] ZLOR V Mst1
$sl DM_
M . RF 223 57| RF

MICROARCHITECTURE
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L3

L2 Cache
512KiB 8-Way

32B/Cycle
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ILP = INSTRUCTION-LEVEL PARALLELISM

HPE APAUTERTYPW

(VLIW)

NNAHUPAHE HA
ILP- |APXUTEKTYPU rPYNUPAHE ®YHKUMOHANHUTE | UHULUUPAHE
YCTPOMUCTBA

CYNEPCKANNIAPHU OT XAPAYEPA OT XAPAYEPA OT XAPAYEPA
EKCNIMUUTHO
NAPAJZIENTHO OT KOMMUNATOPA OT XAPAYEPA OT XAPAYEPA
N3Nb/IHEHUE HA
MHCTPYKUWUU EPIC
ANHAMWUYHUA
APXUTEKTYPU C MHOIO | OT KOMIMTUZIATOPA OT KOMMUNATOPA OT XAPAYEPA
AbNrn
MHCTPYKUUMOHHU AYMMU
(Dynamic VLIW)
APXUTEKTYPU C MHOIO
AbJ/ITn OT KOMMUNATOPA OT KOMMUNATOPA oT
MHCTPYKUUMOHHU AYMMU KOMMUNATOPA

21



lucho
Line

lucho
Text Box
ILP-

lucho
Text Box
   ILP = INSTRUCTION-LEVEL PARALLELISM


VLIW ARCHITECTURES
EPIC

@ VLIW - Very Long Instruction Word

® EPIC - Explicitly Parallel Instruction
Computing

® [Npun TUNHMYHaTA VLIW apXUTEKTypa

Ab/KMHATA Ha MHCTPYKUMMTE € CTOTUUM
outoBe.

® B pamkute Ha VLIW npouecop dyHKUMOHMPAT
napasieJIHo MHOXeCTBO (PYHKUMOHANTHM
YCTPOUCTBA.

® BcMYKKM pYHKUMOHANHKU YCTPOMCTBA CloAenaTt
OFpOMEH 06LL, pernMcTpos dam.

22




APXUTERTYPHO CPAB

ERME

oAKTERTCIK CISC RISC VLIW
XAPAKTEPUCTUKMN
Ab/IUHA HA NMPOMEH/INBA EAHAKBA, OBMUKHOBEHO 32 EAHAKBA
UHCTPYKLUMATA BUTA
®OPMAT HA PA3NOJNIOXEHUETO | PETYNIAPHO, PEFYNAPHO,
UHCTPYKLUATA HA NONETATA CE PA3MNONIOXEHUETO HA PA3MNONIOXEHUETO HA
NMPOMEHA MOJIETATA HE CE NMPOMEHA MOJIETATA HE CE NMPOMEHA
CEMAHTUKA HA NMPOMEHA CE OT CAMO EAQHA ONEPALUMUA MHOXECTBO NMPOCTH,
MHCTPYKLMUTE MPOCTA [10 C/IOXHA HE3ABMCMMU ONEPALUU
PETUCTPU MAJKO, MOHAKOTA MHOTIO, YHUBEPCA/THU MHOTIO, YHUBEPCA/THU
CNEUWMANTUSUPAHU
AOCTbIMU A0 OBBbP3AHUC HE CA OBBbP3AHU C HE CA OBBbP3AHU C
NAMETTA ONEPALUUUN HA ONEPALIUN, LOAD/STORE ONEPALIUN, LOAD/STORE
PA3/TIMMHU TUNOBE APXUTEKTYPU APXUTEKTYPU
UHCTPYKLUUU
AKLUEHT NPU U3MNON3BAHE HA MWMNNEMEHTAUUU C EAUH MWMNNEMEHTALUU C
NMPOEKTUPAHETO HA MWUKPOKOAUPAHU KOHBEMEP U BE3 MWUKPOKOA | MHOXECTBO KOHBEﬁEPM, BE3
XAPOYEPA UWMNNEMEHTAUUN MWUKPOKOA U BE3 C/ZIOXKHA
JNIOTNKA 3A ANCNEYEPU3ALNA

23




13N bARERUE HA TUNTNYHU
IHCTPYKLUM

| BART | BAAT | BAWT | BANT | BAWT | BAWAT | BAWT | BAWT
[eanr | sAaT | EAWT | BAWT | BAWT | BAWT
BAWT | BAWT | BAWT | BAWT

EANT | GAWT | BAWT | BAWT

| BAAT | BAWT | BAWT | sC

| BAWT | BAWT | RI
CISC
BAAT | BAAT | BAWT | BAWT | BAWT | BAWT | BAWT | BAAT | BAWT | BAWT | BAAT | BAWT
BANT | BAWT | BAWT | BAWT | BAWT | BAWT | BAWT | BAMT | BAWT | BAWT | BAWT | BAWT
BANT BAWAT BAWT BANT BAWNT BAWT BANT BAAT BAWT BAWT BART BAWT
BAAT | BAWT | BAWT | BAWT | BAWT | BAMT | BAWT | BAMT | BAWT | BAWT | BAWT | BAWT
BART | BAWT | BAWT | BAWT | BAWT | BAWT | BAWT | BAMT | BAWT | BAWT | BAWT | BAWT
6ART | BART | BAWT | BAMT | BAWT | BAWT | BAWT | AT | BAWT | BAWT | BAWT | BAWT
BART | BAWT | BAWT | BAAT | BAWT | BAMT | BAWT | BART [ BAWT | BAWT | BAWT | BAWT
BART | BAAT | BAWT | BAWT | BAWT | BAMT | BAWT | BART | BAWT | BAWT | BAWT | BAWT

VLIW

24




APXUTEKTYPA HA VLIW MPOLIECOP

LOAD/STORE FP Add FP Multiply Branch | ............. Integer ALU
DOPMAT HA MHCTPYKUWUATA NPWU VLIW APXWUTEKTYPA
PEFTMCTPOB ®ANN
A A A A
FMMABHA
NAMET

LOAD/
STORE

ALU FP

BRANCH

APXWTEKTYPA HA VLIW NMPOLUECOP

ALU
INTEGER

25




[IPOLIECOPH VLIW

spatial parallelism

M3INBLNHEHHE JAMMC HA
| M3BNWUYAHE NEKOAWPAHE ONEPALMA 1 PE3YNTATA
H3INEBENHEHHWE
ONEPALMA 2
M3NENHEHHWE
ONEPALIMA 3
W3MLNHEHWE IAMUC HA
M3BMWYAHE AEKOOWPAHE ONEPALMS 1 PE3VNTATA
HW3NM=NHEHWE
ONEPALIMA 2
HW3M=ENHEHWE
ONEPALIMA 3
H3NE=ENHEHWE SANKC HA
W3BNWYAHE AEKOAWPAHE ONEPALMS 1 PE3YNTATA
M3MBAHEHWE
ONEPALIMA 2
MINBENHEHWE
ONEPALIMA 3

KOHBEWEPHO WU3NbLNHEHWE HA MHCTPYKUUWTE
NPWU VLIW NPOUECOP CBC CTEINEH 3

26




NPEAMMCTBA HA VLIW NPOLECOPUTE

KoMnunnatopute reHepupar ?DMKCMpaHM
MHCTpE/KLIMOHHM nakeTun (instruction
ackets) ¢ MHOXecTBO onepauuu (B
3aBMCMMOCT OT CTEMEHTA Ha KOHBeMepa) U
Cb34aBaT MnJlaHa 3a U3MNbJIHEHUETO UM

3aBUCMMOCTMUTE MEXKIY UHCTPYKLUUTE ce
onpeAensaAT oT KOMMNUaaTopa 1 ce M3Moa3BaT Npu
NJaHMPaHETO B CbOTBETCTBUE CbC
NATEHTHOCTUTE HA (PYHKLIMOHA/IHUTE YCTPOMUCTBA

OYHKLUMOHANHUTE YCTPOUCTBA CE NJIaHMpaT oT
KoMnuiatopa crope/ nosvumaTa B
MHCTPYKUMOHHUTE NnaKeTHn (“slotting”)

KoMnunatopbT reHepupa Hamb/IHO NMJaHMPaH 3a
M3MNbJIHEHUE KOJ, B KOUTO JIMMCBAT [3ABACHMOCTY
(fully-scheduled, hazard-free code) => He ce
Hanara xapAyepbT Ja OTKPMBA 3aBUCMMOCTM
MU Aa NaaHMpa



lucho
Text Box
ЗАВИСИМОСТИ


HEAOCTATBUM HA VLIW NMPOLUECOPUT

OcHoBeH nNpob/sieMm € CbBMECTUMOCTTA
(Compatibility) Ha pa3anyHuTe
MMMNJIEMEHTaLMMU

MMniemeHTauumTe ca MallMHHO-3aBUCUMMU -
VLIW Koa HAMa fa ce 13nbJ/IHABA KOPEKTHO

npu pasnyeH 6pon Ha YHKLUMOHAHUTE
YCTPOMCTBA U Pa3/IMMHM JTATEHTHOCTU

HennanupaHu cbouTUA (Hanp., Mnca B
Kela) 6/10kupaTt uenma npouecop

Apyr npo6sieM e NnabTHOCTTA Ha KoAa (Code
density)

HepocTtaTtbyHa yTUMAM3aUMA Ha C/10Ta
(NpeAMMHO nops)

bpoAT Ha nops Moe Aa ce HaMa/Im Ypes
komnpecupane (“flexible VLIW", "variable-
length VLIW")




[Efficeon DVLIWER 5

atom

molecule

Execution
Units

le 32-bit N
Opcode R2 6bits |Rdst 6bits
256—brt
— )
atom | atom | atom | atom | atom | atom | atom | atom

|||

BT

1T

0 0 A

Load/

Store/

32-bit
add

FP/
MMX/
SSE/
SSE2

MMX/
SSE/
SSE2

Load/

Store/

32-bit
add

Integer|Integer

ALU

ALU

Alias

Control

Branch

Exec1

Exec2
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oy npe= 1966 1. KnacupmkaumaTra Ha PimH ce 6Gasupa He Ha
CTPYKTypaTa Ha KOMIITEpa, a Ha TOoBRa KaK B KOMIIITEpa KOMaHIUTEe
ce obpwbpz3BaT c obpaboTkaTa Ha IaHHUMTe. &JIMH BBReXIa [MOHATHMETO
MOTOK M TO »OeduHMpa Taka: I[I0CJIeIOBaTelJIHOCT OT eJIeMeHTU (IOaHHU
M KOMaHIIM) W3NBJIHABAHM WM 006paboTBaHM OT OpoluecopuTe. BB
BCEKM KOMIIIOTEBP MMa IIBa OCHOBHM IIOTOKa — €IVMHMAT OT KOMaHIM, a
npyrmMarT oT »naHHM. Ilpu cpemaTra MM ce U=3BLEpmBa obOpaboTka Ham
IaHHUTE.

B CcnOTBEeTCTBMEe C TOBa HOajiM I[IOTOLUMTEe OT JIaHHM MIM KOMaHIIU
ca eIMHMYHM WM [OpelcTaBRJIdBaT MHOXECTBO, BEB3IHUKBAT U CJIIEIHUTE
YeTUpM I'OJIEMM KJlaca:

SISD (Single Instruction Stream, Single Data Stream).

B To3u kJjac eBIMzaT OOMKHOBeHUTe (OH HOMMaHOBCKM KOMIIITPHA,
KOMUTO MMaT eIMH I[IOTOK KOMaHIM M eIVMH I[IOTOK JIaHHM, T.e. eIHO
YCTPOMCTBO =2a obpaboTka Ha KOMaHIUTE UM eIHO M3INBJIHUTEJIHO
YCTPOUCTRBO .

SIMD (Single Instruction Stream, Multiple Data Stream).

B TezM KOMIOTPM Ce CeBXpaHdBa eIMH IIOTOK OT KOMaHIM, HO
Beye TOM €& BEeKTOpPEeH, KOWUTO MHMULMMpa MHOTOYMCIIEHM OolNepalun.
Bcek eJleMeHT Ha BeKTOopa Ce pas3IJiexla KaTo eJIEMeHT Ha OTIeJleH
[MOTOK OT XJaHHM. B TO03M KJlac cCce BKJIOYBAT BCUYUKM KOMIIOTPU C
BEKTOPHM KoMaHIOu, HamnpmuMmep CRAY-1, CRAY-Z, CRAY X-MP, CRAY CS
0400, ILLIAC-IV, DAP nHa ICL, OMEN -64 um T.H.




e [IOCOYBa CIIeIHUTE npobiemMm, BE3HVKEB AN npu
pazpaborkarTa Ha SIMD KOMIOTPUTE :

a) [logoepxaHe Ha KOMYyHVKAalMA MeX Iy N3YUNCIINTEJIHUTE
eJileMeHTH ([Ipolliecopu) .

6) HeobxommMMocT OT CBOTBETCTBME MeXIy pas3Mepa Ha BeKTopa
OT OaHHM M pas3Mepa Ha MacuMBa OT IMOIpollecopM, KOUTOo e obpaboTrRa

TOZM BeKTOp.

B } Hanmuue Ha He BEKTODPHM Olliepalll1 B [porpaMmMTeE M1
IIOHEAE4dHe Ha  HOOII'BJIHMTEJIHAa paﬁ::nTa, CBETEpP=dHa C IIOANIoTOoBKa =4
MZ2IT'BEJIHEHME Ha BeKTOpPHM OllepallliM.

I'} BBE,HEI?[CTBHE Ha TI'OJIHMa dYacT OT IIpolecOoprTe IIpM HaJlM4dMe

Had YCJIIOBHM IIpeXOolIM E IIpOI'paMaTa.



MISD (Multiple Instruction Stream, Single Data Stream).

KeM TO32M KJIac KOMIKOTPM Ce OTHAaCAT KOMITPM C MHOXEeCTBO
[IOTOILIM OT KOMaHIoM M eIMH JIIOTOK OT JaHHM. EIMHCTBeHaTa
APXUTEeKTypa, KOATO C HAKAKBO OCHOBaHMe MOxe Ia OBIe oOTHeceHa
KBbM TO3M KJlaC € KOHBeMepHaTa M TO [IpM YCJIOBMEe, UYe BCEeKM eTall
OT MIMNBJIHEHMeTO Ha KOoMaHIaTa Cce cUMTa =a elHa oTIOeJIHa KoMaHIa.
Ho MHOI'O Mo-ecTecTBeHO € a Cce OTHecaT KOHBEeMepuTe KEM KJlaca
SIMD. JIeMCTBMTEJIHO CaMMAT KOHBEMWMEp MOXe IIa Ce cuMTa KaTo
cucrTeMa C apxmrekTypa MIMD, a 0o OTHOIEeHMe Ha BeKTOpHUTE
ornepalmMM TOM HaloMHA apxuTekTypaTa SIMD.

MIMD (Multiple Instruction Stream, Multiple Data Stream).

MHOXeCTBROTO IIOTOIIM OT KOMaHIOM O=2Hadaka CHIECTBYBAHEeTO HaAa
HAKOJIKO VYCTpoucTBa =a obpaboTka Ha KOMaHIMTe B TO3M KJac
KOMITIOTPU . JaToBa TyKa ce BKJIDYUBAT BCHUUYKM bopMH Ha
MYJITUIIPOLECOPHN KOHUI'ypauuMmM — OT ObDeIMHeHM  KOMIITPM IO
MaTPUIIM OT TMOpoluecoprM. B KoHOUT'YpalMMTe cCca BKJIYEHUM HIKOJKO
He3aBUCVMMM ¥ 2aBRbBpIIeHM (I[I'BJIHOLIEHHM) eOHOINPOLIECOPHM KOMIITPH,
KOUTO B I[polleca Ha pellaBaHe Ha 3aljayMTe KOHTaKTyBaT I[IOMeXOy CHU
ypes CBOOIMEHUSa WMIM M3MNoJj3BaT obma namMeT. TBM KaTo BCEKM OT
npolecopuTe MMa CBOE yIIpaBJIgBRalO YCTPOUCTRO M MOXe na
M3IBIHABa CcoBCTBeHa IporpaMa, TO =3a JaleH MOMeHT OT BpeMe
OTHOeJIHUTEe T[IpPOoLeCOpM MMAT BEBE3IMOXHOCT Ia W3NBIHABAT pPaA3JIVMYHU
onepauuM BEPXY PpPas3JIMYHM IOaHHM.



CreguuTe npobiiemMm ca obmm 3a BCHUMYKM MIMD KOMIITPMA:

a) HeobxommMmocT oOT IMpelpalladHe Ha ITaHHM M KOMaHIOM MexIy
npolecopuTe. Tesm onepalmM ODODMKHOBEHO TMNOIJIBIAT MHOIT'O BpPeEMe M
3a THAXHOTO OCHIeCTBABaHe e HeobxooMMa (B 1HnoepedeTOo CJIyd4dau

CJIOXHa UM CKBIIO CTpyBalla) KOMyHMKAalMOHHAa MpexXa.
©) IlleHaTa ce TMnorMmaBa JMHeEMHO (B HamM-pmobpua ciaydam) C

yBeJiMdaBaHe Ha 6podga Ha TMOpolecopuTe, IOKaATO CKOpPOCTTa Ha
obpaboTka cCce MnoeMmara MHOTO No-0aBHO HOopalM YBelMdaBaHe Ha
Opod  Ha KOHQIMKTUTE MeXOy OpolecopuTe, M3IoJI3Bam  obmm

pecypCcHu.
B) OcurypdpaHe Ha MeTOIOM =a IMHaMMYHa PpPeKOoHQUI'ypalMd Ha
pecypcure Ha cucreMaTa 3a 3aIJOBOJIABaHE Ha [IOCTOSAHHO

[IPOMEHANIMTE Ce M3IMCKBAHMA M =2aeTOCT Ha IIpOoneCOoOpHrTe.
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[lpez 1967 1. Amdahl npenmara <cBod =2aKOH TIJlacdi, d4e
rnocjiegoBaTeJHaTa JacT oT 3agadarTa orpaHU4YaBa oTrope
KoepuimeHTa S. IlpM ToBa TOM MNIPUBEXIa CJeIHUTe pa3CBXIeHudg. B
elHa =allaya, pellaBaHa Ha eIHONpollecOopHa CcucTeMa, WMa dYacT,
KOATO MOXe Jla Ce PpemlmM caMo IocyiefoBaTeliIHO (OBMKHOBEHO Tasu
YacT € CRBbp=2aHa C KOoOpIOMHalLMATa Ha Lelnd M3IUMCIMTEJIeH IIPOoLecC),
a Ipyr'a dYacT — IlapaJieJlHO. Heka ts e BRpemMeTo WM3pa3xoIBaHO =2a
paboTa o nociyenoBaTeJsIHaATa 4dYacT, a tp, e BpeMeTo M3pasxolBaHO 3a
paboTa 1o napajejsHaTa d4acT, IpM TOBa C LeJd alrebpudHOo
onpocTaBaHe noJjiaramMe tg+t,=1. Toraea, npumnaramkm o¢opmysa (3.1)
ce IoJiydaBa

g b _L*L, 1
T f r
Yo+ 2 o+ 2
N N
HcHO e, ye C YVBeJIMJyaraHe Ha N KOepUIIMEHTET S
ACMMTOTUYECKM Cce cTpeMu KEM 1/t — (Bux ¢ur.3-2) M ciaemoBaTeJIHO

[TIOCJIEeNOBaATEeJIHaTa DﬁlpaﬁlDTKa, I[TPMCEIA Ha SalladaTa, OoI'paHM4Yaka
I[IDOMZEBEOIMTEJIHOCTTAd Ha IlapaJieJIHMAd KOMIIKTTED.
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According to the British "Financial Times" report in January this
year, David Kahana, head of the "China Asia Technology
Information Program", recently stated that China's first exascale
computing system has been in operation for more than a year,
and later has developed the second exascale system. In other
words, there are at least two E-class supercomputers in China
that are already in operation. According to reports, China has
three E-class supercomputers, Sunway Ocean Light, Tianhe-3,
and Shuguang, which are operating or developing on different
technical paths. It is also reported that Sunway Ocean Light has
a processor with 42 million cores. Its peak performance reached
1.3 exaflops on the Linpack benchmark. If we compare it with
the frontier, we will quickly find that its computing power is
equivalent to the sum of the first and second frontier and apex in
the United States. If you compare it again, Frontier has 8.73
million cores, and Sunway Ocean Light has 42 million cores,
which is 5 times that of Frontier, which shows that its system
upgrade potential 1s amazing.



Why doesn't such a powerful Shenwei-Ocean Light participate in the
ranking?

Supercomputing ranking is not just for ranking, but more often, it is a
supercomputing communication mechanism. Under this mechanism,
everyone can learn from and learn from each other. For example, the
evaluation team of Sunway TaihuLight once praised its cooling system;
another example is the GPU architecture used by Tianhe 2A; Real-time
Simulation of Stochastic Circuits", its mixed-precision performance can
reach 44 billion billion times, and the ratio of its computing power to
that of the Sycamore quantum computer is 304 seconds/200 seconds.
For another example, in 2022, China also released the first quantum
computer and supercomputer collaborative computing system solution
(referred to as "supercomputer collaboration"). This solution can take
advantage of the advantages of quantum computers and
supercomputers in both directions. We just announced this solution

And carry on.

Of course, we can also get a lot of benefits from such exchanges.
However, since Obama in 2015, the United States has begun to restrict
high-performance CPUs. The reason is precisely China's breakthroughs
in Sunway and Tianhe supercomputers, which took turns to occupy the
top spot for several years. In this case, it is worth not to participate in
this ranking, so as not to come up with a few E-class supercomputers to

stimulate some people.
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Countries

United States

China
Germany
Japan

France

United Kingdom

Canada
Brazil

South Korea
MNetherlands
Italy

Russia
Sweden
Saudi Arabia
Australia
Ireland
Switzerland
India
Norway
Singapore
Finland
Poland
Taiwan
Czechia

Luxembourg

Count
150
134

36
33
24
14
1

R R M W W W R A R 3 B~ = 00 0 O O

System Share (%)

30
26.8
7.2
6.6
4.8
2.8
2
1.8
1.6
1.6
1.4
1.4
1.2
1.2
1

1
0.8
0.8
0.8
0.6
0.6
0.6
0.4
0.4
0.4

Rmax (GFlops)
2,400,757,320

465,624,474
231,622,060
654,147,240
175,206,530
62,248,784
41,208,360
55,709,150
105,185,000
34,907,120
317,229,000
73,715,000
26,710,470
55,253,040
42,767,840
13,364,020
28,563,790
19,453,340
13,179,910
9,037,830
320,788,310
10,923,400
11,297,560
9,589,400
12,806,560

Rpeak (GFlops)
3,527,842,131

941,041,056
354,786,306
851,617,520
252,565,603
88,233,824
71,911,529
106,040,912
148,274,050
28,411,030
418,977,448
101,737,460
37,640,216
98,982,254
60,177,375
26,320,890
38,600,165
25,251,886
21,488,020
15,785,890
443,391,175
17,099,060
19,562,790
12,914,040
18,291,180

Cores
31,248,740
25,006,176
4,092,324
12,444,236
4,009,304
1,891,248
845,984
868,096
1,667,876
551,328
3,272,304
741,328
383,360
1,798,260
532,416
335,360
650,260
325,832
366,400
234,112
2,584,576
148,800
220,752
163,584
172,544
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Frontier Overview Built by HPE Powered by AMD

Extraordinary Engineering

Olympus rack AR nufe ;
o 158 A nodas * 1 AMD “Trento™ CPU
i_l'._l'lu II-'_rln::i . 8000 “35 = 4 AMD MI250X GPUs

= 512 GiB DDR4 memory on CPU

veaiiey  THA/IN T TER
W m— « 512 GiB HBM2e total per node

* Supports 400 KW

AHDD

(128 GiB HBM per GPU)
* Coherent memory across the node
*« 4 TB NVM
* GPUs & CPU fully connected with AMD
Infinity Fabric
= 4 Cassini NICs, 100 GB/s network BW

System
» 2 EF Peak DP FLOPS
» 74 compute racks
= 29 MW Power Consumption
* 9,408 nodes
*» 9.2 PB memory
(4.6 PB HBEM, 4.6 PB DDR4)
* Cray Slingshot network with
dragonfly topology oy
» 37 PB Node Local Storage
» 716 PB Center-wide storage
» 4000 ft* foot print

Compute blade
» 2 AMD nodes

$.0AK RIDGE 2457, All water cooled, even DIMMS and NICs
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[Togenena mamer

[Ipomecopn

a) OGo0meHa CTPYKTYpa Ha SMP KOMITOTED

KoMyHHKAIHOHHA Mpeka

JIOKATHH aMETH

[Ipomecopn

0) O0oGmeHa cTpykTypa Ha MPP KoMIIOTEp



KOMMYHHKSLUWOHHAA CHCTEMA KomMMyHHEALUWOHHAA CUCTEMA

OcHoaHan CucTema OcHoBHAaR
NaMATh BBO0A'BHBOAS NaMaTh

a 4]

Puc. 14.1. OpraHmnsaua CMUMMETPUYHOWN MYJILTUMNPOLLECCOPHOWU CUCTEMBI:
a — C JIoKaJibHOW K3LU-MaMsATbio; 6 — C pa3aengeMon KaLl-namMsaThbio

Cucrema
BEOOA/BRBOOS
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Puc.14.5. Ctpyktypa SMP-cuctemsl ¢ o6Leii LUMHOWA




C K3LW=-NaMAThD

Bes KaWw-NnaMmar

NPOU3BOANTENEHOCTE

10 20 30
Yucno npouaccopoe

Puc. 11.3. lNponzsoantenbHocTb UMA-cucTeMbl Ha 6ase LWnHbI, Kak QYyHKLWSA OT Yncna
NPOLLECCOPOB Ha LLUMHE



OCHOBHERA NamaThL
Puc. 14.7. Ctpyktypa SMP-CUCTEMBI C KOMMYTATOpOM TUNa «kKpoccbap»

KommyTtatop obecrieunBaeT MHOXKeCTBEHHOCTh TYTeil MeXiIy TpolieccopaMy U 6aH-
KaMH TTaMSITH, TIPHUEM TOTIOJIOTHS CBSI3eii MOXKET ObITh KaK JABYMEepPHOI, TaK U TpexMep-
Hoii. Pesynbrarom craHoBUTCS Gojlee BbICOKAS 10J10Ca MPOMYCKAHMS, UTO [03BOJISET
cTpouTh SM P-cucteMsl, conepskaiiipe 6osblie TPOLIECCOPOB, UeM B cTyuae ooIIel IIIMHBI.
Tunuunoe uucio npoueccopoB B SMP-cucremax Ha 6a3e MaTpuuHOro KOMMYyTaTopa
coctapmsieT 32 win 64. OTMETUM, UTO BBIMTPLII B MPOU3BOAUTETLHOCTH TOCTUTAETCS,
JIALIb KOIIa pa3Hble MMPOLIeCCOpPbl 00pallialoTesl K pa3HbIM DaHKaM MaMsITH.



HeoBxXoOMMO @Ia Cce ocurypu e@eKTMBHO B3aMMOIEMCTBUE  MEeXIy
Mnpolecopmure, T.e. Ia Cce Bbeele oBMeH Ha OaHHUTE, pasloJIOXEeHU B
pasaMyHmMTe namMeTr. ToBa ce pealuM3Mpa C IIOMOITa Ha [no-0aBHUTE
BXOIOHO-M3XOIOHM OIlepaluM Ha I[Opolecopa. IlpakTUMYyecCKM eIMHCTBEeHUA
crnocob =a nporpaMMpaHe Ha TO3M KJac CUCTeMM € 4Ype= MH3M0JI3BaHe
Ha o06MeH Ha CcBobmeHmMa. WM3eecTHM ca IOBe TexXHoJjoTum — PVM
(Parallel Virtual Machine) m MPI (Message-Passing Interface),
YMeTo OPUIIOXeHMe He BMHATrM € I[IpOoCTO. BllarolapeHme Ha I'oJIeMUd
Opot CBEBMeCTHO paboTemy OpolLecopM € BBE3MOXHO Ja Cce pealm3mparT
CUCTeMX C MAacCoOBR apalieJIM3EM M Ja Cce OCHUIYypu MamabupyeMoCcT Ha

dPpXMTEeKTYypadTa. Cruie BpeEMEHHO KOMIIOTTEPHHTE dPpXMTEeKTYPM C
pazlipelleJieHa [IamMeT He INIO=BOJIAEAQT Ia ce M2II'BEJIHAEAQT
CHRIeCTEYEBAIlMTe IIpOI'paMM C BMCOK4 CEKOpOCT, d HpEpﬂ@DTKaTa Ha
[IporpaMmTe OTHeMa BpeMe %1 CTpyYEaA CK'BIIO . MHOTO e CToO e

HeoOXOoOMMO Ia ce paz2paboTdaT HOBM MapalielIHUM aJITOPUTMU.

KoMmoTpuTe NOpoM2BexIaHM OT TakKMBa KoMIaHMM kKaTo Intel
Scientific Computers - 1PSC (Intel Personal Super Computer),
IBM (Hanp. Scalable Power Parallel System), NCUBE/ten NCUBE
Corporation, kommoTpuTe Connection Machine Ha ¢upmaTa Thinking
Machines wu @»Op. ca OpeAcCTaBUTeIM Ha TO2M KJac [apalJieJIHU
KOMITIOTPM .



[[porpamMmMpaHeTo CcTaBa OOMKHOBEHO 4Ype=  HalMCBaHeTO Ha
OTIOeJIHM TMpoTlpaMM =a BCeKMu IMpolecop. I[IporpaMmMTe ce CRBP3BAT
ypes= olepaluymTe OT HMCKO HMBO, KOMTO IIpelocTaB4d oOlepallMOHHaTa
cucTeMa M Cca IOOCTEIHM =3a [IporpaMMcTa BBB BMI Ha pas3llMpeHMe Ha
rnocyenoBaTeHUTe es3uium oT Turna Ha FORTRAN, Pascal miom C. Karo
npaBMJIO, [IporpaMmMTe BBE BB3JIMTE Ca KOIOMA Ha elOHa W CHia
nporpama. OTnesiIHuTEe KOIIN4g e ce MEIBEIIHABAT MNpaBWJIHO,
HEe3aBUCHMMO OT TAXHOTO Ppas3loJIOXeEHMe B MpexaTa. TaKbB CTMII Ha
nporpaMmMpaHe e u3BecTeH kaTo SCMD (Single Code Multiple Data)
mnmm SPMD (Single Program Multiple Data).

Ome enmH npoblieM, KOUTO € CBBP=2aH KaKTo C IIpUIIoXHaTa
3amada (M [ODO-TOYHO C paszpaboTBaHeTO Ha NOOXOOAll aJIlOPMTEM) ,
Taka M Cc paboTaTa Ha oOlepalMMOHHaTa CUCTeMa, € OCUTYPABaHeTO Ha
GaslaHCUpaHO HaToBapBaHe. llon GanmaHcUMpaHO HaToOBapBaHe Tp4dabBa 1a
ce paz=bmMpa pPaBHOMEPHOTO pazlnpeleJleHMe Ha =2aladaTa Mexnoy
NpolLecopuTe, TakKa 4Ye Jla Ce OoCUr'ypu paboTa Ha BCHUYKM I[IPOLIECOPH,
VI Ha I[o-ToJigaMaTa dYacT OoOT T4dx, I[Ipe3 L4JI0TO BpeMeTpaceHe Ha
pelmeHmMeTo Ha =32alladyaTa. HeM3nbIIHEHMEeTO Ha ToBa M3MCKBaHe WM
JIOMOTO MY WM=2MNBJIHEHME BOOM IO I[NO-TOJAM OpOoM KOMYyHMKALMM M OT
TYK OO CHIMXaBaHe Ha [IPOM3BOIOMTEJIHOCTTA.




O6obmenHast ctpykrypa MPP-cuctemn! nmokaszana Ha puc. 14.5.
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O0o0nIeHHas CTPYKTYPa KJIaCTePHOM BBIYUCIUTEIBHON CUCTEMBI TTOKa3aHa Ha puc. 14.6.
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BpoaT Ha nOpollecopuTe B CBPBREpUTe Cc SMP apxmTeKTypa € OoOT
nopaneka Ha 08-160, pokaTo NUMA apxurekTypaTa obenmHaBa 250 ©
IoBede IMpPOLIECOPU.

B rpyrnaTa KOMITIOTPU C paznpenereHa rnaMer, OCBEH
TpPaIMLIMOHHUTE  KOMIITPM, I[IOCOYEeHM I[o-T'ope, ce BKJIOYBAT WU
KJIACTEPHUTE CUCTeEMM. B KOMIOTBpPHaTa JMTepaTypa 3SHadeHMeTOo
“kinacTep” ce ynorpebgepa B 2 pazjiMuyeH aclnexkT. B 2 dJacTHOCT,
“kiacTepHaTa” TeXHOJIOTUS ce  M3I0JI3Ba 3a [IOBMIIaBaHe Ha
CKOpPOCTTa M HaIeXOHOCTTa Ha CBPRBEPUTe =a 606asza »OaHHuM U Web-
CepBEpUTe. Tyka HMe me obCceXIaMe caMO KilacTepuTe, OpMeHTHMpPaHU
38 pellaBaHe Ha =Balada OT WM3UMCIMTEJIEH XapaKTep. B T03M CMMCHI
KJIacTep O=2HadYaBa CBBKYIHOCT OT KOMIRTPK, OOeIMHEeHM B HIKaKRBa
Mpexa =2a pellaBaHe Ha eJlHa '2ajlada. B Kad4eCcTBOTO Ha WM3UUCIIUTEJIHU
B'B3JIU OBUMKHORBREHO ce M3II0JI3BAT IOCTBIIHA Ha rnazapa
eOHOMNPOLIECOPHM KOMIIITPM, IOBY—- WIM 4YeTupu- HOpoluecopHu SMP
CBEPBBEPU. Bcekm BE3es paboTu non yIpaBJIEHMETO Ha CBOe KOIMe Ha
ornepalMoHHaTa cucTeMa. CbCTarBa M MOITa Ha BCEKM BbB3eJl MOXe [a
ce MeHM, KOeTOo IakRa BB3MOXHOCT =a Cb3JaBaHe Ha HeelHOPOIHU
cucTeMrM. KbBM Tas=mu Ipyla IIapaJieJJHM KOMIKTPU clhaljaT IIpoeKTa
Beowulf cw3mameH B NASA, mnpoekTa KLAT wm KLATZ [10], a chiIo
Taka M KoMImoTpuTe Ha SGI oT cepmara Origlin u 1Op.
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[IpomecopH

KoMyHHKAIHOHHA MpEKa

dur./-2. O6obmeHa CcTpyKTypa Ha KoMIoTesp c NUMA
ApXMUTEKTYpa



Or Tasm ocobeHoCT U [IPOMZ2TMY4 H4AdZB4dHMeTO Ha TO2M KJIldcC

KOMIIOTPM — KOMIOTPM C HeelHaKEBE IOOCTHI OO HOaMeTTa. B Toswum
CMMCEJI, Kilacudyeckure SMP koMnowTpM ca Cc @ apxurekrtypa UMA
(Uniform Memory Access), OCUTYpSABaly  elOHaKbB  IOOCTHII  32a

MIPOU3BOJIEH TIPOLIECOP.

KakTo mM =a SMP KOMIOOTpMUTEe, M =2a TO3M KJac KOMIKTPU e
XapaKTepHO HeChIUIaCyBRaHOCT Ha JaHHUTe Ha HMBO Kell IamMeT. 3a
pemaBpaHeTO Ha To3M npoblieM e paspaboTeHa cleluMallHa MOOUOMKAaLMA
Ha NUMA apxurexkTypaTa - c¢cNUMA (cache coherent NUMA). 3a uenra
ca paszpaboTeHM MHOXECTBO I[IPOTOKOJM, ChIVIaCyRallM CBIBPXaAHUETO
Ha BCUUYKM Kell TI[aMeTM M I[IporpaMMcTa  He Cce TPUMXM 2=2a TO3M
rnpobreM.
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Figure 5.20 A directory is added to each node to implement cache coherence in a distributed-memory multi-
processor. In this case, a node is shown as a single multicore chip, and the directory information for the associated
memory may reside either on or off the multicore. Each directory is responsible for tracking the caches that share the
memory addresses of the portion of memory in the node. The coherence mechanism would handle both the main-
tenance of the directory information and any coherence actions needed within the multicore node.
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PVP (Cray. TRQ) ‘

LignTpaNTsHEA NaMATL
- UMA

8MP (Intel SHV, SunFire, DEC 8400.
SOI PowerChallenge, [EM RE0, ...)

MynbTunpoueccopbl ¢

EQnHO8 anpecHoe NpPocTPaHCTEo,
COBMECTHO UcToNnb3yeMas
NamsTbL

COMA, {KSR-1, DDM}

GC-MUMA (Stanford Dash,
SOl Origin 2000, Sequent NUMA Q,
Data General, HP Convex Exemplar)

PﬂCﬂp@ﬂEﬂ&HHaﬂ MnamMdaTb

1 Hccﬂu“‘ FallimF
MIMD {Cfﬂ TSE} DSM wu
SC-NUMA
Knacteps! (IBM SP2, DEC Trug- e
Clutter Tandem Hymalaya, HP,,..) Shri ”n'ﬂ" ;
(cunbHO cBRIZaHHbLIe) ‘ rimp,...)
MynbTHKOMN bIOTSPSI :
MHOMSSTIOHHOS anpecHoe
MPOCTPaHCTBO, pacnpeneneHHas
namsTb MPP (Intel TFLOPS)
(cnabo cBsizaHHLIE)

: [ ]
Puc. 11. 2. Knaccudpukaumna moaenen apxmtekTyp naMmaT BbMUCTTUTENBHLIX CUCTEM

Ha puc. 11.2 npuBeneHa ki1accudpukalys Takux Moaenei, MpUMeEHSIeMbIX B BbIUMC-
JUTeabHBbIX cucTeMax Ki1acca MIMD (BepHa n o1s1 k1acca SIMD).



CbKpalweHus

NUMA = Non-Uniform Memory Access
CC-NUMA = Cache-Coherent NUMA
NCC-NUMA = No Cache-Coherent NUMA
SC-NUMA = Software-Coherent NUMA
DSM = Distributed Shared Memory

COMA = Cache-Only Memory Architecture
NORMA = No Remote Memory Access
UMA = Uniform Memory Access

SMP = Symmetrical Multi-Processing

PVP = Parallel Vector Processing
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Puc. 3.2. T'unepxkybudyeckue cTpykTypsl BC:

a— 1Dxy6 (N=2,n=1); 6 —2D-xky6 (N=4, n=2); ¢ —— 3D-xy6 (N = 8, n = 3); 2 — 4D-kyb
(N=16,n=4)




Puc. 12.15. Tononorna runepkyba: a - ogHoMepHaq; 6 -AByMepHaq; B - TPeEXMepHagq; I -
yeTbipexMepHas; [ - cxema GopMUPOoBaHA YETLIPEXMEPHOTO rMnepkyda 13 OBYX TPEXMEPHbIX



Puc. 5.7. 4D-ky6:
—  THIIEPPEBPO

Puc. 5.8. SD-xy6 Puc. 5.9. 6D-xy6
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CecTOogHMeTOo Ha KE ce =amaera oT ceKLUMdATa =a YIIIpabBJIEeHMEe Ha
JdJMHAMMYHATA pemambmrypaumq B PAMEKENVITe Hd4d JIOKAQJIHMA WMJIM rinobaslHma
KOHTpPOJIep B IZa4daBMCHMMOCT OT IIPMIIO¥XcHATa CTpaTeIl'MMd Ha YIIpaBJIeHME
— IHOelleHTpadJIM=SMpadHad WMJIIM LHeHTpadJIM2MpdHd. [l[ocmegHMAaT ce YIIpdBJIABA
oT IIpeJBE4ApHMTeJIHO M=24HMMCIIeH eTm|dT, Hall—4ecTo OllpelleJieH I10

bopmysaTa T=XDY, KpoeTo X M Y ca CBOTBETHO alpecu Ha
npenapaTeysid M NpMeMHMKa. Ha ¢ur.182560 e mapmeHa delta MmpexaTa =a
N=8.
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5.4. Mpexa Ha BeHec

MpemwaTa Ha beHec ¢ N BXoIna M N M3X0oIa MMa CHUMeTpMUHAa
CTpYyKTypa - omur.8-10, BBB BCAKa I[IOJOBMHKA Ha KOATO Mexnoy N/2
Bxoma u N/2 wusxoma Ha KE e pasnojoxeHa CBIO TakabBa Mpexa Ha
BeHec, HOo ¢ N/2 Bxoma m N/2 wusxopma. KE wuMaT 1Be paboTHH
ceCTOAHMA IIz m Ilg; enHaTa JIMHMA Ha KE ce cBBp3Ba KBM IT'OpHAaTAa
yacT Ha MpexaTa Ha EBEeHec, a 1mOpyrarTa — KBEM IOJIHATa 4YacT.EBpoAar
Ha cCcTeOalaTa e paBeH Ha 2log;N-1, a obmma Bporm Ha KE B MpexaTa
e N(2logsN-1) /2.
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Seventy Two Core Processor SoC with 8x 10Gb Ethernet [
Ports, PCle and Networking Offloads iEZCHIF

 TLR4-07280DG-12CE

The TILE-Gx72™ Processor 1s optimized for intelligent networking, multimedia
and cloud applications, and delivers remarkable computing and /0 with complete
“system-on-a-chip” features. The device includes 72 identical processor cores
(tiles) interconnected with the IMesh™ on-chip network. Each tile consists of a

full-featured, 64-bit processor core as well as L1 and L2 cache and a non-blocking APPLICATIONS

Terabit/sec switch that connects the tiles to the mesh and provides full cache The TILE-Gx72 is ideal for applications such as:

coherence among all the cores. — 80 - 100 Gbps of networking and security
dataplane offload
Powerful Processor Cores Integrated Memory Controllers — 80 Gbps packet filtering and bandwidth
— Seventy-two cores operating at frequencies up to — Four 72-bit DDR3 controllers with ECC management
1.2 GHz support — 40 Gbps SSL/IPsec security protocol processing
— 64-bit architecture (datapath and address) — 1 1B total memory capacity — High-performance computing offload across
— Three execution pipelines — Speeds up to 1,866 MT/s PCle
— Robust virtual memory system with TLBs, multiple — Advanced request reordering — H.264/H.265 high-density video transcoding

page size support, and Hardwall™ protection

— Instruction Set Architecture (ISA) extensions for ﬂ ﬂ
. mlll1|t|med|a and SIMD processing m
ache
. 11 T 1 1 1 M
— 23.5 MBytes total on-chip cache % UART (x2), M
— Dynamic Distributed Cache (DDC™) scalable n:gap{glép.
hardware coherence :
— 32 KB L1 instruction cache and 32 KB L1 data PCle 2.0
cache per core - 8 Lanes
— 256 KB L2 cache per core
0 le 2.0
— 18 MBytes coherent L3 cache $ (— Tm 2
iMesh Interconnect 3 — g
— Five independent low-latency mesh 8 (— Tf:g '5;
networks S .
dx GhE
— >110 Thps aggregate bandwidth PCle 2.0 e .§
. (L - <|::> 8 Lanes Xaor :.%
— Non-blocking, cut-through switching with M
one clock cycle per ho el @
o i wesenwen | B
==
m DDR3 Controller DDR3 Controller Pl

Figure 1. T/LE-Gx80/2 Processor Block Diagram
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Figure 5.8 A multicore single-chip multiprocessor with uniform memory access
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CPU Global Task
Migration Scheduling




In this model. each big core is paired with a LITTLE core. Only one core i each pair is active
at any one time. with the inactive core being powered down. The active core in the pair is chosen
according to current load conditions. Using the example in Figure 23-3, the operating system
sees four logical cores. Each logical core can physically be a big or LITTLE core. This choice
1s driven by Dynamic Voltage and Frequency Scaling (DVFS). This model requires the same
number of cores m both the clusters.

Low load I High load
big cluster LITTLE cluster : 'big cluster LITTLE cluster
CPUO CPU1 CPUO| (CPU1I | | || cpuo CPU1 CPUD| |CPU1
|
ceu2| |cpusl | | cpPu2| |cPU3
CPU2 CPU3 I CPU2 CPU3 I
JI=
Inactive core Active core

Figure 23-3 CPU migration

The system actively monitors the load on each core. High load causes the execution context to
be moved to the big core, and conversely, when the load is low. the execution 1s moved to the
LITTLE core. Only one core in the pairing can be active at any time. When the load 1s moved
from an outbound core to an mbound core, the former is switched off. This model allows a mix
of big and LITTLE cores to be active at any one time, and support the use of asymmetric
topologies. that 1s, an unequal number of big and LITTLE cores.
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Execution slots ———»

Superscalar Coarse MT Fine MT

-+ Time

Figure 3.28 How four different approaches use the functional unit execution slots of a superscalar processor.
The horizontal dimension represents the instruction execution capability in each clock cycle. The vertical dimension
represents a sequence of clock cycles. An empty (white) box indicates that the corresponding execution slot is
unused in that clock cycle. The shades of gray and black correspond to four different threads in the multithreading
processors. Black is also used to indicate the occupied issue slots in the case of the superscalar without multithread-
ing support. The Sun T1 and T2 (aka Niagara) processors are fine-grained multithreaded processors, while the Intel
Core i7 and IBM Power7 processors use SMT. The T2 has eight threads, the Power7 has four, and the Intel i7 has two.
In all existing SMTs, instructions issue from only one thread at a time. The difference in SMT is that the subsequent
decision to execute an instruction is decoupled and could execute the operations coming from several different
instructions in the same clock cycle.
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3" Generation CMTSs

e Future CMTs need to satisfy these
power and bandwidth constraints while
delivering ever increasing performance

 CMT processors are likely to be
designed from the ground-up

— Entire design optimized for a CMT design point

* Multiple cores per chip

Examples:

Sun's Niagara Processor:

« 8 four-way SMT cores
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Figure 2. The UltraSPARC T1 multicore processor block diagram
(Note: Sun SPARC Enterprise T1000 server utilizes tiwo memory controllers)
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features include:
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packets per destination.

e Three stage pipeline - request,
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Figure 7. By compressing 32 threads onto a single processor, the UltraSPARC T1 processor helps enable system
designs that are less susceptible to failure, with fewer parts and connections
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MMvMa I-OBa HoooxXola 23a MI3TpaXIaHeTOo Ha MaTpM4YHKMTEe IpolecopM.

e [[EPBMAT € 4Ypes ChBLEMECTABaHe 10 EBpeMmMe (KOHBeMepM3alMa) Ha

UI3NBJIHEHMETO Ha KoMaHIuTe, obpaborTeamm BekTopuTe. ODMKHOBEHO,
npolecopuTe BBIIJIELUABallM TO3U nonoxon ce Hapu4aT BEEKTORPHU
npoLecopM, 4a KOMINTPpUTe, KOMTO ca 6©0asMpaHM Ha TEX — BEeKTOPRHUM
KOMINROTPpM. I[IpuMepm =2a TakMBa KoMOowTpMm (npouecopwm) ca: CRAY-1,

CRAY-2, CRAY X-MP, CRAY CS 6400, Fujitsu VP-200, Hitachi S810,
Hitachi S820, FPS 120L(B), FPS 164, IBM 3090 m np. [1-5]. IIepBUTE
VCIIellHM BeKTOpHUTe npouecopm ©B6axa CDC Cyber 100 (Controcl Data
Corporation) m TI ASC (Texas Instruments Advanced Scilentific
Computer), KOMTO M=2BN0OJIZBaxa aljpecaumsda IaMeT-rnaMeT =3a OOCTEI OO
IaHHMUTe. 3a NBPBM OIBT B MU3BecTHMA CRAY-1 (naHcupaH npes 1974 r.)
ce BBBeXIaT 8 BeKTOPHUM PEeruMcTpM, BCEKM CBXpaHdBaln 64 OyMM OT IO
64 ©6urTa EBCAkKa. KoMmMnwrpurTe Ha Cray Research 68xa M3KJIRUMTEJIHO
ycrnemHr m mMeTo CRAY CcTaHa CHMHOHMM @ Ha CYIEepPKOMIRTER. PazlMuHM
ATIOHCKM KOMIIaHWUM (Fujitsu, Hitachi, NEC) C'BILO npenjioxmxa
PETUCTRPOBO OPUEHTHUPaHM apXUMTeKTypM pelleHud nolobHM Ha Tes3M Ha
Cray Research.

¢ BTopMAT MNOIOXOI Ha MI3TpaxlaHeTOo Ha apxXxuTekTypaTa ce ©Hazsupa
Ha TMMPpOCTPaHCTBEHOTO IIOBTOpeHMe Ha MINBJIHeHMeTO Ha KoMaHInaTa. 23a
ejlTa ce MWIN0oJI3YBaT MHOXeCTBO IMpolecopM, CBEBP3aHM 10 olpelelieH
HAUMH, HaMW-4YecTo BBE BMIO Ha MaTpMua. ToOo3M TUIN KOMIKRTPM CchHalaT KbM
SIMD «kJjlaca o KJlacuMduMrkaumaTa Ha OnumH (Bx TemMa 3) WM TexXHHM
npencraemrenmuca Staran, DAP Ha ICL, Exemplar 1200/CD 2 wmnwu
Exemplarl1l200/XA 8 Ha Convex, SP2 Ha IBM, Power Challenge Ha
Silicon Graphics Inc.m 1Op.
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€ O7 1985 00 1990 r. HaN-HBP3UAT KOMMIOTHP B CBETA

€ Bbpxosa npoussoantenHoct: 1,9 GFLOPS

@ CbcTom ce oT YeTupm 64-6UTOBU BEKTOPHM NpoLecopa
€®EnemeHTHa 6a3a: EmutepHo-cebp3aHa noruka (ECL) / 5V
& TaktoBa vectoTa: 244 MHz (taktos nepwuoa;: 4,1 ns)

€ 06w, 06em Ha nameTTa: oo 2 GB
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If you were plowing a field, which
would you rather use? Two strong
oxen or 1024 chickens?
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Perucrep Ha
MAacCKaTa
YHopasIagaBanro I—l LOAD
YerpoiicTBO (VYY) :
P STORE BeKTopHH perucITpH
CKamapHO Y CTPOHCTEBO
(RISC mpoirecop) ADD
MULT !
DIV

BexTopeHn npouecop

dur.o-1. OBobmeHa CTPYKTypa Ha NpUMMeEpPeH BEeKTOpPeH IMIpollecop.
(ADD, MULT, DIV, MASK, LOAD m STORE ca chneuualmMamMpaHm
OYHKLUMOHAJIHU YCTPOMCTBa, paboTemy Ha KOHBEMEepeH IIPMHLINMII)
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Roofline model for one NEC SX-9 vector processor on the left and the Intel Core i7 920



Fermi streaming multiprocessor (SM)

Figure 4.20 Block diagram of the multithreaded SIMD Processor of a Fermi GPU.
Each SIMD Lane has a pipelined floating-point unit, a pipelined integer unit, some logic
for dispatching instructions and operands to these units, and a queue for holding
results. The four Special Function units (SFUs) calculate functions such as square roots,
reciprocals, sines, and cosines.
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Figure 4.22 A vector processor with four lanes on the left and a multithreaded SIMD Processor of a GPU with four
SIMD Lanes on the right. (GPUs typically have 8 to 16 SIMD Lanes.) The control processor supplies scalar operands for
scalar-vector operations, increments addressing for unit and non-unit stride accesses to memory, and performs other
accounting-type operations. Peak memory performance only occurs in a GPU when the Address Coalescing unit can
discover localized addressing. Similarly, peak computational performance occurs when all internal mask bits are set
identically. Note that the SIMD Processor has one PC per SIMD thread to help with multithreading.



In addition to the large numerical differences in processors, SIMD lanes,
hardware thread support, and cache sizes, there are many architectural differ-
ences. The scalar processor and Multimedia SIMD instructions are tightly inte-
grated in traditional computers: they are separated by an I/O bus in GPUs, and
they even have separate main memories. The multiple SIMD processors in a
GPU use a single address space, but the caches are not coherent as they are in tra-
ditional multicore computers. Unlike GPUs, multimedia SIMD instructions do
not support gather-scatter memory accesses, which Section 4.7 shows is a signif-

icant omission.

Feature Multicore with SIMD GPU
SIMD processors 4t08 8to 16
SIMD lanes/processor 2t04 8to 16
Multithreading hardware support for SIMD threads 2t04 16 to 32
Typical ratio of single-precision to double-precision performance 2:1 2
Largest cache size 8 MB 0.75 MB
Size of memory address 64-bit 64-bit
Size of main memory 8 GB to 256 GB 4to6 GB
Memory protection at level of page Yes Yes
Demand paging Yes No
Integrated scalar processor/SIMD processor Yes No
Cache coherent Yes No

Figure 4.23 Similarities and differences between multicore with Multimedia SIMD extensions and recent GPUs.
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Figure 4.28 Roofline model [Williams et al. 2009]. These rooflines show double-precision floating-point perfor-
mance in the top row and single-precision performance in the bottom row. (The DP FP performance ceiling is also in
the bottom row to give perspective.) The Core i7 920 on the left has a peak DP FP performance of 42.66 GFLOP/sec, a
SP FP peak of 85.33 GFLOP/sec, and a peak memory bandwidth of 16.4 GBytes/sec. The NVIDIA GTX 280 has a DP FP
peak of 78 GFLOP/sec, SP FP peak of 624 GFLOP/sec, and 127 GBytes/sec of memory bandwidth. The dashed vertical
line on the left represents an arithmetic intensity of 0.5 FLOP/byte. It is limited by memory bandwidth to no more
than 8 DP GFLOP/sec or 8 SP GFLOP/sec on the Core i7. The dashed vertical line to the right has an arithmetic inten-
sity of 4 FLOP/byte. It is limited only computationally to 42.66 DP GFLOP/sec and 64 SP GFLOP/sec on the Core i7 and
78 DP GFLOP/sec and 512 DP GFLOP/sec on the GTX 280. To hit the highest computation rate on the Core i7 you
need to use all 4 cores and SSE instructions with an equal number of multiplies and adds. For the GTX 280, you need
to use fused multiply-add instructions on all multithreaded SIMD processors. Guz et al. [2009] have an interesting
analytic model for these two architectures.



SIMD ALU

4 pairs of Input data operands
In memory or registers

4 SIMD results
produced simultaneously

























[Mpn TpaANUMNOHHUTE PUHAHCOBU CUCTEMMU 334, AaJEHA
BaNyTa (MpUMEPHO aMepPUKaHCKU A0/1ap) CTOU MKOHOMMKATA
Ha AaJeHa AbprKaBa MK OOLLLHOCT OT AbpKaBU. AKO HAKOM
nocerHe Ha Aosapa, Hanpumep, NP Hero NPUCTUra T.Hap.
,AeMOKpauuma”, nogkpeneHa oT TAaHKOBE U CAMOJIETH, U
CKOPOCTHO AOBEPUETO KbM A0/1apa Ce 3aBpblua.

[...] 334 noBeyeTo KPMNTOBANYTU HE CTOU PeasiHa
MKOHOMMKA, KOATO A3 NoACUTypABa TAXHATA CTOMHOCT U TaKa
JIMNCAaTa Ha TPaMHaA HYXAa OT TbPCEHE M nNpeaaaraHe Ha
nasapa rm npasm HEYCTOMYUBU N LEHUTE UM MOTaT aa ce
NPOMEHAT APACTUYHO.

[...] BUTKOMH e 6anoH, LWe ce cnyka u MHOTO Xopa LWe
nnayat! Beye 06AcHMX 3aLW10: 334 OBUTKOMH HAMA peanHa
MKOHOMMKA. Hama npunumnHa cnen 5 rognHmn 6UTKOWH Aa
NpoAbAXKaBa Aa Ce TbPCK.

CeemnuH Hakos, Hoemapu 2017 a.
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CKOPOCT




[Tfpoun3BOAUTENTHOCT Ha
MHCTPYKLUMOHHU KOHBeNepwu
=(n—-1)7

T

init _ pipeline

¢ - I,  sn

up VPN
Tpipeline n +(S _1)

S
Efficiency= ’“‘%

YckopeHuemo Ha
UHCMPYKUYUOHHUS
KOHeelep ce ornpedersisi
om 6posi Ha ghazume my
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Nn-doa3eH KoHBenep

S - # NHCTpyKUMUTE B
KOHBeunepa

7- 3aKbCHEHME BbB (pasarta Ha
KOHBenepa (LunKnn)
Tinit_pipeline_ BpEME 3a .
NHMLManu3auus Ha KoHBenepa
I, — BpEME 32
nocnegosaTesiHa obpaboTka
Ha MHCTPYKUMNTE

T yipeline — BPEME 32 NapanenHa

obpaboTka Ha MHCTPYKUMNTE

Syp - YCKOpeHue
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WHCTPYKLIMOHEH

WHCTPYKLMOHEH
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IIpuMmep. Jla ce pasmvieqaT »OpolecuTe NOpoTHYamid B eIWH
KOHBeMep 3a CcBbupaHe Ha IIBa BeKTopa C IOBIXKMHa n eJIeMeHTa .

dopMaTET Ha IaHHMTEe ca 4Ypcjla C IJlaBalla 3aneTas.
BazoraTa o¢yHKUMA (B ciaydada cvbMpaHe Ha 4YMCila C I[LJlaBRalla

3arneTasdg) MOXe Ja ce pa=20mMe Ha CclIelHuTe NOOQYHKLMM*: a)
CpaBHEeHMEe Ha IMNOpAOBLMTE M M3MeCTBaHe Ha MaHTHMcaTa Ha YMCJIIOTO C
no-MaJjI'eK I[Oop4aAObK Ha IOACHO, Ha TOJIKOBa pa3sp4dlla KOJKOTO e

pazJMKaTa Mexoy IBaTa I[opalbkKa; 60) cyMMpaHe Ha MaHTUCUTE; B)
HOpMaJin3allMd Ha pe3yJiTaTa. ToTraBa KOHBeMepHaTa obpaboTka MoOxe

Ia ce peajlM3Mpa 4dYpe3 3 CTelleHeH KOHBeuep - dur.4-1.
Xi
> Z;
1 2 3 >
Y

dur.4-1.060o00meHa CTPYKTYpPHa CxXeMa Ha TPpUCTEeleHeH KOHBeuep.



CteneHm

1 2 3 4 ) TaktoBe



PaBboTaTa Ha KOHBeWepa NpoTHMYa N0 CJIeIHMS HauMH:

l-Bm TaxkT. [IppBaTa OBOMKa 4YMCIla [IOCTEHIBAT 3a o0OpaboTka B
nepBaTa CTENeH Ha KOHBeKrepa, KbIeTO Ce peanu3upaT olepaumMmTe
no noodpyHkKUMA a) .

2-pu TaxkT. llonydeHuTe MeXIOMHHM pes3ylITaTu OoOT IbpBaTa
cTeneH ce npenaeaT  Ha BTORATAa cTerneH, KOATO  M3BBPUBA
onepauuuTe 00 peanus3aluvsa Ha nomnbyHxkuma 6). B CBUOTO TOBa BpeMe

nepeaTa  cCcrerneH e ceobomHa mM MOoXe pa noeme obpaborxkaTa  Ha
crlensalyTe OBOMKM 4YMCIIA.

3-TU TaxKT. [Io BpeMmMeTpaeHeTO Ha TpPeTMAT TakKT, B TpeTara
CTeleH OKOH4YaTeJsIHO ce oOQopMMpa pes3yiaTaTsT 3a ObpbBaTa »OBOMKA
yycya. CrolueBpeMeHHO, OIbBpBaTa cTeleH paboTM [0 TpeTaTa IBOUKA
Jyycya, a BTopaTa € =3BaaHraxupaHa ¢ paboraTa 0o BTOpaTa »OBOMKA
Jycria.

4-1n TaxkT. [lpez Bpeme Ha 4YETBBPTUA TakKT, OBPBUAT Pe3yJTarT
HalyCckKka KOHeeMepa. Tperara cTeneH paboTu no noapyHrUmMAa B) 32
BTOpaTa OBOMKa dYMCIla; BTOpaTa cTeneH paboTu 0o TpeTaTa IOBOMWKA
yycJjia; ObpBaTa CcTeneH paboTu [0 4YeTBREBpTaTa IBOMKa 4YMucia.

S—THM TakT M T.H.




KoHBeMepHOCT ©O=2HadaBa, 4Ye Cce OoCUI'ypdBa CBEMECTABaHe  BLB
BpeMeTO Ha pPas3JIM4HM JOeUCTBUMA [0 WMI3UMCIABaHeTOo Ha ©Oas30BUTe
OYHKUIMM =2a CMeTKa Ha TIXHOTO paz3bMBaHe Ha NOOOYHKUMM. 3a IOa cCce
pealm3Mpa KOHBeMepHa obpaboTka e HeobXomomMMo Oa ca M2MIBJIHEeHU
cJIeIHUTEe IeT yYyCJIOBUL:

e }I3uycieHmMeTo Ha 6Ha=oBa (i)}fI—IKLLI—"IH 2 eKBMEBAQJIEHTHO H4d HAK4AEKBA4A
[IOCJIenNOBaATEJIHOCT OT MS4YMCIIeHWEe Ha HD,II;@}"I—IKH,HH.

¢ BejiMmuMHMTEe H4ABABallM Cce BXOIOHM =2a »JaleHa IIoOOYVHKIMA, cCe
ABABaT M2XOIOHM =2a NpelxolHaTa NoOdyHKLML.

¢ HuKakBM IOpyT¥M B2aVMMOIEMCTBMA MeXIOy NOoOPYHKUMMTEe HAMa
OCBeH BXOIHMTE M M3IXOIOHUTEe BeJIMUMHN.

¢ Bcaka noOdyHKLMA Ce pealn3mpa 4Ype= alapaTHu OJIOKOBe.

e JlewcTBMATa, pealiM2zMpaHM OT Te3M anapaTHu  OJIOKORE
M3UCKBAT NOPUDIM3UTEIIHO €OHO M CHIO BpeMe.

ArapaTHUTEe CpelcTeRa, HeoOXoIOMMM =a WM3NOEBJIHEeHMeTO Ha BcCdKa
orT Tez2m QyHKUMM, obpaszyeBaT cTerneH. Bcdka cTeneH oT CBO4 CTpaHa

e m3rpaleHa oT InOra 6Oioka: Jormka — (JI) m duxkcaTop —(®)- dur.4d-
3.




[lo ONpMHLUII, »OeTaljlHaTa paboTa Ha KOHBEMepa oOCTakBa CKPMTO
3a NporpaMucTa, OUIEel DPUIIOKHM NpoTpaMu. [IpMUMHM '3a TOoBa ca:

e OOMKHOBEHO cCe oIlpenesd eIuMHeH Habop KOMaHOM =2a LAJI0TO
CEMEMCTBO KOMIIOTPM, BCEeKM OT KOMTO e WM3IBJIHABA IIPaBMIIHO eI0HM
M CBIM OpoTrpaMM, He3aBUCUMMO, UYe cCcIoocobuTe 3a peanus3allMa  Ha
KOMaHIOIMTEe MOoTaT Oa ObOaT pas3JIMuHM.

e Jlo MNpMHUMII € CJIOXKHO Ia ce »OpociendBa (M yIIpapBJgBa
NIpoTrpaMHO) BCSKa KOMaHIIa B KOHBeMepa.



Time (in clock cycles)

CC1 CcC2 CC3 CC4 CCs cC6 (o oy 4 ccs Eccg

Program execution order (in instructions)

Reg

DM / Reg

Figure C.2 The pipeline can be thought of as a series of data paths shifted in time. This shows the overlap among
the parts of the data path, with clock cycle 5 (CC 5) showing the steady-state situation. Because the register file is
used as a source in the ID stage and as a destination in the WB stage, it appears twice. We show that it is read in one
part of the stage and written in another by using a solid line, on the right or left, respectively, and a dashed line on
the other side. The abbreviation IM is used for instruction memory, DM for data memory, and CC for clock cycle.




Time (in clock cyclesy >

CCH1 ccz2 cCC4 CC5 CCe6

DM — Reg

Figure C.3 A pipeline showing the pipeline registers between successive pipeline stages. Notice that the regis-
ters prevent interference between two different instructions in adjacent stages in the pipeline. The registers also play
the critical role of carrying data for a given instruction from one stage to the other. The edge-triggered property of
registers—that is, that the values change instantaneously on a clock edge—is critical. Otherwise, the data from one
instruction could interfere with the execution of another!



Time (in clock cycles)

CC1

Load Mem

Instruction 1

Instruction 2

Instruction 3

Instruction 4

CCz2

Mem

CC3

CC4

Mem

Mem /

Mem T Reg
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L

CCs6

CC7

\A

Mem /«

Mem

)

\

LU

CcCs8

Reg

L~/

\A

Mem

Reg

Reg |

Mem 7

Figure C.4 A processor with only one memory port will generate a conflict whenever a memory reference
occurs. In this example the load instruction uses the memory for a data access at the same time instruction 3 wants

to fetch an instruction from memory.



Time (in clock cycles)

GE'1 CcC2 cCC3 CC 4 CC5 CcCé
0 H B ]
c
g i —
T DADD R1, R2, R3 IM L Reg = DM Reg
E s <
A
= — — —
&
o I = i
S DSUB R4, RI, RS M= [T Reg - DM [— |~ Reg !
'_g bR L sl
8 || ||
@
=
[ul
=)
o
o

]
AND R6, R1, R7 M 5 Reg | | V;g J DM |—

e Y
=)
OR R8, R1, R9 i Reg =
XOR R10, R1, RI11 %,
IM Reg

Figure C.6 The use of the result of the DADD instruction in the next three instructions causes a hazard, since the
register is not written until after those instructions read it.



Time (in clock cycles)

CCH1 cC2 CC3 CC4 CC5 cCé

DADD R1, RZ2, R3 M

DSUB R4, R1, R5

Program execution order (in instructions)

AND R6, RI1, R7

OR R8, R1, R9

XO0R R10, R1, RI11

Figure C.7 A set of instructions that depends on the DADD result uses forwarding paths to avoid the data hazard.
The inputs for the DSUB and AND instructions forward from the pipeline registers to the first ALU input. The OR
receives its result by forwarding through the register file, which is easily accomplished by reading the registers in
the second half of the cycle and writing in the first half, as the dashed lines on the registers indicate. Notice that the
forwarded result can go to either ALU input; in fact, both ALU inputs could use forwarded inputs from either the
same pipeline register or from different pipeline registers. This would occur, for example, if the AND instruction was
AND R6,R1.R4.



Time (in clock cycles)

CC1 CC2 CC3 CC4 CC5 CCé6

DADD R1, R2, R3 IM H L Reg || >§ DM —{ |— He_g

Program execution order (in instructions)

LD R4, O(R1) M TE Reg E DM |—#— Reg |

SD R4,12(R1) DM

=
|
By
s
ALU

Figure C.8 Forwarding of operand required by stores during MEM. The result of the load is forwarded from the
memory output to the memory input to be stored. In addition, the ALU output is forwarded to the ALU input for the
address calculation of both the load and the store (this is no different than forwarding to another ALU operation). If
the store depended on an immediately preceding ALU operation (not shown above), the result would need to be for-
warded to prevent a stall.



Time (in clock cycles)

CC 1 CcC2 CC3 CC4 CC5

LD R1, O(R2) IM

DSUB R4, R1, R5

AND R6, R1, R7

Program execution order (in instructions)

OR R8, R1, R9 M ]

Figure C.9 The load instruction can bypass its results to the AND and OR instructions, but not to the DSUB, since
that would mean forwarding the result in “negative time.”



3asucumocmu rno 0aHHHU
Data Dependencies
(read-after-write hazard)

Pe3ynTaTbT Ha /I-mama NHCTPYKLUUS ce
n3nosi3ea 3a onepaHag Ha (i+1)-ma
MHCTPYKLUNS

Tunoee 3asucumocmu nNo 0aHHU:

fTlomokoeu (flow) sasucumocmu rno
daHHU

AHnmu3sasucumocmu (Antidependency)

3. 3aeucumocmu rno u3xoo (Output
dependency)

©BOROVSKA




PIPELINE
S e vy STALLS

_iv3 (|2 [\ suB & "Rt N
N NI\

_i+3 [ 42 || SUB | S rvee stace suesie 9
. . .
s || i3 [ iv2 | SUB B hoit W

6 || i+5 [\ iva || i3 [\ i+2 || SUB |
.\ .| . . .\ U *

ADD ,R2,R1; =R2+RI1
SUBR4, ,1 ; R4= -
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Antidependencies
(write-after-read hazards)

> IHCTpyKUMATa ocblLlecTBABa 3anuc B
perucTop (UnNun agpec B nameTTTa),
CbAbPXaHMETO Ha KOUTO Ce YeTe OT
npeaxogHa MHCTPYKLUNA

1. ADD R3, R2, R1; R3=R2+ R1
2. SUBR2, R3, 1 ; R2=R3-1

©BOROVSKA




Output Dependencies
(write-after-write hazard)

2. SUBR2,R3, 1 ; R2=R3-1
3. ADD R3, R2, R5; R3 =R2 + R5

(1. ADD R3, R2, R1; R3=R2 + R1

[lo ceosima cbWHOCM € 8U0 pecypceH KOHIIUKM

Peaucmbp R3 ce u3rnorizea om HAKOJIKO
rocrie0ogamersiHuU UHCMpyKuuu

EnumuHupaHe Ha mo3U SEEIEES): 0a ce u3rionisa
apyea peaucmsbp

©BOROVSKA
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lucho
Text Box
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lw $t0, 40($s0)
add $tl, $t0, S$sl
sub $t0, $s2, S$s3
and St2, S$s4, S5tO
or $t3, S$sb, S$s6
sw $s7, 80($t3)

Superscalar Example

Ideal IPC: 2
Actual IPC: 2

lw $t0, 40(S$s0)

add $tl, $sl1, S$s2

sub $t2, $sl, $s3

and $t3, $s3, S$s4

or S$t4, $sl1, $sb5

sw $sb, 80(S$s0)

MICROARCHITECTURE

1 2 3 4 5 6 7 8
-
Time (cycles)
1w sSOV:B_ Msto
40 —
IM RF [551 DM R
add S50 jz}___ || 5t
subv 25l M \ St2
1 [es :B_ pm| |
IM RF [ss3 - RF
and -[ $s4 :B— -
or Ss1M N\ Mot
(I :B_ pm| |
IM RF |sso0 oos RF
SW _[ 50 :B_ s5| |

© Digital Design and Computer Architecture, 2" Edition, 2012

Chapter 7 <122>




Superscalar with Dependencies

lw $t0, 40($s0)
add $tl, $t0, $sl

sub $t0, $s2, $s3 Ideal IPC: 2

and $t2, $s4, S$tO Actual IPC: 6/5=1.2

or St3, S$sb5, $s6

sw $s7, 80($t3) 2 3 5 6 7 8 °
Time (crbis)

[

k23
t
(=]

4
1 MR Y R
1w $t0, 40($s0) 40 | —
RF
x W

.
add $t1, , $s1

sub $t0, $s2, $s3

and $t

or $t3, $s5, $s6

B2 h%3
n |0
N

%23
W

B

[ = |
||€ w|n
{ {
=
hul
@
o
f r

M —— 33K
sw $s7, 80(5td) s

MICROARCHITECTURE
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Out of Order Processor Example

lw $t0, 40($s0)

add s$tl, $t0, $sl

sub $t0, $s2, S$s3 Ideal IPC: 2

and $t2, S$s4, S$tO Actual IPC: 6/4=1.5

or St3, S$s5, $s6
sw S$s7, 80(St3)

N $sOM
1w $t0, 40($s0) Lo 10
W || fess Lses
$s6 556

4
/
om| |
V $t3R V 71 ™
SW $S7 ’ ) SW -[ 80 %7 = w2 -
M RF (I} {P™ RF

5 6 7 8

>

Time (cycles)

Mo

RF

S7Av,

two cycle latency
between load and \RAW i | -
use of $t0 - - T
v $t0 ; v
add s$tl, , $s1 add _[ ssl?fa_ $tl
/ IM RF[soa| RE
:B_ S0

$t2
DM RF

{WAR |

sub , $s2, $s3 =B ] ss3|
S
and $t2, $s4, @ and%{ $t0

© Digital Design and Computer Architecture, 2" Edition, 2012 Chapter 7 <126>
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Register Renaming

lw $t0, 40($s0)
add $tl, $t0, $sl

sub $t0, $s2, S$s3 Ideal IPC: 2
and St2, S$s4, $tO Actual IPC: 6/3=2
or St3, S$Ss5, $s60
sw $s7, 80(st3) 1 2 3 4 5 6 7 _
Time (cycles)
L N $s0M E sto
M . RF 222 RF
- $s3 :B_ PO
and V zié _V $t2
M RF <25 DM RF
or _[ - | ] $t3
addM] ZLOR V Mst1
$sl DM_
M . RF 223 57| RF

MICROARCHITECTURE
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inti, fact=1; inti, factO =1, factE = 1;
for(i=1;i<=12;i++){ for(i=1;i<=12;i+=2){
fact *=i; factO *=i;

} factE *=i+ 1;
return fact; }
return factO * factE;

[OopHaTa npomAHa (BAACHO) BOAM A0
HamanABaHe Ha BPpemeTo 33
M3NbAHEHME A0 ABA NBTU NPU MNO-
HOBUTE CynepCcKas1apHMU NPOLLECOpPM.
—Orion Sky Lawlor
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Cmpameauu

LybrnupaHe Ha UHCMpPYKUUOHHUMEe byepu
3a u3esiudaHe Ha ogeme 8b3MOXXHU

UHCMPYKYUU — MHOXKECIMBEeHO
rpedsapumersiHo u3eriudaHe Ha
UHcmpykuuu unu branch bypassing

Jloczuka 3a OuHaMUu4HoO ripedckal3saHe Ha
rpexoda — u3eriudaHe Ha Hau-eeposmHama
UHCMpPYKUUs cred uHecmpykuus branch

Cmamu4Ho rpeodcKa3eaHe Ha rpexooda

HcmpyKkuuu 3a omrioxeH ripexod (Delayed
branch instructions)

7
©BOROVSKA




Hardware-Based Speculation

s EXxecute instructions along predicted execution
paths but only commit the results if prediction
was correct

= |nstruction commit: allowing an instruction to
update the register file when instruction is no
longer speculative

= Need an additional piece of hardware to prevent
any irrevocable action until an instruction
commits

uonenoadg paseg-aiempieH

= |.e. updating state or taking an execution




Jlo2zuka 3a npedcka3eaHe Ha ripexooda
u ucmopusi Ha npexooume
(Prediction Logic and Branch History)

> [uHamu4Ho npedckaseaHe ba3upaHo Ha
ucmopusima 8 xo0a Ha U3MbJ/IHEHUE Ha
rnpogpamama (run-time execution history)

Prediction Look-up Table (mabnuua 3a
rnpeodckaseaHe Ha ripexooume) — adpec Ha
UHCMpyKyusima Ha rpexooa, adpec Ha rnpexooa,
bum 3a rnpeoxo0HO ripedcKkassaHe

Branch Target Buffer (bygbep 3a ucmopusima Ha
rpexooume) — uMnsemMeHmupa ce ¢ Kew
(Hanb/IHO acoyuamueeH Usu acoyuamueeH C
MHO)Kecmea)

©BOROVSKA




UHCTPYKLMOHEH

Y TABJIMLA C ACOLIMATUBHO TbPCEHE
KOHBEeuep ¢ (CbXPAHABA NCTOPUATA HA NPEXOAOUTE)
npeackKka3BaHe Ha

npexoaa B BTB ALPEC HA MHCTPYKLWSITA 3A  A[IPEC HA MHCTPYKLISITA -
YCNOBEH MPEXOL LIEN HA NMPEXOMA

BUT 3A BANNMAHOCT

NMPOrPAMEH
BPOSAY (PC)

(________________AIPEC |
L VIHCU [PYRLIVA

WHCTPYKLMOHEH KOHBEVEP
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PecypcHU KOHIUKMU

EOHO8peMEHHU 3as8KU 3a €OHU U CbLLUM
pecypcu (mamMeT nnu yHKUNOHaNHu
YCTPOWUCTBA)

PaspeluaBart ce 4pes o0ybriupaHe Ha
pecypcume

EnnMmmnHupaHe Ha KOHIUKmume 3a namem .

CneunanusnpaHo yHKLUUOHANHO YCTPOUCTBO
3a YeTeHe Ha onepaHguTe Unu 3anuc Ha
pesyntatute B nameTTa (load/store)

OcurypsiBaHe Ha OTAENHN KelloBe 3a
MHCTPYKLUUN N AaHHW Ha HMBO L1

©BOROVSKA




lpouedypHuU 3asucumocmu

Pedbm Ha u3nb/IHEHUE HE e U3BECTEH Npeau
M3MbNHEHNETO Ha NHCTPYKLMUTE

OCHOBHa NpuynHa — UHCMpPYyKUUU 3a
be3ycrioeeH U ycri08€eH rpexoo - branch

Hcmpykuuu 3a be3ycriogeH rpexod —
8CUYKU UHCMPYKUUU 8 KOHBelepa ce
usHopupam u KoHeelepbm ce u3srpassa (the
pipeline stalls)

VHCcmpyKuuu 3a yCcrio8eH ripexod — cblusm
egheKkm aKko rnpexodbm ce ocbWecmsu

©BOROVSKA




Cmamu4Ho npeodcka3eaHe

> [lporHo3aTa ce npaBu nNpean N3NbIHEHUETO

> OopMaTbT Ha MHCTPYKUUATA 3a Npexoa
CbAbprKa dornb/IHUMesrieH bum 3a
npenckasesaHe Ha npexoaa

> [lobaBsi ce MHXEeCTBO OT HOBU UHCTPYKL MK
3a npexon: usbepu rpoepamHus bposiy PC
usnu u3bepu aodpeca Ha rpexooa

» OmaoeopHoOCmMm Ha Komrusiamopa

» AmpakmueeH rnooxood 3a RISC
apxumexkmypu

©BOROVSKA




B Floating-point average
B Integer average

8%

Call/return

Jump

82%
75%

Conditional branch

I I I I 1
0% 25% 50% 75% 100%
Frequency of branch instructions



Return Address Predictor

s Most unconditional branches come from
function returns

= [he same procedure can be called from
multiple sites
= Causes the buffer to potentially forget about the
return address from previous calls
= Create return address buffer organized as a
stack
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Energy Efficiency

= Value prediction

= Uses:
= Loads that load from a constant pool
= Instruction that produces a value from a small set of values

= Not incorporated into modern processors

» Similar idea--address aliasing prediction--is used on
some processors to determine if two stores or a
load and a store reference the same address to
allow for reordering
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Normal vs. Delayed Branch

Address Normal Delayed
100 LOAD X,A | LOAD X,A
101 ADD 1,A | ADD 1,A
102 JUMP 105 | JUMP 106
103 ADD A,B NOOP

104 SUBC,B | ADDAB
105 STOREA,Z | SUBC,B
106 STORE A,Z

One delay slot - Next instruction is always in the pipeline.
“Normal” path contains an implicit “NOP” instruction as the
pipeline gets flushed. Delayed branch requires explicit NOP
instruction placed in the code!



Optimized Delayed Branch

But we can optimize this code by rearrangement! Notice we always
Add 1 to A so we can use this instruction to fill the delay slot

Address Normal Delayed Optimized
100 LOAD X,A | LOAD X,A | LOAD X,A
101 ADD1,A | ADD1,A | JUMP 105
102 JUMP 105 | JUMP 106 | ADD1,A
103 ADD A,B NOOP ADD A,B
104 SUB C,B ADD A,B SUB C,B
105 STOREA,Z | SUB C,B STORE A,Z
106 STORE A,Z




NHcmpykuyuu 3a omJio)KeH rpexoo
Delayed Branch Instructions

> 3anbliBaHEe HA MPEXYPUTE B KOHBEWEPA C MHCTPYKLUN,
KOUTO He 3aBUCAT OT TOBa, Jalnu Le ce OCbLLIECTBU
npexoda (unu noHe mexypute ce 3anbneat ¢ NOP)

ADD R3, R4, R5 SUB ,R2 1
SUBR2 |, 1 BEQD , RO, L1
BEQ , RO, L1 ADD R3, R4, R5

I

R
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BHUMAHME: YchoBHUMAT npexon, ce nanvaHABaA cneq cneasallarta
npexoaa KOMaH4a, HO YCNI0BMETO 33 Npexoaa ce usumncnasa npeau Hea!
Mo Ta3n NpPMYMHA KOMaHAA, OT KOATO 3aBUCKU TOBA YC/IOBUE, HE MOXKe A3
ce NpemecTu cnie, KOMaHAaTa 3a Npexofa.

[Be nocnepoBaTteNnHn 3a4bprKaHN KOMaHAMW 33 NPEX0od He MOXKe A3
nma. B Taknea cnydam mexay tax ce noctasa NOP.

Mpun HAKom npouecopu (Hanp. Alpha AXP n MIPS) acembnepbt moxke
aBTOMaTM4HO Aa BMbKBa NOP cnep KomaauTe 3a npexoq n Aopu Aa
npeHapeXxXpaa KomaHauTe, 3a aa usberHe HyxXaata oT NOP. To3n pexkum
(,reorder”) moxe ga ce U3KNOUM C AMPEKTMUBATA ,,.set noreorder”.

Hakoun npouecopu (SPARC, MIPS) nmaT Bb3MOXHOCT 33 aHy/IMpaHe
Ha cneaBallaTa KOMaH4a, ako NPEexXoAbT He Ce OCbLUECTBU. Ta e nosie3Ha
NpW NPOBEPKa Ha YCZIOBUETO B Kpas Ha uMKbAaa (do-while, repeat-until),
aKo Npu nocneagHaTa utepauma KomaHaarta cneg KomaHaaTta 3a npexoa
He 6buBa aa ce usnvaHAga. Mpu MIPS Te3mn kKomangm (c ,L“ ot ,likely”
MHOrO BepoATeH (T. H. ,HameK").

Hakon npouecopu (Hanp. POWER[PC]) nmaT Bb3MOXKHOCT 3a TaKMBa

yHameun“ c "+" n "-", npmn Bce ye He N3NoON3BaT 3aAbPXKaHN Npexoaun.
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Level 1 2 3 4

Name Registers Cache Main memory Disk storage
Typical size <l KB 32 KB-8 MB <512 GB >1 TB
Implementation technology Custom memory with ~ On-chip CMOS CMOS DRAM Magnetic disk
multiple ports, CMOS SRAM
Access time (ns) 0.15-0.30 0.5-15 30-200 5,000,000
Bandwidth (MB/sec) 100,000-1,000,000 10,000-40.000 5000-20,000 50-500
Managed by Compiler Hardware Operating system  Operating
system/
operator
Backed by Cache Main memory Disk Other disks
and DVD

Figure B.1 The typical levels in the hierarchy slow down and get larger as we move away from the processor for
a large workstation or small server. Embedded computers might have no disk storage and much smaller memories
and caches. The access times increase as we move to lower levels of the hierarchy, which makes it feasible to manage
the transfer less responsively. The implementation technology shows the typical technology used for these func-
tions. The access time is given in nanoseconds for typical values in 2006; these times will decrease over time. Band-
width is given in megabytes per second between levels in the memory hierarchy. Bandwidth for disk storage
includes both the media and the buffered interfaces.



1.2. ApxuTexkTypa Ha Kell naMeTTa

1.2.1 PaboTa Ha kem naMerTa

Kem MnmamMeTTa e KJKOYa =2a OCUIl'ypdBaHe Ha IIPOM2BOIUTEJIHOCT IIpPHU
CBEBPEMEHHUTE IIpoLecopM. THUIMYHO B eHa I[OIporpaMa OKOJIO Z25% OT
MHCTPYKLUMMTE Ce& OTHac4dT OO [IaMeTTa, TakKa 4Ye BpPpeMeTO =2a IOOCTEHII IO
nmaMeTTa Cce fgBABa KPUTHMYeH (aKTop B MIBIBIHEHMETO Ha OpoTlpaMaTa.
Upes edpekTMBHO penylLMpaHe BpeMeTo =a JOCTBII OO0 [NaMeTTa, Kell
maMeTTa I[I03BOJIIRa I[IOBeYe OT elHa MHCTPYKLUMA =a LMKBI Ia Cce
M2MNBJIHABA B MOISPHMTe Ipoluecopu (B Tema 5). JHONBIHUTEIHAa
MHIOVMKALMA '3a BaXHOCTTa Ha Kell I[IaMeTTa € Halp., 4Ye OoT 6.0 10°
TpaH3MCTOpa B Opollecopa MIPS R10000, 4.4 10° ce wusnoaseaT B
MIEPBUYHMA Kell (B Tora umciio u TLB) .

PaboraTa Ha Kem IamMeTTa  ce 6as3Mpa Ha JOKaJlIHOCTTa Ha
ODpPLEIIEHMATA .

BcuukM nporpaMyM IIOoKaz=2BaT JIOKaJIHOCT Ha obptrileHudaTa. Tora ce
OKazBa YHMBepcaJI[HO CBOMCTBO Ha OpoIl'paMMTe — He3aBMCMMO Iajii ca
KOMepCcHallHM, HaydHM, WI'pM T.H. Kem [naMeTTa eKCcIJloaTMpa TORa
CBOMCTBO, I[OoImoOpdABaMKM BpeMeTO =2a IOOCTHII M HawmaJigdBa IlieHaTa Ha
ODOCTEII OO IJlaBHaTa IIaMeT. JVMa IOBa THIIa JIOKAJIHOCT

A) JokaJIHOCT IO BpeMe.

B) JlokaslHOCT MO NPOCTPAaHCTBO (chneumaliHa JIOKAaJIHOCT) .




JlokanHoCcT 0O BpeMe - DBeOHBX HalpaeeHO OOphleHMe KBEM IaleHa
noszMumMea (kjeTka) oT naMeTrra MMa IoJiAMa BepOATHOCT, dYe TA e Obwoe
[IOTBEPCEeHa OTHOBO B HemaledHo Obwoeue.

[lpymepu: Ha—-npocTHUAT OpMMep 3a JIOKAJIHOCT IO BpeMe e
M3MI'BJIHEHMETO Ha LUMKEBEIJI: BeIHBX BbhBeleH (BKINUYEH) LUUMKBIBT, BCUUKMK
KOMaHIM B LUMKBJIa Ue Cce I[IOCOYBAT OTHOBO, BEPOATHO MHOTO OBTH,
npenyM UMKBIBRT Ia 3apbpum. 0000LEeHO M3BMKBaAHETO Ha IoOonporlpaMu,
OYHKLUMU M [NPeKbCBaHMATA N0 BpeMe CBhUO NPOoABHABAT TakoBa CBOMCTEBO.

MHoro TUIOBe IaHHM [NOKAaz3BaAT JIOKAJIHOCT I[IO BpeMe: B HAKAKBA
TOYKa Ha [OporpamaTra CcbBllecTByBa TeHIOeHUMA 3a OoDpblUeHMe - KbM
“ropewm” INaHHU, KOUTO nporpamMarTa M3M0JI3Ba VTN NpoMeHH4d
MHOTOKpPAaTHO, OpenM na IpeMMHe KbBM JIpyr OJIoxk oT »JgaHHu. HAxkowu
npmMepm ca:

* OpoauM;
* Irpermnen Ha TabiaMmiu;
* HaTpylBaHe Ha [NPOMEeHJIMBM;

. CTeKOBM IIPOMEeHIIMEM.



JJokaJlTHOCT 10 TMNpocTpaHCTBO - KoraTo ce aIpecupa KJeTKa oOT
naMeTTa, MHOTO BEpPOATHO €, 4Ye CBCeIHUTe KIJIEeTKM e OBIaT CKOpPO
IIOCTBIIHMA .

IIpmMeprn: HcHo e, dYe TOTOKBET OT MHCTPYKLMM IIe T[NIpOodBRAdRa
3HaUYMTEeJIHa CllielyaliHa JIOKaJIHOCT. B OTCBECTBME Ha NpexolM cilelpalarTa
KOMaHIa Ia ObBIe M3NBJIHEeHa € eIHO HEelOCPEeICTBEHO, IP4KO CJIeICTBUEe
Ha TeKylaTa.

IlaHHMTe CBIO [IOKaz3BaT =BHaduTelJlHa ClelMalJiHa JIOKaJIHOCT — Halp.
KOT'aTO MaTpMila WMIM HM=2 ca OOCTwIHM, obpaboTkaTa 32alodea oOT
Ha4vyaJIOTO Ha MaTpullaTa OO Kpad, NOoCJIedOoBaTeJIHO.

JJokaJlTHOCTTa [0 BPEMe BKJIKYBa JIOKAJIHOCTTa II0 MPOCTPaHCTBO, HO
He M obpaTHO.

KaTo mnpaBuiio, MNIPUIIOKEHUATa IIPpOdBABaT MIKIIOUMTEJIHa JIOKaJIHOCT
no BpeMe =Ba kKoo wu OemHa =a »OaHHM. Toz2mM pakT e JoBell IO
pasmelyidaHeTO Ha Kell IaMeTTa Ha IBe YacTM — eIHaTa 3a KoMaHOouM (1-
cache), a @»npyrata =a npaHHu (d-cache). Tora pas3mgengHe BOOM IO
3HAUNTEJIHO YBeJlMdaBaHe Ha I[POM2BOIOMTEJIHOCTTAa, =2aBMCelo OT pasMepa
Ha Kell aMeTTa, BuIa Ha NpuIIoXeHMeTo, Op. PakTopu.




Feature AMD Opteron 8439 IBM Power 7 Intel Xenon 7560 SunT2
Transistors 904 M 1200 M 2300 M 500 M
Power (nominal) 137 W 140 W 130 W 95 W
Max. cores/chip 6 8 8 8
Multithreading No SMT SMT Fine-grained
Threads/core 1 - 2 8
Instruction issue/clock 3 from one thread 6 from one thread 4 from one thread 2 from 2 threads
Clock rate 2.8 GHz 4.1 GHz 2.7 GHz 1.6 GHz

Outermost cache

L3; 6 MB: shared

L.3; 32 MB (using
embedded DRAM);
shared or private/core

L3; 24 MB; shared

L2; 4 MB; shared

Inclusion

No, although L2 is
superset of L1

Yes, L3 superset

Yes, L3 superset

Yes

Multicore coherence
protocol

MOESI

Extended MESI with
behavioral and locality
hints (13-state
protocol)

MESIF

MOESI

Multicore coherence
implementation

Snooping

Directory at L3

Directory at L3

Directory at L.2

Extended coherence
support

Up to 8 processor
chips can be
connected with
HyperTransport in a
ring, using directory
or snooping. System
is NUMA.

Up to 32 processor
chips can be connected
with the SMP links.
Dynamic distributed
directory structure.
Memory access is

symmetric outside of an

8-core chip.

Up to 8 processor
cores can be
implemented via
Quickpath

Interconnect. Support

for directories with
external logic.

Implemented viafour

coherence links per

processor that can be
used to snoop. Up to

two chips directly

connect, and up to

four connect using
external ASICs.

Figure 5.27 Summary of the characteristics of four recent high-end multicore processors (2010 releases)
designed for servers. The table includes the highest core count versions of these processors; there are versions with
lower core counts and higher clock rates for several of these processors. The L3 in the IBM Power7 can be all shared
or partitioned into faster private regions dedicated to individual cores. We include only single-chip implementations

of multicores.



1.2.3. Onepaumm C Kell raMeTTa

EIMH OT OCHOBHMTE REIPOCHM Npu paboTa C Kell HaMeTTa e: Kak
npoLecop®sT pazbupa namm wMHopMaLmMdTa, KO4ATO My € Heobxoomdma, €
HaJIMdHa B Kem namerTa?”

OriepaTMBHaTa IlaMeT M Kell [NaMeTTa ca pas3IdelJIeHM Ha OTIOeJIHU
obJlacTH (frames) , CBIOLPXallN omnpeneJieHOo KOJIMYEeCTBO OalToORE.
OBMeH®T Ha MHOOpMalMATa MeXIOy ollepaTMBHaTa [aMeT M Kell [IaMeTTa Ce
peammz2mupa o 6JjokoBe. PazMmepwsT Ha 6Jloka CBBIalla C pas3Mepa Ha
bpeMa M oOCBeH ToOoBa B enHa obiacT (eomMH ¢perM) MOXe IIa Ce
CbXpaHaBa enuH 6Oiok. KoraTo nOpouecop®sT OTIpaBM =BasgBKa KEM
KOHKpeTeH 6auT oT omnpenejieH BJlok B namMeTTa, Tpabra MHOTO OBp30 MOa
ce ONpenelyiaT CJIeIHUTe TPpM Hella:

* DaJgmM TepceHMd OJIOK Cce HaMMpa B Kell naMeTTa, T.e. Oajlu MMa

rnonameHme B kem namerTa (cache hit) wmmm He (cache miss) ;

e [O3UMLIMATA Ha 6JIoka B Kell IaMeTTa B cJydalM Ha HallMdMe Ha

BJIoKa B Kell [HaMeTTa;

* T[IOJIOXKEHMETO Ha TBpCeHMda BGauT B 6JloKa, OTHOBO CaMO KOT'aTo

CcTaBa IOyMa =a HaJmdMe Ha 6JIoka B Kell [NaMeTTa.



Kem namMeT C OEBJIHA aCOLMATHMBHOCT

[[p nOBJIHaTa acoLUMaTMBHOCT BCeku OJIOK OT olepaTMBHaTa I[1aMeT
MOXe Ia OBIe CBBpP2aH KBM BCeKM (QpelM OT Kell NaMeTTa. [IpM ToRa
obade ce Hallar'a Oa Cce NpeTwpcBa L4anaTa tag RAM, =2a ma ©6bIOe OTKPUT
HYyXHMG OJiok. [lo Tazsm OpMuMHa KOJKOTO I[Oo-ToJidMa € Kell I[IaMeTTa,
TOJIKOBa IMO-ToJIgaMO Ie e =3abaBgHeTo, NpelM HYyXHMAa ©OalT »Oa cCcTaHe
IOCTEIIEH 3a MOpolecopa. ETo =amo meJIHaTa acoUMaTMBHOCT He € 4YeCTo
M2I0JI3BaHa opraHMz2alumda B CBBPEMEHHUTE I[IPOLEeCOpPM.




Kell maMeT C OUPEKTHO CHOTBETCTBUE

[l[py em naMeT C IOUPEKTHO CHOTBETCTBUE Ha BCeKM OJIOKOB ¢penM
ce  CBIOCTaBg  ONpeleljieHO  IMOIMHOXeCTBO OT  OCHOBHaTa  [aMeT.
HanpuMmep, ako paz3mnojlaramMme C 8 QpeMMa, BBB BCEKM OT T4X Ie ce
pasz3mnojlara BCeKM ocMM 6OJIOK oT [naMmeTTa, T.e. BBBR ¢fpermm 0 me ce
paznonaratT 6Gmokoee 0, 8, 16 M T.H., BBB ¢perm 1 - 6Gigokore 1, 9,
17 m 7T.H. TongaMoTO MNpeIMMcTBO B CcJydad e, UYe I[IOTeHIMaJIHUTE
MOJIOXEHMI Ha BCeKM OJIOK ca 2BHadYMTeJIHO pelyUMpaHuM WM CBOTBETHO
OpodaT Ha TBEpceHMATa B tag RAM e MHOro no-maj'ek. HanpmMmep, ako Ha
MpoLIeCOP®ET B Hy¥XeH 6ijok 0O, 8 wmim 16 ToM Tpabra Oa OPOBEPUM CaMo
¢perm 0. HepmocTaTBKBT, KOUTO Ce IodBagBa obade e cJiefHMd — Halp.
Ha T[IPOLIECOPBT Ca HYXHM OJiokoBe Cc HoMepa oT O mo 3 m or 8 pmo 11.
[lpy ToORBRa IMOJIOXKEeHMe »OBeTe TIpylM OJOKOBe He MoTraT Oa Cce I[IOMecTdT
eIHOBPEMEHHO BLBB (perMnTe, IIoHexe (0 M 8 ce pa=znojaraT BBB (penM
0, alwm9 — peB dperm 1 M T.H. [[pM TOBRa MNOJIOXKEHME I[IPOLIECOPET e
TpabBa I[MOCTO4HHO Ia [OIpOMeHd CEBIBPXaHMeTO Ha Kell [oaMeTTa, a
OTNpard =3afgBKM KbBM OllepaTMBHaTa [IaMeT M KaTo KpaeH pes3ylTaT PSa3KO
cCe CHMXapa e(@eKTMBHOCTTa OT KelMpaHeTOo M ce Iybu NIperMylnecTBOTO
Ha HaMmaJleHaTa JilaTeTHOCT. TakaBa CUTyallMd Cce Hapuda KOJIU3UL.




n-KpaTHa (YacTuMyHa) acolMaTMBHOCT

TpeTnamT BBL3MOXEH BapMaHT Ha opraHM3almdg npencTaBJIdBa
KOMOMHALIMA OT TOPHUTEe OBa. IlpM Hero OoopelelleHM I[NOIOIMHOXEeCTBa OT
nmaMeTTa MOTaT Ja Cce IIOMecTAT B OlpelejleHrM TIpynou GopenMoBe.
Hanpmmep, dYeTHMTe OJIOKOBE Cce I[oMecTRaT B OvpeuTe 4 QpermMa, a
HedeTHUTe — BBB BTOopUTe 4. [lo TO3M HauMH =[aKbCHEHMATAa [IPM TEBEPCEHEe
B CcrnoMaraTejyiHaTa IIaMeT cCce HaMalidBa [OBa I[I'BTM CHIp4aMO II'BJIHATa
aCcolMaTMBHOCT, HO BCe T[akK ocTaBa [IO-TOoJAaMO OTKOJIKOTO [pH
IMPEKTHOTO CRBBP32BaHE M OCBEH TOBRa BEPOATHOCTTa Ia Ce OOCTUI'HE IO
KOJIM3MA Cce  HaMaJldRa SHAYUTEJIHO B CpaBHeHUe C IMPEeKTHOTO
CBBpP3RBaHe. KoraTo NOpoLecop®sT OINpellelyivM B Kod I'pyna 6mM clernBalio Ia
ce HamuMpa MWMHOopMalLM4aTa, TouM Mme TpabBa Ia NOpeThpPCHM CcaMo YeTUpPH
bpenma . KOHKpeTHO Tazsy pealmalmg ce Hapuda JeTUPUKPaTHO
acouMaTuepHa kem nameT (four way set associative), nopamu dakTa,
Yye Kell aMeTTa € pasl3leljleHa Ha I'pyloM OT [0 4YeTupu ¢perma. MoraT mna
ce M3MN0JI2BaT pas3yIMyHM MOIMIUMKaLMM Ha Tas3M TexXHMKa OoOT TuUla
IBYKpaTHa (rpynmM oT IO IORa oGpeuMa) WIM OCeMKpaTHa (I'pynM OT IO
oceM OdpenMa) acoumaTMBHOCT. He TpgabBa na ce =abparga obaue, ue
BCAKO YBeJlM4yaBRaHe Ha HMBOTO Ha acouMaTMBHOCT (OT IOBe, KbBM UYeTUpPHU
NI OT YeTUpPUM KBEM OCEM) CHIO VBeJMdaBa 0Opod Ha TATOBeTe
(emtukeTmTe), KOUTO Tpdabera IIa cCce I[IpOBepdBaT =2a JIla Cce olpeleln
KOHKpeTeH 6OJ5ok. CliefoBaTeJIHO VYBellMdaBaHeTO Ha acoluMaTMBHOCTTA
CHIIO O3HadYaBa yBeJlM4dyaBaHe Ha JlaTeHTHOoCTTa.




Fully associative: Direct mapped: Set associative:

block 12 can go block 12 can go block 12 can go
anywhere only into block 4 anywhere in set 0
(12 MOD 8) (12 MOD 4)
Block 01234567 Block 01234567 Block 01234567
no. no. no.

Cache

Set Set Set Set
0 o 2 3

Block frame address

Block 19113111111 2222223222233
no. 01234567890123456789012345678901

Memory

Figure B.2 This example cache has eight block frames and memory has 32 blocks.
The three options for caches are shown left to right. In fully associative, block 12 from
the lower level can go into any of the eight block frames of the cache. With direct
mapped, block 12 can only be placed into block frame 4 (12 modulo 8). Set associative,
which has some of both features, allows the block to be placed anywhere in set 0 (12
modulo 4). With two blocks per set, this means block 12 can be placed either in block 0
or in block 1 of the cache. Real caches contain thousands of block frames, and real
memories contain millions of blocks. The set associative organization has four sets with
two blocks per set, called two-way set associative. Assume that there is nothing in the
cache and that the block address in question identifies lower-level block 12.



1.2.4. 3amMecTBaHe Ha MHOopMauMaATa B Kell [1aMeTTa.

BaxeH BEIPOC IIpPM KellMpaHeTO € KOM TOoUyHO OJIOK OT Kell aMeTTa
na 6OHpOoe =BaMecTeH, KoTraTo IIOoCTBIIBA HOB  OJIOK. Hau-nipocTuTe
cCTpaTeImMmM ca: Ia Ce 3aMecTM CcJydaeH OJIOK WM Ia Cce M3MN0JI2Ba HAKO04
or MeTomukuTe LIFO (Last In, Last Out) mmm FIFO (First In, First
Out). 3a cBxajJleHMe HMKO49 OT TGPFHGEDHEHHTE MeTOIOVUKMTE He OoT4MTa
JIoKaJJHOCTTa Ha obpwmlleHMdaTa. I[lo Taz3mu npuumMHa, ODo-nobpa crpaTrermda

Ha JaMecTBadHe e LRU (Least Recently Used - HaM-oTIarRHa
M2IOJI2BRaH), T.e. Ha 23aMecTBaHe I[NoIJiexy OJIOKET WM3I0JI2BaH I[Ipeln
Hal—-MHOT'O BpeMe. JIMeHHO Taz3M CcTpaTerMma M HaMMpa HaWl—TOoJIgaMO

I[IPHMIIO¥eHMe B ChBBpeMeHHMTe IIpOoOLeCOpHM.



1.2.5. Banmmc B kKeum nameTTa

Ilocera pasrieaxMe T[IOBEIEHMETO Ha Kell NaMeTTa I[IpU olepalmda
yeTeHe. [Ipy onepauma =anmMc, KOATO Ce cCcpella OCHOBHO npu pabora C
Kell naMeTTa =3a IOaHHM, MMa elHa OCOBeHOCT Ha KOMTO Ie Cce CIPeEM Io-—
noJiy . IlpyM MnoJjiydaraHe Ha pesl3yJjTaT, IIpPOoLEecop®T I'0 2=BalMcBa B Kell
naMeTTa OT HaWM-BMCOKO HMBO. BEIPOCET € KakKk M KoT'a TO32M pes3yjTarT
ce MNPeXBBPJIS B OCHORBRHaTa HamMeT. ViMa IOBe CcTpaTelvuM:

« Jla ce =anuume IpoOMeHeHaTa WMHpopMalmMsa caMO B CBOTBETHUA WU

OJIOK B Kell IaMeTTa OT II'BPBO HMBO M Ia Cce aKTyaJlu3upa 0

IpyTMTe HMBa e€IBa KOoraTOo »maleHmda OJiok OBIe =2aMecTeH. Tora e

Taka HapedeHaTa cTpaTerusa write back.

« Jla ce =anuie ONpoMeHeHaTa MHpopMaluMd eIHOBPEMEHHO [0 BCUYKU

HMBa Ha MepapxXxuaTa Ha aMeTTa. ToBa € TakKa HapedeHaTa

crpaTrerua write through.

[lo oTHOmWEHMEe Ha IMIPOM3BOIUTEJIHOCTTa, I[IEpBaTa CTpaTervsa € I10—
nobpa, =2alloTO OTHOCUTEJIHO I[IO-PAOKO Ce Hajlara Ia Cce I[IpeXBBpigd
MOIMQULIMPaHOTO ChIOBPXaHMe Ha 6OJiloka KBM OCTaHaJlMTe HMBa  Ha
namMerTa. OT IOpyra CcTpaHa BTOpaTa cCcTpaTelvd I[IO3BOJISBa MNO-JIECHO MOa
ce TIOOObPXa BallMOHOCTTa Ha MHOopMauMdTa B MHOT'OIPOLIECOPHUTE
CUCTEMU U MPU CUCTEMU C MHTEH3UBHUM BXOIHO-M3XOIHU IIPOLIECU.



1.2.6. CwrinacyBaHOCT Ha IaHHMUTe B kKewm namermure [5]

B napasenHuTe komnwrpm ot Tmn SMP (Bux Tema 10), KBOETO
MHOXECTBOTO [NIPOoLeCcCOopM MMAT Kell [DaMeTM Ha CcaMMsa YUl M M3O0JI3BaT
obula rameT, BB3IHMKBE eOVMH OONBJIHUTeJieH [IpoblieM, W3BeCTeH 10X
MMEeTO “ChIJlacyBaHe Ha OaHHUuTe” uam “"KoxXepeTHOCT Ha OaHHuUuTe” B kel
namMeTmTe. CbBUIHOCTTAa Ha OpobiieMa ce OpoABdABa B CJHeOHOTO. B ToO3m
TMII KOMIKOTPM MMa eIHO KOIOMe OT olepaHa B OCHOBHaATa HaMeT M [0
eIHO KOlIMe OT Hero BBB BCAKa Kell namer. Korato kKonomMero OT
ornepaHma € I[POMeHeHO, Oa Kaxem oT rnpouecop #1, To clnenBa wu
OIpyTMUTe KOoNMHa Ina ObOaT NPpOMeHeHM CBlUo. ChIJIaCyBaHeTO Ha IaHHUTE B
Kell [naMeTmTe e IOUCLUUIIJIMHE C KOHATOo, I[IPOMeHMTe B CTOMHOCTUTEe Ha
onepaHIuUTe, HaNpaBeHM OT OTIOeJleH Opolecop, Oa Cce pa3npOoCTpPpaHAT
HaBCAKDBIe B CUCTeMaTa [0 [OOoOXOoNHAUll HadMH M Ha ©OBIaT IOOCTERIHM 33
M30JI3BaHe OT IOpyIuTe nOpouecopu. Toea cTaea KaTo Ha XapOyepHOo

HMBO Ce BBBexIa "noncrayuesaHe” Ha CcuUCTeMHMS MHTepberc. EouH oOT
HaM—-d4eCTO MIOJN3BaHMTE MNPOTOKOJIM 32a OCHUMI'YPABAaHE Ha KOXEepeTHOCT Ha
nanHuTe e MESI npoTokojya, KbBOeTO BOyKBUTEe OT aKpOHMMa ONpelelidT
JeTUpUTe CBCTOSHMSA, B KOMTO KelloBaTa JIMHMA MOXe IOa Obre:

* Modified - nmMHMATa e Owuia MoOouMOMUMpaHa,; KOOMeTOo Ha daMeTTa
e HeBaJIMOHO;

« Exclusive - kel naMeTTa MMa CaMO eIHO KONMe Ha IaHHUTe;
ramMeTTa e BaluIiHa;

* Shared - noBeude OT eIHa Kell DaMeT CBIABPXA KOIMe OT Tasu

JIMHME,; KONMeTO HAa HaMeTTa & BallMIHO;
e Invalid - xemorepaTa JIMHMAE & HeBalMIHAa



The Intel i7 uses a variant of a MESI protocol, called MESIF, which adds
a state (Forward) to designate which sharing processor should respond
to a request. It is designed to enhance performance in distributed
memory organizations.

MOESI adds the state Owned to the MESI protocol to indicate that the
associated block is owned by that cache and out-of-date in memory. In
MSI and MESI protocols, when there is an attempt to share a block in
the Modified state, the state is changed to Shared (in both the original
and newly sharing cache), and the block must be written back to
memory. In a MOESI protocol, the block can be changed from the
Modified to Owned state in the original cache without writing it to
memory. Other caches, which are newly sharing the block, keep the
block in the Shared state; the O state, which only the original cache
holds, indicates that the main memory copy is out of date and that the
designated cache is the owner. The owner of the block must supply it
on a miss, since memory is not up to date and must write the block
back to memory if it is replaced. The AMD Opteron uses the MOESI
protocol.



1.2.7. PasMep Ha kemoBusi OJI0Kkd

C yBeJlMyaBaHe Ha paz3Mep®sT Ha 6OJIoka e BB3MOXHO Ia Cce
peamz2mpaT [no-nobpe npeigMMcTBaTa Ha JOKaJIHOCTTa I[10 MNPOCTPaHCTBO.
ToBa e BApPHO OO0 HAKAKBLB OIpellelJieH pas3Mep. AKO Ce YBEJIMYM pa3Mepb.T
Ha OJioka, »OOKaTO pas3Mepa Ha Kell IaMeTTa ocTakBa I[IOCTO4dHEeH, ToT'aka
ce HawmaJigBa 6pogT Ha 6OJOKOBETe, KOUTO Kell T[aMeTTa MOXe Ia
ceXpaHm. [lo-masko OJIOKOBe B Kell IaMeTTa O3HadYaBa [No-MaJIko Habopw,
KOeTO BJlede WM I[O-I'0JidMa BepOdTHOCT OT OTCECTBMA Ha TBpCceHaTa
mHpopMmauma. OCBeH ToOBRa, akKo pas3MepbT Ha OJjioka e MHOTO TI'OJIaM,
HaJiMile € MHOTO 2arybeHo IOpoCTpaHCTRBO, =aloTo MHOTO OJIOKOoBe IIe
CBOBPXAaT CaMO HAKOJKO 6aura oT paboTHOTO MHOXECTRBO, IIOKaTO
OCTaHaJIOTO TMPOCTPaHCTBO € Heuz3NnoJi3raeMo. KasaHO Mo »OpyIr' HauMH,
TOJIEMMAT pas3Mep Ha 0OJioka e [IO-CKJIOHEeH [a =2aMbpc4dBa’” kKem naMeTTa
C HEeW3MOJIB3BaHM IaHHUM OTKOJIKOTO MaJIKM4g pas3Mep Ha OJloka.

Ipyr npobliieM Ha 6Jioka C T'oJiIdaM pas3Mep € CBbp3aH C IMpMHaTa Ha
JIeHTaTa Ha I[IpoNyCKaHe Ha ImHaTa. llpum no-rojndaMm OJOK [OBeYe ITaHHU
ce WM3BJIMYAT C elHa KoMaHIa oT Tuna LOAD, rojeMuaT OJIOKOB pasMep
MOXe Ia M3g9xIOa’ JIeHTaTa Ha I[IpollyCcKaHe Ha ImMHaTa, o0coDeHOo ako
CTelleHTa Ha He I[olalleHuMe e BUCOK. Taka, KOMIKOTER C I'OJIaM OJIOKOR
pa3Mep Ha Keml naMerTTa TpdbBa IIa MMa I[IO-BMCOKa IIMpMHa Ha JieHTaTa
Ha I[pOoIlyCKaHe, B IMPOTMBEH CJIydal JIaTeHTHOCTTAa e Cce yBeJIM4aea.


lucho
Line


[l[ponnyckaTesiHaTa clIoocobHoCcT ce peduHMpa KaTo CKopocTTa, C
KO4ATO WMHboOpMalM4dTa cCcTUIr'a OO0 Ipolecopa M ce U3MepBa Cc HBalTore 3a
CekyHIa. I[To [TPUHLINAIIL, KOTaTo ce TOBOPU 3a MNporyckKaTeliHa
CriocobHOCT, Ce LMUTHMpa MaKCcHUMallHaTa OpollycKaTeJiHa ClHIocobHocCT,
KOATO HMKOT'a He MOXe IIa ce IocTuMrHe. ToBa € Taka 3aloTo I[10 mMHaTa
HelpeK®BCHaTo TpdbBa Ia ce npelakBa MHpopMmalmga. ToBa He MOXe Ia ce
MOJIy4dM [0 HAKOJIKO NpUMYMHM. [[BpBO, NOPOLECOpP®T 3a IOa M3NpaTr =2adBKa
o InameTTa, Tp4abea Ia =BaeMe mImMHaTa. Ciien kaTo ©OBOe uM3npaTeHa
3adBKaTa, aMeTrTa TpdOBRa Ia HaMepM CBOTBETHUTE ITaHHM M Ha CBOM
pel @IOa =3aeMe IMHaTa M Ha Kpad - Ia I[Opelale »OaHHUTe. Ilo Tazsm
MNpUUMHa HaTOBapBaHeTO Ha NIMHaTa C [IpelaBaHeTO Ha IaHHUTEe HUKOoTI'a
He MOoxe @ma bwme 100%.
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dur.9-2. OpraHm=aumMa Ha Kem nameTTa B Iltanium 2
Tpure HMBa — L1, LZ m L3 Ha Kem [HaMeTTa ca pas3loJIOXeHU B

yura, =aelHO C 4A0poTOo Ha npolecopa. llpaBm BrnedaTsieHMe, UYe [IaMeTTa
C T[IO—HMUCKO HMBO € C I[NO-MaJl'kKk o0bBbeM oT NpelxXOOHOTO, HO BpeMeTo =3a
OOCTEII € CEHIO0 Ho-Malko. OCBeH TOBa IpoMdHAaTa =3acdra M T'oJIEeMMHAaTAa
Ha KemoraTa JiMHMA (6J0k), TUIa acoOuMaTMBHOCT, CEHIO TakKka M
CKOopocCcTTa Ha TpaHchpep. Crparermara =a =zanuc e through write.
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Figure 2.12 Internal organization of a DRAM. Modern DRAMs are organized in banks,
typically four for DDR3. Each bank consists of a series of rows. Sending a PRE (pre-
charge) command opens or closes a bank. A row address is sent with an Act (activate),
which causes the row to transfer to a buffer. When the row is in the buffer, it can be
transferred by successive column addresses at whatever the width of the DRAM is (typ-
ically 4, 8, or 16 bits in DDR3) or by specifying a block transfer and the starting address.
Each command, as well as block transfers, are synchronized with a clock.



XDPMBDHT&HH& OpI'dHMZ=Z4llMMid4 Ha4ad IIlaMeTTa MOXe Id4d @hﬂ% M=2T'palleHa
[TIO IBE4d Ha4MHa4a.

® [IaKeTHa G@paﬁﬂTKa Ha MHOXeCTBO HOOCTEIIM KTEM IIaMeTTd,
. KDHEEﬁEpHa DﬁpﬂﬁDTKa Ha MHO¥XeCTBO HOCT'BIIM KTBEM IlaMeTTd.



Ha ¢ur.9-3 e pameHa IMNIpMMepHa CTPYKTypa Ha [DaMeT OT I[I'bBPBUA
BUI, OCUTyp4dRalla OOoCT®I OO0 N IyMM [apajieJIJHO I[IpUM BCAKO ODpEHIEHUE.
Axo N=2 ym M=2", 1o m paspama oT m+k pas3paIHMa aIpec Cce W3Npamar
KEM BCHMYKM MOOYJIM IIlaMeTM, a MiIagumMTe Kk pazpgaga ce M3[oJi3yBaT =2a
m3bop, koga oT N-Te 1ymMmMm JIa cCce dYeTe I[I'bpBa. Taka IOpUM BCIKO
OoDpHIleHME KEBM aMeTTa ce npoumraT N nociepmoBaTelJHM IOyMM (C aIpecu

1N+7, KBIETO 0<y<N-1) . Tesm OgymMm ce T1oMecTBaT B Oydepn

(bMkcaTopM) M 0OpM clelpamoTo ODOpEIEHMEe Cce dYeTaT OT TaM CBC
ckopocT N mBTM HO-TOJiIdMa, OTKOJIKOTO BpPeMeTOo =a IOOCTBRI IO MOIyJia.
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¥ m K

dur.9-3. llakeTeH OJOCTEII OO IlaMeTTa C MIZII0OJIZ2YEdHe Ha pelyBdHe Hda
dlipeCHrTe
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dur.Y-4. JImarpama =a dYeTeHe Ha N IOyMM B [IaKeT



Tazm [IpOoCTa CTpYKTYpa Ce HBHAB4 MIedJlHad B Te2ZM dJlydadM, KoOoI'dTO
G@p‘blﬂ,EHHETD KEM IIaMeTTa Cce OCHINeCTEABa IIOCIIelOBaTeJIHO, KaKTO IIPHM
HBSDP Ha BeKTOpPM BTBE BeKTOPHMTe IIpoLHeCOpM Td4dK4d M IIpM MIII'BEJIIHEHHE
Ha [IOCJIEeNOB4ATEeJIHM KOMaAHI . Ho BEpeMeTO 34 HJOCT'EII HapacCTBa
SHAYMTEJIHO KOI'daTO € HyXeH HNOCTEII OO0 HellOCJIeIOBATeJIHO pPaz3IIoJIONeHM

I M {Hanpmﬂep, B Ipor'paMik C BMCOK IIpOLeHT Hd4d KOMdHIM 2Z4 HPEKD,I[) .
Moxe @ma ce JOKaxe, 4Ye 2zZa I[ModJIedOoBaTelIHOCT C MHTepBaJl q, CpeIlHOTO

BpeMe '3a IOOCTEI KM eJIeMeHTHTe Ha namerTa me 6tme qt/N nopm q<N u
t npu g>N (t e BpemMeT0 2a OOCTEI OO MPOMIBOJIEH MOIOYII) .
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dur.9-5. PaszciioeHa mnaMeT C KOHBeMWepHa obpaboTka Ha =agaBKUTE.
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dur.9-6. BpemMemmarpama Ha paboTaTa Ha KOHBeMepHaTa I[aMeT.



IIBeTe pasraenaHn CHUCTEeMMN e obpaboTBaT 3adBKUTE Ha
rnociyenoBaTesIJHUTe OyMrM N OBTHM NOo-OBpP30, OTKOJKOTO OTIASJIHMA MOIYJI.
OcBeH ToOBa, Te CBC CHIATa CKOpOCT me obpaboTBaT NPOM3BOJIHA Cepud
OT =adBKM, B KO4ATO HUTO elIVMH MOoIOyJl B N nocienoBaTelJIHM BadBKM He
ce WM3MN0JIZ3yBa I[IoBeYe OT eIuMH OeT. HanpuMmep, 8-KpaTHO pas3cjioeHaTa
nameT oT o¢ur.Y9-4 me paborm 8 OBETM 10 OBP30 OTKOJIKOTO eIWMHUI
MOITYJI, akKko TIIoCJIefoBaTeJIHOCTTa Ha  aIpecuTe ca paslpellel]iIeHn
PaAaBRHOMEPHO He caMO C MHTepBaJl 1, HO M Cc MHTepran 3,95,/,9,11l... 3a
MHTepBRaJs 3 IocjlefoBaTeJIHOCTTa Ha anpecu e 0,3,60,9,12,15,18...., a
rnocJegoBaTeJJHOCTTa Ha WI3nojJasyeaHuTe MmMonyim e 0,3,6,1,4,7,2,5,...
[l[py HAKOM IOpYI'M =2HadYeHMd Ha MHTepealla, HanpuMmep 2, paboTaTa H4GMa
na ©ObBpIoe C TakaBa MaKCuUMaJlHa CKOpPOCT, HO Bce Iak Tno-6wp=3a B
CpaBHeHMe C eIMH MonyJyi. Moxe @ma ce @okaxe, 4Ye B obuma ciaydan
paboTaTa =a IIPOM3BOJIHA PaBHOMEpPHa IIOCJIeIOoRaTEeJIHOCT OT alIpecu C
MHTepBaJs, oTamuyeH oT N, me ce ochilecTBdBa Ha N KpaTHO pas3CcijioeHa
maMeT Hau-MaJIKO IOBa I[IBTHUM MNO-O0Bp=20, OTKOJKOTO =2a IaMeT HuMalla CcaMo
eIuMH MOIVJI.



To support the default 128-bit operation the memory controller data path and the internal buses that connect
the memory controller to Pl, HT and PCle are all 128-bits wide. When configured for 64-bit operation, the
memory controller assembles every two 64-bit external transfers into 128-bit internal transfers, and data is
transferred on the internal buses every other clock.

Figure 7-2. External Memory Configurations

piMM 0 1 2 3 DIMM O 1 2 3 DiMM 0 1
RANK 0O 1 23 4 5 6 7 RANK 0 1 2 3 4 5 6 7 RANK 0 1 23
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136-143 < 64-bit configuration 64127 <
64-bit bus
i 64-bit data transfers 5
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(1) Default: (3) I-!yl::rid:_ |
128-bit config 64-bit configuration
128-bit bus 128-bit bus

128-bit data transfers 64-bit data transfers
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Preliminary CPC945 Bridge and Memory Controller

Figure 7-6. External Multiplexers
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Ganged Mode
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Unganged Mode
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STREAM memory benchmark (MB/s)

Single and multi thread performance
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Seguential concurrent memory speed

One write process and one read process, in MB/s

GAMNGED

LINGANGED

5300 5400 5500 5600 2700 5800 2900 6000 6100




Joomla benchmark, 256 threads

Expressed in requests/sec

GAMNGED

LINGANGED

23 235 24 245 25 25,5 26 26,5 27 27,5

4 4 4 4







APXUTEKTYPA THUII “XAPBAP/1”

TaKToB
reHeparop
h §
nporpamHa nameT BXOAHO/N3X0AHN
MUKpOnpoLiecop 33
nameT ycTponcTea
AaHHM
WHCTPYELIMIA
RS JaHH!
S Y Y W 1 P 1
Y Y agpecu ajpecu ¥y L Y ¥
AaHHM AaHHM
ynpaBnenve _ ynpasneHue

* OCHOBHHU eJIeMeHTH: IEeHTPAJIeH MPoLecop; MPOrpaMHa namMeT; nmamer 3a
NaHHU; nepudepHN YCTPOHCTBA; JIMHUM 32 BPb3Ka MEXKAY THAX.

* Oco0eHoctH : puznUecKo pa3aeisiHe HA MAMETTA HA IBE YaCTH — 3a
HHCTPYKIMH U JJAHHH, CbC COOCTBEHHU IIUHU 3 aJIpeCH U TaHHMH.



KakTo cCcTaHa  ACHO, pasclioeHaTa [DaMeT €  e(eKTMBHa I[IpH
nonxondauo obpbwlleHMe KBM @ MOOYIIMTe WM. 3a ona ce OoCUrypM Takosa
obprBlleHMe Cce MINO0JI3Ba CBhOTBETHO pPasloJIioXeHMe Ha OaHHUTe B
rnamMeTTa. 2a »ma CcTaHe HACHO KakeB e [OpobleMbT, Oa pasrnienade
ChbXpaHAaeaHeTo Ha MaTpuua X(4,4) B UeTUPUMKPATHO pascjioeHa I[aMer.
Ha o¢owmr.9-7 e noxkasaH eIMH OT BBE3MOXHMTES HaUMHM.

Mooy 0 1 2 3
211 x12 213 214
X721 x2Z X273 2724
X31 X3z X33 X34
241 X4z X473 244

dur.9-7. PazsnojoxeHMe Ha eJIeMeHTUTe Ha MarTpullarta X No pernose.



B To32M ciydyal e PBBE3MOXHO Oe3KOHQIMKTHO OOpEBIEHME  KEM
eJleMeHTUTe OT eIVH pel WIM OT IMaroHalMmTre, T.e. W3BIMdaT ce 4
eJleMeHTa =3a eIMH LIMKBJI Ha OamMeTrTa. Illpu onMT »na ce obpaboTeBar
rnapaJyieJJHO eJIeMeHTUTE Ha MaTpullaTa OpMHalJlexalld Ha eIVMH CTBIO,
HaCTEINBa KOHQIMKT, =2alloTOo BCUYUKMTE Te Ce CbXpPaHdBaT B €IMH M CwH
MOIYJI TameT. 3a pelaBaHeTOo Ha Toz2u npobljieM ce M=2NoJi3yBa Taka

HapedeHOTO CKOCeHO (skewed) paznonoxeHme — ¢our.9-8.
MomyJt 0 1 2 3
X11 X12 213 X14
Xoa 221 X202 223
X33 234 231 232
Han 243 Xa4 X41

dur.9-8. CkoceHO paz=noJIOKeHMEe Ha eJIEMEHTUTEe Ha MaTpuilara X

B ezumka TRANQUIL =a ILLIAC-IV ca ©OwmnM HOpelIBMIEeHM CpelCTRa,
M3MOJIZYBaHM OT IM[IpoTlpaMMcTa =2a yYykKaz3BaHe crnocoba Ha pasMecTBaHe B
nameTrTa. OnepaTopwsT STRAIGHT nompexna ITaHHMTe I[10 HaUMH I[IOKAa=3aH Ha

dur.9-7, a onepatTopwsT SKEWED nompexna OaHHMTe IO HayMH IIOKa=aH Ha
dmur.9-8.



Mooyii O 1 Z 3 4

%11 X1z 13 X14

X24 X21 Xz2 X23

X0 X33 234 X3
Xa Xan X473 Xay

dmr.9-9. HanwiaHo Oe3KOHQIMKTEH OOCTHII OO0 eJIeMeHTMTe Ha X.

Tyk ce wW=2noj3yBaT I[OoBRedYe Ha 0OpoM MOOyJimM IaMeT oT 6pog
npoliecopr (B ciaydaa 5). Ilpa3HUTe NO3UIMUM B CBOTBETHUTE KIIETKU
O3HayaBa, 4Ye B TAX He Cce =BalucBaT eJIeMeHTM Ha MaTpuuaTa X.

Moxe @©a ce JOKaxe, UYe =3a Jla Cce JIOOCTUTHe CTeleH Ha
napajeam=2eM N, wMMomymmuTe namMeT M Tpabra pma ©OBOaT IBPBOTO IIPOCTO
UMCJIO TNO-ToJiaMo OoT BpodarT Ha npouecopuTe N. Taka e pemeH npobJieMbT
B KommnwoTepa BSP Ha Burroughs. Bpogr Ha wMomynuTe nameT e 521
(IBEPBOTO MPOCTO YMCJIIO NO-TojigaMO OT 512 — 6podT Ha MNpolecopuTe) .



32-bit integer 32-bit integer

w N O

Memory OAOBOCOD OAOBOCOD Memory
Ohat—— —> A+0 0D
OB < > A+1 0C
0C < > A+2 0B
OD = > A+3 0A

Big-endian Little-endian




The architecture of a system defines its attributes as
seen by the programmer, that Is, the conceptual
structure and functional behavior of the machine, as
distinct from the organization of the data flow, the log-
ical design, the physical design, and the performance
of any particular implementation. Several dissimilar
machine implementations may conform to a single
architecture. When the execution of a set of pro-
grams on different machine implementations pro-
duces the results that are defined by a single
architecture, the implementations are considered to
be compatible for those programs.



ISA = Instruction Set Architectures:

IA-32 = Intel Architecture — 32-bit (INTEL = INTegrated ELectronics)
ARM = Acorn RISC Machines — Advanced RISC Machines
POWER = Performance Optimization With Enhanced RISC
SPARC = Scalable Processor ARChitecture

MIPS = Microprocessor without Interlocked Pipeline Stages
RISC-V (RISC = Reduced Instruction Set Computer)
PA-RISC = Precision Architecture RISC

Alpha AXP (AXP = Almost eXactly PRISM, PRISM = Parallel Reduced Instruction Set Machine)
ARC = Argonaut RISC Core

SuperH = Super Hitachi (Hitachi = B3I = n3rpes) SH-4
SuperH SH-5

Xtensa

OpenRISC

AMD64 (AMD = Advanced Micro Devices)

ARM64

ARC64

AVR32 (AVR = Alf and Vegard's RISC processor)

CRIS (Code Reduced Instruction Set)

LatticeMico32

Adapteva Eiphany

XILINX MicroBlaze

NIOS II

Blackfin

M32R

V850

LoongArch

MMIX

ESP32 (Xtensa)

Intel i860

Intel 1960

AMD Am29000

Motorola 88000 (MOTOROLA = MOTOR radiOLA)
Transputer (TRANSPUTER = TRANSistor + comPUTER)
MicroVAX 78032 (VAX = Virtual Address Extension)
Motorola 680x0

NS32x32

H8SX

RX (Renesas eXtreme, RENESAS = RENaissancE Semiconductor for Advanced Solutions)
WE32x00 (WE = Western Electric)
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40. Interdata 7/32, 8/32

41. Z80000(Z = Zilog, ZILOG = Z Integrated LOGic)
42. z/Architecture

43. Intel Itanium (Fitanium)

44, Transmeta Crusoe

45. Transmeta Efficeon

46. Qualcomm Hexagon

47. Tile GX

48. 2nbbpyc 2000...



1978 ﬂ 8086 (3,2 um nMIOSFET) I

1980 8087 (3 um)

1982 105 80186

1982 112 80286

1982 84 80287

1985 166 80386 (1,5 um CHMOS llI)

1987 96 80387

1989 267 80486DX/P4 (1 um CHMOS IV) FPU
1993 273 80586/P5/Pentium(0,8u BiCMOS) FPU
1995 304 80686/P6/Pentium Pro (350 nm) FPU

1997 321 Pentium MMX (280 nm) FPU, MMX

1997 333 6x86MX (Cyrix) FPU, MMX, EMMI

1998 353 K6-2 (AMD, 250 nm) FPU, MMX, 3DNow!

1999 358 K6-2+ (AMD, 180 nm) FPU, MMX, Enhanced 3DNow!
1999 420 Pentium Il (250 nm CMOS) FPU, MMX, SSE

2000 489 Pentium 4 (180 nm) FPU, MMX, SSE, SSE2

2003 528 K8/ Athlon 64 (AMD, 130 nm) FPU,MMX,Enhanced 3DNow!,SSE,SSE2,AMD64
2004 499 Pentium 4 Prescott (90 nm) FPU, MMX, SSE, SSE2, SSE3



OktomBpu 2015 r.: Xeon E3 v5 Skylake-DT (14 nm FinFET):

208 + 5 (CLMUL = Carry-less Multiplication) + 24 (BMI = Bit Manipulation Instructions)

+ 96 (FPU) + 20 (FMA = Fused Multiply-Add) =

+ 48 (MMX = Multimedia Extensions | Multiple Math Extensions | Matrix Math Extensions)
+ 68 (SSE = Streaming SIMD (Single Instruction, Multiple Data) Extensions)

+ 69 (SSE2)

+ 10 (SSE3)

+ 16 (SSSE3 = Supplemental SSE) = 515

+ 49 (SSE4.1)

+ 6 (SSE4.2)

+ 14 (x86-64)

+ 2 (ADX = Multi-Precision Add-Carry Instruction Extensions)

+ 12 (AVX = Advanced Vector Extensions)

+ 30 (AVX2)
+13+6+8+8+8+18+2+44+12+16+63+6+10+16+12+9+2 (253 AVX3)

+ 8 (MPX = Memory Protection Extensions)

+ 4 (TSX = Transactional Synchronization Extensions) + 2 (SGX = Software Guard Extensions)

+ 10 (VT-x Virtualization) + 7 (AES-NI = Advanced Encryption Standard New Instructions) = 961



GENERAL REGISTERS

31 23 15 { 0 16-BIT 32-BIT
AH AL AX  EAX
DH DL DX  EDX
CH cL cX  ECX
BH BL BX  EBX
BP EBP
sl ES|
DI EDI
cp ESP
SEGMENT REGISTERS
15 0
cs
S5
DS
ES
FS
GS

STATUS AND CONTROL REGISTERS
31 0

EFLAGS

EIP

APM4AT

Figure 3-5. Application Register Set
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ID FLAG (ID)
VIRTUAL INTERRUPT PENDING (VIP)
VIRTUAL INTERRUPT FLAG (VIF)

ALIGNMENT CHECK (AC)
VIRTUAL B086 MODE (VM)
RESUME FLAG (RF)
NESTED TASK (NT)
'O PRIVILEGE LEVEL (IOPL)
OVERFLOW FLAG (OF)
DIRECTION FLAG (DF)
INTERRUPT ENABLE FLAG (IF)
TRAP FLAG (TF)
SIGN FLAG (SF)
ZERO FLAG (ZF)
AUXILIARY CARRY FLAG (AF)
PARITY FLAG (PF)
CARRY FLAG (CF)

INDICATES A STATUS FLAG
INDICATES A CONTROL FLAG
INDICATES A SYSTEM FLAG
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BIT POSITIONS SHOWN AS 0 OR 1 ARE INTEL RESERVED.
DO NOT USE. ALWAYS SET THEM TO THE VALUE PREVIOUSLY READ.

APMAS

Figure 3-9. EFLAGS Register

Table 3-2. Status Flags

Name Purpose Condition Reported
OF Overflow Result exceeds positive or negative limit of number range
SF Sign Result is negative (less than zero)
ZF Zero Result is zero
AF Auxiliary carry Carry out of bit position 3 (used for BCD)
PF Parity Low byte of result has even parity (even number of set bits)
CF Carry flag Carry out of most significant bit of result




regparm

¥ regparm (number)
¢ On the Intel 386, the regparm attribute causes the

compiler to pass up to number integer arguments in
registers EAX, EDX, and ECX instead of on the stack.

¢ Functions that take a variable number of arguments will
continue to be passed all of their arguments on the stack.




3.1 Overview of ARM’s processor lines (1)

3.1 Overview of ARM's processor series

Subsequently, we give an overview of ARM’s processor series subdivided into three
sections, according their underlying ISAs, as follows.

ARM'’s processor series

! ] !
Processors implementing Processors implementing Processors implementing
the ARMv1l - ARMv2 ISA the ARMv3 - v6 ISA the ARMv7 - ARMvS8 ISA
(Earliest ARM processors) (Early ARM processors) (ARM'’s Cortex processors)
(~ 1985-1990) (~ 1991-2004) (Since 2004/2012)
ARM1-ARM3 ARM6xx-ARM1 1xx Cortex lines
26-bit address bus 32-bit address bus ARMv7: 32-bit
32-bit data buses 32-bit data buses ARMvVS: 64-bit

with AArch64 and AArch32 modes



lIponecopnara gpamunusa ARM (Advanced RISC Machines) ce cbcton
oT RISC mmkpomnpornecopu, kouto uMaT 16 peructespa (dur. 12.1) ¢ oOmo
npeaHazHadeHue ¢ uMeHa oT RO go R15. Perucrpure ca 32-6uroBu. Te morat
na CHABPKAT KaKTO ajJapecu, Taka u JaHHU. llociaemuusar peructep R15 ce
n310.13Ba 3a nporpameH Oposd (PC), a peructep R13 ciryxu 3a opraHuzupaHe
Ha nporpamMeH crek (SP). Peructsp R14 (LR) ce m3moasBa kKaTto perucrsp,
ChIBPIKAII] ajpeca 3a BpBIIAHe clie IoarporpamMa. Peructpure morar ga ce
M3I10JI3BaT 3a ChbXpaHeHue Ha 8, 16 u 32-O0MToBH 4mCIIa.

__— bwur 31 __—~6ur 0
RO
R1
R2
R3
R4
RS
R6
R7
RS
R9
R10
RI11
R12
R13 (Stack pointer — SP)
R14 (link register — LR)
R15 (PC)
Purypa 12.1. Perucrpu Ha nponecopa ARM




31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 1514 13 12 1110 9 8 7 6 5 4 3 2

II_IIIIIIIII

|
Condition code flags Mode bits
—— OQverflow — State bit
Carry/Borrow/Extend FIQ disable
Zero IRQ disable
Negative/Less Than

Figure 3-4: Program Status Register format

The condition code flags

The N, Z, C and V (Negative, Zero, Carry and oVerflow) bits are collectively known as the
condition code flags. The condition code flags in the CPSR can be changed as a result of
arithmetic and logical operations in the processor, and can be tested by all ARM instructions to
determine if the instruction is to be executed. All ARM instructions may be executed conditionally



Register | Synonym | Special | Role in the procedure call standard Preserve across function calls?
R15 PC The Program Counter. Special role register
R14 LR The Link Register. Special role register
R13 SP The Stack Pomter. Special role register
R12 IP The Intra-Procedure-call scratch register. No
R11 v8 FP ARM-state variable-register 8. ARM-state frame pointer. Yes, if used
R10 v7 SL ARM-state variable-register 7. Stack Limit pointer in stack-checked variants. | Yes, if used

R9 V6 SB ARM-state v-register 6. Static Base in PID /re-entrant/shared-library vaniants. | Yes, if used
R8 V5 ARM-state vanable-register 5. Yes, if used
R7 v4 WR Variable register (v-register) 4. Thumb-state Work Register. Yes, if used
R6 v3 Variable register (v-register) 3. Yes, if used
RS v2 Vanable register (v-register) 2. Yes, if used
R4 vl Varnable register (v-register) 1. Yes, if used
R3 a4 Argument/result/scratch register 4. No
R2 a3 Argument/result/scratch register 3. No
Rl a2 Arpument/result/scratch register 2. No
RO al Argument/result/scratch register 1. No
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* User Model — UISA (32 -bit archltecture)

Condition register

GPRO(32)|  [FGPRO(64) CRG2,

GPR1(32) FGPR1(64)

FP status and control

register
GPR31(32) FGPR31(64) FPSCR(32)
XER register Link register Count register
XER(32) LR(64/32) CTR(64/32)




* For testing and branching

CRO | CR1 | CR2

CR3

CR4

CR3 | CR6 | CRI

31

N

For all integer instrs.

Bit0: Negative(LT)
Bit1: Positive(GT)
Bit2: Zero (EQ)

Bit3: Summary Overflow(SO)

Condition register CRn
Field — Compare
Instruction




0 0000 D000 DO00 0040 Q0o 0 Fiyle oount

21 26 3

Figure 2-6. XER Register
back

Table 2-6. XER Bit Definitions

Bits

Description

S0

Summary averflow. The summary overflow kit (SO) is set whenever an instruction (except mtspr)
sels the averflow bit (OV). Once set, the SO bit remains s=tuntil it is deared by an mtspr instruction
(spedfying the XER) or an merxr instruction. Itis not altered by compare instructions, nor by other
instructions (exosptmispr to the XER, and merxr) that cannot overflow. Exscuting an mtspr
instruction to the XER, supplying the values zero for SO and one for OV, causes SO to be deared
and OV to be set.

Crwerflow. The overflow bit (OV) is set to indicate that an averflow has ocourred during execution of
an insiruction. Add, subftract from, and negate instructions having OE = 1 set the OV bit if the carry
oul of the msb is not aqual to the carry cut of the msb + 1, and clear it ctherwise. Multiply low and
divide instructions having OE = 1 set the OV kit if the resull cannot be represented in 64 bits (mulld,
divd, divdu) or in 32 bits (mullw, divw, diveu), and dear it otherwise. The OV bit is not altered by
compare instructions that cannot overflow (excspt mtspr to the XER, and merxr).




Table 2-6. XER Bit Definitions (continued)

Bits | Name Description

2 CA |Carry. Set during execution of the Bllowing irstructions:

« Add carrying, sublract from carrying, add extended, and subiract from extended instructions st
CA if there is a carry out of the msb, and dear it otherwise.

= Shift right algebraic instructions set CAif any 1 bits have been shifted out of a negalive operand,
and dear it otherwise.

The CA bitis not altered by compare instrudtions, nor by other instructions that cannct carry (except

shift right algebraic, mtspr to the XER, and merxr).

24 — Resasrved

25-31 | Byte |This field specifies the number of bytes to be transferred by a Load String Word Indexed (lswx) or
count |Store String Word Indexed (stswx) instruction,




Table 13-1 GPR Register Usage Conventions

Must be

GPR Lype Preserved? Usage
ro volatile no used in prolog/epilog code
rl stack pointer
dedicated
r2 eaicare yes table of contents (TOC) pointer
1st fixed-point parameter
r3
. 1st word of return value
volatile no : .
4 2nd fixed-point parameter
2nd word of return value
r5 3rd fixed-point parameter
. volatile no .
rl0 8th fixed-point parameter
rll . environment pointer (if needed)
volatile no . .
rl2 used by global linkage routines
rl3 :
ron-volatile ves general registers that must be preserved

r3l1

across function calls




The History of SPARC®

Over Two Decades of Continuous Technical Innovation
100% Binary Compatibility

1987
| 2000 2004
Sur Ehe frst 1992 SPARC STAR UltraSPARC IV August 7,
workstation 4gng EE;;}ES F':EE{C el 3PS 2007
: : First dual core

Intgﬁfhail::il En al Flﬂrlsstcm':udﬂ;s‘!ﬁ;:‘ar SPA F{ég?azde_and Sun upzeunn:nun: e: ItrasTgARC

1984 founded EM_F' capabhility, GENIALstation SPARL chip ,
SPARC Open Instruction MicroSPARC 1997 laptop released, design and 2" half of
Development get architecture UltraSPARCII | SPARCEAY launches 2008
egins (SA) - ships processor OpenSPARC ROCK
SPARCstation 1 released community
introduced

SPARC V7 SPARC V8 SPARC V8

2003
1985 1995 2000 Sun releases 2003 Future
the LEONZ
135 2001 RS T
1986 SPARCserver 600NP 1985 UltraSPARC |l| Processor First 8-core 1% half of 2008
Sun creates ships — SPARC LT released | UltraSPARC | ships, CMT system VICTORIA
First SPARC (SPARC-based laptop) ships  Microprocessor 2007  FALLS
processor, First 64-bit core HEBnrt honors SurEuiits
SPARC 1990 1993 SPARC with 2005 un/Fujitsu
Version 7 SPARGC HyperSPARC processor “Best UlraSPARC 1¥+ SPARC
Version 8 introduced, ServerWorkstati ships product line 1
SPARC Version 9 on Processor available

avrand



i0 g0
il gl

i2 g2

i3 g3

i4 gl

i5 g5

i6 g6

i7 g7

10

11 Y (multiply step)

12 PSR

13 NZVC S -cwp-

14 (cwp = current window pointer)
15 Trap Base Register (TBR)
16

17 Window Invalid Mask (WIM)
o0

ol PC

02

o3 nPC

o4

05

06

o7

Figure 2.1: SPARC Programming Model



Figure 2-2. Register Windows



Register Synonyms Usage
hgl 4r0 Always discards writes and returns zero
Tl hri First of seven registers for data with
he2 wr2 global context
%83 hr3
gl hrd
heb %r5
hed %ré
heT yhard
%00 %8 First of six registers for local data
hol w9 and arguments to called subroutines
ho2 hr10
103 Yrit
hod wril2
Hho5 %ri3
hsp %r14d %06 | Stack pointer
%oT %15 Called subroutine return address
%10 %ri6 Firat, of eight registers for local
%11 hri7 variables
%12 Yris
%13 %rio
Y14 w20
%1s hr21
%16 hr22
W7 hr23
%hi0 hr24 First of six registers for incoming
il hr25 subroutine arguments
%i2 hr26
%i3 hx 2T
hid rr2s8
%ib %hr29
itp %wr30 %itl, | Frame pointer
hi7 %r31 Subroutine return address




In the HP Calculator, the last number computed could be tested. For example,
there was an instruction ifeq, which would skip the next instruction in line if the
result last computed was zero. A similar technique is used in many computers, in
which the state of the execution of each instruction may be tested. In order to do
this, only information about the result need bhe kept, not the result itself. The state
of execution is saved in terms of four variables:

7 whether the result was zero
N whether the result was negative

V' whether execution resulted in a number too large to store in the register

C whether execution resulted in a number that generated a carry out of the register

This information is kept in four variables, the integer condition codes: Z, N, V.
and, C.



TABLE 1.1 Milestones in MIPS CPUs

Designer/model/ Cache
Year clock rate (MHz) Instruction set (I+D) Notes
1987  MIPS R2000-16 MIPS1 External: 4 K+4 K to External (R2010) FPU.
I2ZK+32K

1990 DT R3051-20 41K+1K The first embedded MIPS CPU with on-chip cache and progenitor of a family of
pin-compatible parts.

1991 MIPS R4000-100 MIPSIII BK+8K Integrates FPU and L2 cache controller with pinout option. Full 64-bit CPU—but five
vears later, few MIPS CPUs were exploiting their 64-bit instruction set. Long pipeline and
half-speed interface help achieve high clock rates.

1993 [DT/QED R4600-100 16 K+16 K (QEDs brilliantly tuned redesign is much faster than R4000 or R4400 at the same clock
rate—partly because it returned to the classic MIPS five-stage pipeline. Important to SGI's
fast and affordable low-end Indy workstation and Cisco’s routers.

1995  NEC/MIPS Vrd4300-133 16 K+8 K Low cost, low power but full-featured R4000 derivative. Initially aimed at Nintendo
64 games console, but embedded uses include HP's L14000 laser printers.

1996  MIPS R10000-200 MIPS IV 32K+32K Bristling with microprocessor innovations, the R10000 is not at all simple. The main MIPS
tradition it upholds is that of taking a principle to extremes. The result was hot,
unfriendly, but with unmatched performance/MHz.

1998  QED RM7000 16 K+16 K+256 K L2 The first MIPS CPU with on-chip L2 cache, this powered generations of high-end laser
printers and Internet routers.

2000  MIPS 4 K core family MIP532 16 K+16 K (typ) The most successful MIPS core to date—synthesizable and frugal.

2001 Alchemy AU-1000 16 K+16 K If you wanted 400 MHz for 500 mW, this was the only show in town. But it lost markets.

2001 Broadcom BCM1250 MIPS64 32 K+32K+256 K L2 Dal-CPU design at 600 MHz+ (the L2 is shared).

2002 PMC-Sierra RM9000x2 MIPS64 16 K+16 K+256 K 1.2 Dmal-CPU design at 1 GHz (the L2 is NOT shared; each CPU has its own 256 K). First
MIPS CPU to reach 1 GHz.

2003 Intrinsity FastMath MIP532 l6 K+16 K+1 M L2 Awesome 2-GHz CPU with vector D5P did not find a market.

2003  MIPS 24 K core MIPS32 R2 At 500 MHz in

synthesizable logic, a
solidly successful core
design.
2005  MIPS 34 K core MIP532+MT ASE 32 K+32 K (typ) MIPS multithreading pioneer.
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208 B

31 0

Multiply and divide registers

Program counter

General—purpose registers

Figure 4.1 MIPS registers. All registers are 32-bits wide.



Table 4.1 MIPS reqisters and their conventional usage

Register name Number Intended usage
ZEro 0 Constant 0
sat | Reserved for assembler
Svo0, Svl 2,3 Results of a procedure
sao, sal, saz2, sa3 4-7 Arguments 1-4 (not preserved across
call)
St0—-St7 8—15 Temporary (not preserved across call)
Ss0-$s7 16-23 | Saved temporary (preserved across call)
St8,$t9 24,25 | Temporary (not preserved across call)
sko0, Skl 26, 27 Reserved for OS kernel
Sgp 28 Pointer to global area
SSp 29 Stack pointer
Sfp 30 Frame pointer (if needed);
otherwise, a saved register $s8
Sra 31 Return address (used to return from a

procedure)




1965

1970 —

1975

1980 -

1985 -

1990 -

1995 -

2000 -

2002 -

CDC 6600

1963
IBM ASC 1968
Y
IBM 801
Cray-1 1975
1978 ;
r
i’
!
Berkeley RISC-1
1081 Stanford MIPS
- 1982 ! Y
,rf i ¢ America
ARMA » L] 1985
1 | MIPS | PA-RISC RT/PC
ARM2 SPARCV.S 191,35 1086 1986
1987 1987 miPs | Digital PRISM l l
\ 1989
ARM3 AN PA-RISC 1.1 Powerd
SuperH 1990 MIPS Il % 1990 1990
1992 Alpha
AT |
SPARC v.9 MIPS IV
Thumb ARMv.4 1004 / 1094 Power2 PowerPC
MaoR 1995 1995 ' 1093 1993
el MIPS-16 MIPSV  Alphav.3 PA-RISC 2.0
1998 1996 1998 1996
MIPS-32 MIPS-64
2002 2002

FIGURE E.17.2 The lineage of RISC instruction sets. Commercial machines are shown in plain text and research machines in bold.
The CDC 6600 and Cray-1 were load-store machines with register 0 fixed at 0, and separate integer and floating-point registers. Instructions
could not cross word boundaries. An early IBM research machine led to the 801 and America research projects, with the 801 leading to the
unsuccessful RT/PC and America leading to the successful Power architecture. Some people who worked on the 801 later joined Hewlett-
Packard to work on the PA-RISC. The two university projects were the basis of MIPS and SPARC machines. According to Furber [1996], the
Berkeley RISC project was the inspiration of the ARM architecture. While ARM1, ARM2, and ARM3 were names of both architectures and
chips, ARM version 4 is the name of the architecture used in ARM7, ARMS, and StrongARM chips. (There are no ARM v.4 and ARMS5 chips,
but ARM6 and early ARM7 chips use the ARM3 architecture.) DEC built a RISC microprocessor in 1988 but did not introduce it. Instead,
DEC shipped workstations using MIPS microprocessors for three years before they brought out their own RISC instruction set, Alpha 21064,
which is very similar to MIPS 111 and PRISM. The Alpha architecture has had small extensions, but they have not been formalized with version
numbers; we used version 3 because that is the version of the reference manual. The Alpha 21164A chip added byte and halfword loads and
stores, and the Alpha 21264 includes the MAX multimedia and bit count instructions. Internally, Digital names chips after the fabrication

technology: EV4 (21064), EV45 (21064A), EV5 (21164), EV56 (21164A), and EV6 (21264).“EV” stands for “extended VAX.”



Year Published | Instruction Set Architecture | Year Published | Instruction Set Architecture
1964 CDC 6600 [1] 1992 DEC Alpha [12]
1981 RISCI[?] / RISC II [3] 1992 MIPS IIT [13]
1984 SOAR (RISC III) m 1992 IBM PowerPC [14]
1984 Intel 1960 [5] 1992 Torrent TO [15][16][17]
1985 IBM RP3 [6][7] 1994 MIPS IV [18]
1987 ARM~v?2 @ 1995 PA-RISC 2.0 [19]
1988 SPUR (RISC IV) [9] 1997 Hitachi SH-4 [20]
1990 DLX [10] 2002 ARMv6 [21]
1990 SPARCvS [11] 2003 Cray X1 [22]




v RISC

Designer

Bits
Introduced

Version

Design
Type
Encoding
Branching
Endianness
Extensions

Open

General
purpose

University of California,
Berkeley

32, 64, 128
2010

Unprivileged ISA 2.2,!1]
privileged ISA 1.11/2]

RISC
Load-store
Variable
Compare-and-branch
L[1][3]
M, A F,D,Q,C
Yes
Registers

16, 32 (including one
always-zero register)

Floating point 32 (optional)
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Register ABI Name Description Saver

x0 Zero hardwired zero

X1 ra return address Caller
X2 Sp stack pointer Callee
X3 gp global pointer

x4 tp thread pointer

X5-7 t0-2 temporary registers Caller
X8 sO/fp saved register / frame pointer Callee
X9 s1 saved register Callee
x10-11 | a0-1 function arguments / return values | Caller
x12-17 | a2-7 function arguments Caller
x18-27 | s2-11 saved registers Callee

x28-31 | t3-6 temporary registers Caller



SEGMENT + BASE + (INDEX * SCALE) + DISPLACEMENT

EAX 1
cs ECX A
o = EDX 2 NO DISPLACEMENT
¢ L EBX % . L EBX 3¢ + { 8-BIT DISPLACEMENT
FS EBP EBP 4 32-BIT DISPLACEMENT
GS ES -

EDI 8

APM42

Figure 3-10. Effective Address Computation

The scaling factor permits efficient indexing into an array when the array elements are 2, 4,

or 8 bytes. The scaling of the index register is done in hardware at the time the address is
evaluated. This eliminates an extra shift or multiply instruction.

The base, index, and displacement components can be used in any combination; any of these
components can be null. A scale factor can be used only when an index also is used. Each
possible combination is useful for data structures commonly used by programmers in high-
level languages and assembly language. Suggested uses for some combinations of address
components are described below.




ARM Addressing Modes
Quick Reference Card

Addressing Mode 2

Immediate offset
Register offset
Scaled register offset

Pre-indexed offset
Immediate
Register
Scaled register

Post-indexed offset
Immediate
Register
Scaled register

[Rn,
[Rn,
[Rn,
[Rn,
[Rn,
[Rn,
[Rn,

[Rn,
[Rn,
[Rn,
[Rn,
[Rn,
[Rn,
[Rn,

[RD],
[Rn],
[RD],
[Rn],
[RD],
[Rn],

#+/-12bit offset]
+/-Rm]
+/-Rm,
+/-Rm,
+/-Rm,
+/-Rm,
+/-Rm,

LSL #5bit shift imm]
LSR #5bit shift imm]
ASR #5bit shift imm]
ROR #5bit shift imm]
RRX ]

#+/-12bit offset]!
+/-Rm] !
+/-Rm,
+/-Rm,
+/-Rm,
+/-Rm,
+/-Rm,

LSL #5bit shift imm]!
LSR #5bit shift imm]!
ASR #5bit shift imm]!
ROR #5bit shift imm]!
RRX ]!

#+/-12bit offset

+/-Rm

+/-Rm,
+/-Rm,
+/-Rm,
+/-Rm,

LSL #5bit shift imm
LSR #5bit shift imm
ASR #5bit shift imm
ROR #5bit shift imm

[Rn, +/-Rm, RRX]




Addressing Mode 4 (Load)

Addressing Mode Stack Type

IA Increment After FD Full Descending

IB Increment Before ED Empty Descending

DA Decrement After FA Full Ascending

DB Decrement Before EA Empty Ascending
Addressing Mode 4 (Store)

Addressing Mode Stack Type

IA Increment After EA Empty Ascending

IB Increment Before FA Full Ascending

DA Decrement After ED Empty Descending

DB Decrement Before FD Full Descending




L.oad and store immstructions

Addressing modes

The PowerPC has only two addressing modes, but combining them
with the load/store instructions options yields many possibilities. The
addressing modes (using Iwz as an example) are:

e

e lwz D, offset(rA|0) — Register-indirect with immediate offset
— EA = (rA + offset) or (0 + offset)
— Offset 1s a 16 bit signed immediate value

e lwzx 1D, (rA|0), 1B — Register-indirect with indexing
— EA = (rA +1B) or (0 + rB)



31 0

‘ Register Source 1 I
@— Memory Address

31 _ _ 0

‘ Register Source 2 II

31 0

I Register Source 1 l

31 13 0 G}— Memory Address
Sign Extension 13-Bit Immediate |

31 13 0

LOAD/STORE



2.4

Loading and Storing: Addressing Modes

As mentioned previously, there is only one addressing mode.! Any load or store
machine instruction can be written:

lw S1, offset($2)

You can use any registers for the destination and source. The offset is a
signed, 16-bit number (and so can be anywhere between —32768 and 32767);
the program address used for the load is the sum of $2 and the offset. This
address mode is normally enough to pick out a particular member of a C struc-
ture (offset being the distance between the start of the structure and the mem-
ber required). It implements an array indexed by a constant; it is enough to
reference function variables from the stack or frame pointer and to provide a
reasonable-sized global area around the gp value for static and extern variables.

The assembler provides the semblance of a simple direct addressing mode
to load the values of memory variables whose address can be computed at link
time.

More complex modes such as double-register or scaled index must be
implemented with sequences of instructions.



The only addressing mode for loads and stores 1s adding a sign-extended 12-bit immediate
to a register, called displacement addressing mode in x86-32 [Irvine 2014].




1. Immediate addressing
Iimmediatel rs1 Nfunct3| rd ] op l

2. Register addressing
ifunct?‘ rs2 | rs1 ‘funct3| rd [ op | Registers
I Register ‘

3. Base addressing

‘immediale‘ rs1 |funct3} rd | op ‘ Memory
|
[ Register l @— Word Doubleword l
[
4. PC-relative addressing
‘ imm | rs2 ‘ rsi |funct3'immi op ‘ Memory

| [
| PC | @— Word |
1
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|A-32

SPARC POWER ARM

MIPS

RISC-V

3abenexka

[H]

[A]

[l
[H,
Al

YcnoBHU U 6e3ycnoBHU npexoau

KaKBo ce npaBu npu npoBepKa Ha yc-
NIOBMETO 3a npexoa u [eBeHTyanHO]
cnepn KaKBa KOMaHAA 3a CpaBHeHue?

MNposepsaBat ce dpnarose C, O, P S, Z
cnej, eBeHTya/IHO cpaBHeHMe c obula
KOMaHAa 3a yncna ¢ u 6es 3Hak (cmp)

Kato npu IA-32, Ho c dnarose C, N, V,
Z. BcAKa KOMaHAa MOXe Aa e YCN0BHa

MposepsaBaT ce dnarose LT, GT, EQ, SO
(CRO-7) cnep, pa3nn4yHm KomaHaM 3a
CpaBHeHWe 3a Yncaa c u 6es 3Hak

Kato npn ARM, HO yCN0OBHM moraT Aa
Ca CaMO KOMaHAUTe 3a npexos,

CpaBHABAT Ce PErncTpu 3a = Uan #,
eBeHTYya/IHO c/ieq ycTaHoBABaHe B 1
WU HYIPaHEe Ha PErncTbp Npu cpas-
HeHue 3a < C Pas3INYHM KOMaHaM 3a
yncna c n 6e3 3Hak (slt/sltu)

CpaBHABAT Ce pernctpmsa =, #, <mn2cC
Pa3/INYHM KOMAHAM 3a Yncna c n bes
3HaK. HAma Hy»K4a OoT BTOpa KOMaHAa

AbnXKnHa Ha oTmecT-
BaHETO Ha OTHOCUTeN-
HaTa agpecauua npu
YCNOBHMUTE npexoau

8, 16 unn 32 buta

24 6uTa, HO OTMecTBa-
HeTo ce y4eTBOpPsBa

Kato npn ARM, Ho OT-
mecTBaHeTo e 14 6uTa

Kato npn ARM, Ho OT-
MmecTBaHeTo e 22 buTa

Kato npu ARM, HO OT-
MmecTBaHeTo e 16 6uTa

12 6uta, HO OoTMecTBa-
HeTo ce yaBOABa

Appecauum npu
6e3ycnoBHuUTE Npe-
xoau (c unm 6e3
BpblLUaHe)
OTHOCUTEe/NIHa, ab-
CO/IOTHA, PETUCTPO-
Ba, KOCBEHMU

OTHOCUTenNHa,
perncTposa

OTHOCUTenNHa,
abcontoTHa

OTHOocuTenHa, baso-
BO-UHAEKCHa, 6a3o-
Ba C OTMecCTBaHe

OTHOCUKTENHa, pe-
rmcTpoBa, abcontot-
Ha B paMKUTe Ha Te-
Kywma 256-MB pe-
rMoH cnpamo b
OTHOCuTenHa, baso-
Ba C OTMecTBaHe

Kbae ce
3anasBa
aApecHbT Ha
BpbliaHe?

B ctekoBa-
Ta namet

B permnctop

B permnctop

B pernuctop

B pernctop

B pernctop

3a0.: 3)agbpxaH npexod, [M)peHapexaaHe ot acembnepa, H)amek, A)HynupaHe Ha criefsallata KoMaHaa npu HeB3eT Npexos.



LlenouncneHa apurmeTuKa, npeHoc n butosu nonera

|A-32

ARM

POWER

SPARC

MIPS

RISC-V

MoYTM BCUYKM KOMAHAM MMAT camo 2 one-
paHaa, eAMHUAT OT KOUTO MOMKe Aa e B Na-
meTTa. be3sHakoBOTO YyMHOMKeHMe 1 gene-
HEeTo MmaT camo no 1 ABeH onepaHA,

[lecHnAT onepaHa mnuHaBsa npes ,barrel
shifter”. Uma yMHO»eHMA ¢ HaTpynBaHe C
4 onepaHpa. deneneto (ot ,Cortex A7
(2013)) uma camo 32-6MTOBO ACNNMO; HA-
Ma KOMaHAM 3a [M3BAMYaHe Ha] ocTaTbKa.

N3BAMYaHETO Ha CTapluaTa AyMa Ha npo-
n3BefeHMEeTO CTaBa C OTAe/IHA KOMaHAaA 33
ymHoxeHue (mullhwl.]/mulhwul.]). Dene-
HEeTo Mma camo 32-6MTOBO AENMMO; HAMA
KOMaHAM 3a [M3B/IMYaHE Ha] oCcTaTbKa.

Crapwute Aymu Ha npousseseHNeTo U Ha
AEeNNMOTO ca B pernuctbp Y. YMHOXKeHne U
neneHe nma ot SPARC V8 (1990) HaTaTbK.

[NMpounssegeHmneTo n gennmoto ca B HI:LO.
YMHOXKeHne+aenene — ot MIPS 4K (2000).

YMHOXeHne n geneHe — kato 8 POWER, HO
MMa KOMaHAM 33 [M3BAMYaHe Ha] ocTaTbKa

MHoropa3speaHa po-
Tauua npes C. Kou Ko-
MaHAWN ro obHoBABAT
e TBbpAo 3a4aeHO0.

PoTtaumna npes npe-
HOC CaMO HaAACHO C
rrx; HanABo — € adc.
[lpeHOoCHT cnep Us-
BakAaHe e obpaTeH

N3mecTBaHeTO He pa-
60T c CA. CA cnep,
n3BarkgaHe e obpa-
TeH. HAma KomaHaa
3a npoBepkKa Ha CA.

N3mecTBaHeTO He pa-
6otn c dnar C. Hama
KOMaHAM 3a poTauuA.

HAama nporpamHo go-
CTbNHU dnarose.
[NpeHOoCHT ce npoBe-
pABa ¢ KomaHaa slt[u]

N3BNn4YaHe 1 crbcTAaaHe Ha
none no AazgeHa macka u 0b-
paTHo (pext/pdep), ot Has-
well (2013)/Excavator (2015)

N3BnnyaHe Ha none u ob-
paTHo (ubfx|sbfx/bfi), ot
ARM1156 (2003) HaTaTbK

N3BnnuaHe cnep potauma u
obpaTHo (riw[ilnm[.]/
riwimil.]). Cbwmte KomaHam
ce M3no/s3BaT 3a poTauumsa u
CbLLO He paboTaT ¢ dnar CA.

HAama TakmBa Bb3MOXHOCTU

N3BnnyaHe n obpatHo (ext/
ins) ot MIPS 24K core (2003)

Ypes He3aabAKUTE/THO pas3-
lwnpenune ,Bitmanip“, owe B
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PEXT — Parallel Bits Extract

Opcode/ Op/ 64/32 CPUID Description
Instruction En -bit Feature
Mode Flag
VEXNDSLZF30FR38WOFS/r RVM VIV BMIZ Parallel extract of bits from r32b using mask in /m32, result is writ-
PEXT r32a, r32b, r’im372 ten to r32a.

VEXNDSLZF3.0F3BW1 F5 /r RVM V/NE BMIZ Parallel extract of bits from r64b using mask in /mb64, result is writ-
PEXT rb4a, r64b, r/m64 ten to ro4a.

Instruction Operand Encoding

Op/En Operand 1 Operand 2 Operand 3 Operand 4
RVM ModRM:req (w) VEX.wwv () ModRM:r/m (r) NA
Description

PEXT uses a mask in the second source operand (the third operand) to transfer either contiguous or non-contig-
uous bits in the first source operand (the second operand) to contiguous low order bit positions in the destination
(the first operand). For each hit set in the MASK, PEXT extracts the corresponding bits from the first source
operand and writes them into contiguous lower bits of destination operand. The remaining upper bits of destination
are zeroed.

SRC1 831 83(] SEQ SEE 82? _— e — = 5? Sﬁ 55 84 83 SE S]_ 5(]

SRC2
(mask)




PDEP — Parallel Bits Deposit

Opcode/ Op/ 64/32 CPUID Description
Instruction En -bit Feature
Mode Flag
VEX.NDS.LZFZ0F38WOF5/r RVM VN BMIZ Parallel deposit of bits from r32b using mask in /m32, result is writ-
PDEP r32a, r32b, /m32 ten fo r3Za.

VEXNDSLZFZ20F38WITFS/r RVM  V/NE.  BMIZ Parallel deposit of bits from r64b using mask in /mb&4, result is writ-
PDEP r64a, ro4b, r/m64 ten to ro4a.

Instruction Operand Encoding

Op/En Operand 1 Operand 2 Operand 3 Operand 4
RVM ModRM:req (w) VEX.wwwv (r) ModRM:r/m (r) NA
Description

PDEP uses a mask in the second source operand (the third operand) to transfer/scatter contiguous low order bits
in the first source operand (the second operand) into the destination (the first operand). PDEP takes the low bits
from the first source operand and deposit them in the destination operand at the corresponding bit locations that
are set in the second source operand (mask). All other bits (bits not set in mask) in destination are set to zero.

SRCL 15511S30| Sad S28(Sa7| = — — = | S7| Se|Ss | Sa| Sa| Sa| S 5“‘

SRC2
(mask)

DEST

Figure 4-4. PDEP Example



YHUKaJIHUN 0CobeHOoCTM

IA-32: KomaHguTe 3a 06paboTKa Ha HM30Be € NpedUKC 3a NOBTOpeE-
HMe C HeABHA agpecauns, NO3BONABALLM HAMNpP. OTKPUBAHE Ha Ay-
maTa B EAX B macuB ¢ HavaneH agpec B EDI n 6pon enemeHTn 8 ECX
c ,repne scasd”.

ARM: BcAaka KomaHaa moxke aa 6bae ycnoBHa.

POWER: OcemTe 3anuca CRO—-/, KOUTo moraT Aa CbXpaHABAT OTAenN-
HW YCN0BMA BbB BCEKU OT YeTnpute ¢nara LT, GT, EQ, SO c KomaHau
3a KonunpaHe n 8 bynesu onepaLmm 3a CJ0XKHU YCI0BUSA 3a NPOBep-
Ka; NPEHOCHT U BPEMEHHOTO NMpenb/iBaHe Ca OTAE/THM.

SPARC: Ocem peructpoBsu nposopeLa, CMEHSAHU CbC ,,save/restore”.

MIPS: ma camo 2 KOMmaHAM 3a MPOBEPKA Ha HEPABEHCTBO — ,, S/t u
,SItu”, 3a NpoBepKa 3a NO-MaJIKO CbOTBETHO Npu Yyncna ¢ un 6e3 3Hak
N YyCTaHOBABAHE Ha PErncTbp C pe3y/sTaTa, KaTo C Ppa3mMsaHa Ha pe-
rMCTPOBUTE ONepaHan U UHBEPCUS Ha YCIOBUETO 3a NPOBEPKA Ha
TO3U PErNCTBP CE MNOCTUTAT BCUYKMUTE 8 Bb3MOXKHM NMPOBEPKN 33 He-
PABEHCTBO; CbLUTE CE N3MOA3BAT U 33 NPOBEPKA Ha NpPeHocCa.

RISC-V: Makap ye POWER, SPARC u MIPS rn otkpuxa, RISC-V e nbp-
BaTa M3HAYa/THO OTKPUTA apXUTEKTYpa Ha CUCTeMa OT KOMaHAaM.
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