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Behavior

Instruction | Description

VMCS-maintenance | VMPTRLD

This instruction takes a single 64-bit source operand that is in
memory. It makes the referenced VMCS active and current, loading
the current-VMCS pointer with this operand and establishes the




current VMCS based on the contents of VMCS-data area in the
referenced VMCS region. Because this makes the referenced VMCS
active, a logical processor may start maintaining on the processor
some of the VMCS data for the VMCS.

VMPTRST

This instruction takes a single 64-bit destination operand that is in
memory. The current-VMCS pointer is stored into the destination
operand.

VMCLEAR

This instruction takes a single 64-bit operand that is in memory.
The instruction sets the launch state of the VMCS referenced by the
operand to “clear”, renders that VMCS inactive, and ensures that
data for the VMCS have been written to the VMCS-data area in the
referenced VMCS region. If the operand is the same as the
current-VMCS pointer, that pointer is made invalid.

VMREAD

This instruction reads a component from the VMCS (the encoding
of that field is given in a register operand) and stores it into a
destination operand that may be a register or in memory.

VMWRITE

This instruction writes a component to the VMCS (the encoding of
that field is given in a register operand) from a source operand that
may be a register or in memory.

VMX management

VMLAUNCH

This instruction launches a virtual machine managed by the VMCS.
A VM entry occurs, transferring control to the VM.

VMRESUME

This instruction resumes a virtual machine managed by the VMCS. A
VM entry occurs, transferring control to the VM.

VMXOFF

This instruction causes the processor to leave VMX operation.

VMXON

This instruction takes a single 64-bit source operand that is in
memory. It causes a logical processor to enter VMX root operation
and to use the memory referenced by the operand to support VMX
operation.

VMX-specific

INVEPT

This instruction invalidates entries in the TLBs and paging-structure
caches that were derived from extended page tables (EPT).




This instruction invalidates entries in the TLBs and paging-structure

TLB-management INVVPID _ L
9 caches based on a Virtual-Processor Identifier (VPID).
This instruction allows software in VMX non-root operation to call
VMCALL the VMM for service. A VM exit occurs, transferring control to the

VMM.
Guest-available

This instruction allows software in VMX non-root operation to
VMFUNC invoke a VM function (processor functionality enabled and
configured by software in VMX root operation) without a VM exit.
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¢ Pro: VM Migration ¢ Pro: VM Migration * Pro: Device assisted sharing
¢ Con: Larger Hypervisor : Con: Lower Performance * Con: Migration Challenges

S FIoE 170 AR S5 AR 2% DR Bl HR B B 25 2 AE Hypervisor [ Mini OS I, 18 & 2 P Rg s i s
i 2 Hypervisor 228 f3R K, AR St 2 VMware (1) ESX F1 ESXi, ##T (1) ESXi 5.0
ARG IR F] 290M, 5 Ab—ANER SR X HT B A IR ARSI I E AN A 8, AR R
BT HEA Hypervisor, LN ESXi B # 5.0 A A g R A H Qlogic BXzh 1) CNA P+ . il
RAEXFH MR TR, — 2 BT Hypervisor [ 37 FF RSN 51 32 FEEAT 2228 .

W R InE— MRS RS (f Domain0) kI Hypervisor (4 4H, BT (17 i
KB 2R AT RS R G b, IXFE(E T AR AR AR 1 7 S A AR 4k, [F]H) Hypervisor
FUNEIRE e 4, BRAR T MRS . B R R R RS RS RS, HRESTY
ik MAURRESZ Xen Fl Hyper-V. KVM F AL, (HATEAE—FE, KNI Hypervisor
MR 248 1 [Fl—2% Linux W%, T Xen/Hyper-V ] Hypervisor % H T —% & i
RN, SRS RGEAE, T XFHBEERINA.
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FANE GG A NES TR EE UL, [ A7 A — S AT BB AR
Full-Virtualization (FV) #1 Para-Virtualization (PV) , {HAN AUCHIXA & 1/0 1AL,
1M FV A PV [ BE 32 X il 2 £ T CPU I REFME B AR . CPU 1) FV/PV AT 1/O 1) FV/PV FEAN
e BEBLARN, B0 5 1% VMware ESX f# F CPU FV + I/OFV, F- 1) Xen {1 F CPU PV +
I/OPV, {H7E HVM BRI J5, H& H LW 24248 s VMware ESXi f# FH VT-x +1/0
FV, Xen f Fi VT-x + 1/OPV T, BT H R Xen t#R A L Z0f A& 40 P #% ) Guest OS
(IRR T o

55 =R R MR AR Z T 20K & A s 34T T R, R AR VM B, RS VM
AT 45 A A0 1/0 FIRE 4 B . Hypervisor RARAEIEIE, AT 1/0 A4 SR B 3E4T
B, IXFEU I A A AT DAk B i I BE AN EIARAS & (Hypervisor) , {HBR &2
WA AL B VM BRI 7 — e Bhik . xR R R 7EXT 1/0 e /E B R B R )
R g N AR, AN E IS P B A 1/0 B U R R 2 H R 41 SR 10V(Single Root
/0 Virtualization) %5RIA, f Hypervisor &G A REBRE SR, BT 00 ) Lk 323007 it 45
PRAL T A TAE T

Intel (1) VT-d $EARNE Dy —Fi1 & SRR Z 1 AT AT RS i =7 S df fe fit 5
Fro HARAH BE Y 1 24 VM FEXT RSB REAT 1/0 AR, RENE XTI DMA Al
e b B AT B B DR S IR TR RE .

VT-d [ 32 P9 255 /2 DMA Remapping, FH I THIX 5K I _E 35 R 1 88 B 35 Bh A 6 1 [7) 2%
HATESR, VEEAKTFEIR, 408 RE T .

DMA Remapping |
Engine el ~ Device
i | Assignment
Struclurﬁ
ddress Translation

Memory Access with System Memory-resident Partitioning And
Physical Address Translation Structures

VT-x 1 VT-d SR AR, AUGEKATEUBEBEIRZ AR, ASCREAIR, #sAMTE

IRGT T, fe S PR PR B R EL A VT-x R VT-d BT S TR AL 45 DX
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BRI S5

Virtual
Machines

Binary [ [ 10-Device
Translation - - Emulation
Paravirtualization - ; B Interrupt

Virtualization
Page-table

Shadowing I r. DMA Remap
Logical :

Processors Physical Memory /0 Devices

HVM £ 1)

Virtual
Machines

Virtual Machine Monitor (VMM)

/0 Devices

Logical )
Processors Physical Memory

Hardware Virtualization
Mechanisms under VMM Control

(B3R PUERL I 45K E T Microsoft WinHEC 2006 k2 & i A % kD

MR B EAR
55 @ NG CPU L AT B S5 B RE AU Ja AR Ay AL ANIF] (¥ VM RENEIA 21 BTl
=, MHRERECR, EMNETTIHAEITXA T, B INESEHEE S VM I EE

E@I‘lﬂ@o

A VM A RS A WA LR, R R LRSS a5, X
TELF I, FEIE Al B A 1K) B R BEAT R R B A, e B> VM — A& lidiE, 3EH

YEE R YRR AT . VM IS 1] BE R H U R A B AR 45 7 9 B LA VM 2R — =,
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XS H AT R S AL F Ty s LE Hypervisor 2257 —A Virtual Switch, P 88428 #e,
AT TR RSS2 25 o S AN— K BB SRS ST W BN 5528 SR AR d IR IR R 2R
R — 7 AT, i B R B S AR B IR 55 4 AT, R AN SRR I 2% B A B IR B 24 R
FrE, S H LS TR — B R 55 4 B A VM, T 38 A (7] ) 2% A7 0 Bl 25 iR 2% 2%
RIAT

Virtual Switch %A P> EE A, —2ERRZE, —20 VM SRR — 580 i
FHE 2 AN AFELER, T Virtual Switch 78 4b P 28 1Y — i & (1 I i 2 A7 R BOR 1) 22 e 1
WA, H T35 TS8R Virtual Switch BCA T 24506 10 EaAR, JUREZR
Hypervisor #54 H S Virtual Switch, 401 IEEE P802.1Qbg & . T VEB (Virtual Ethernet
Bridge) , Cisco t4fEHH57 Virtual Switch /= i N1000v. []H 2 1 i ok mi i e e X P g
Bz a i, oAb RS T SR AR T BN, R Intel 1) VT-c
VMDg (Virtual Machine Device Queues) 5 AJd ik 5 ot F B4 ib 2 — L& Virtual Switch
AR, XFERT LA AR & VM R e etk fe, #65r 224 i WIHES T Virtual Firewall
77 R4 Hypervisor P93 2 T 108 4% 2 4k

I 26 15 £ AE BRI VM EL 730 5 R IR 55 38 SR B A Al Ak B 7 X, — 2 REIRSS 3
P VM R AT IX 20 PR 0, AR ) R 475t 25 Bl A R SC, AR 4 R A AR
P MAC/IP AR5, AT fRIRSS 38 AT A VM (5 5., 1R A A~ 4 2 i
Inner Network Virtualization (INV) o HEARMRZ, #4172 P802.1Qbg H 1) VEPA (Virtual
Ethernet Port Aggregation) , i1/ & PCI-SIG ZH £ ¥) SR-IOV (Single Root 1/0
Virtualization) #rifk. M 55 —F b3 77 Ut 2 R S5 24 VM & B4 1 &= # A Tag,
AN R I 2% B 2 AR I I Tag IR 5K EARE VM (I wNIC) [T BT 4R L AbFE . 1E 5 40
FEAN 4 Z U fi Connected Network Virtualization (CNV) o (U THER T, {EZAIA
et a4 HEARNREK, B4R P802.1Qbg 1) S-Channel (Multichannel) , fii{f:
1k /2 Cisco UCS IR 45 %% Palo MK S ## ) P802.1BR £ K. H1F CNV B2 INV (4™
J&&, L R] DAUESE A T B INV 42 ] 5 B2 KR AR e 3t PR 5 58, B AR = iy E R
S-Channel /& VEPA (14, 1M Palo %~ <3 P802.1BR It A #| T SR-IOV KA %

LTI IR, Ay B2 e G S Bhise s SE S I A BE AR _E A ST A
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AR 55 2% A ER R
Virtual Switch

) 7] R
2. FERE Hee. e, BH
fRRTT R
&b £
HRE (VT-¢) WX 4% 1% & Ab B I B
%24 (Virtual Firewall) Inner Network Virtualization
&3 (N1000v) Atk - P802. 1QbgHIVEPA*;
T4t - SEBRSR-TIOVE Intel
L) ji] /&
2. FERE B M

lﬁﬁ%ﬁ%

Connected Network Virtualization
4% : P802. 1QbgfJS—Channelx;
44 : SEBLP802. 1BRIKJUCS PaloM &

*VEPAF1S-Channeltt 7 1} f @ 4 50T

FUep @, FHIEAART 8RR R HEAR” MR A s B2 VT-c A
SR-IOV I, — 2 Intel SZILET, —AN2 Intel E 51, (HFRAR X B WAFREF T,
L [F) 23 B AT 2 R A D Bk

B B IR AR NG

I AT 2775 AR 55 S B 1 £ P 0T IR 2% 2% — B 2 R AR HEAT 17— 28347, A AN 8 7 )
At CPU A I/0 [P ERME . CPU REHIMLE T T H A CPU FV/PV B4 ML H AR Kk Je
HAT &N 7R BIE AR HVM 3 E R B 100 1/0 A B RIS 58 B 1/0 FV/PV 1)
B RAEIAR ES, SRIOV M4 BIE ARRINIE A, FERZMEH LR, (H5
THES R UENBEE AR R EEE, WaigDb BRI o E AR E .

TR A e F b R L S X 8 B R T T B s L, — A8 PO B AL S M (S R e A A
S, ARG AR SR AL B GRS R TR T R S, 8
ASIC. Fabric B, NP &5t 44T Bk SEEl KU R FH o

X86 % 4t HVM (145 K HE T ZX ik /2 Intel, 24 88%F DELLHP %5 iR 55 #5% £ i i, Microsoft.
Redhat %% 24t/ 7, VMware. Citrix 2% VMM | 7 LL & Google. Amazon %5 = 115 A 45
FRALR R, MR IAX BERERT & R X A &, JB T LR R, K mr DU 2

14



A NS HVM BOARAEFRRGF . T bL—7KKk B Intel #9578 B LA T EHORIC S
(SRS OET) =S

Vector 3:

I/0O Focus

Vector 2:

Platform Focus

Evolution

Software-only VMMs
= Binary translation
= Paravirtualization
= Device Emulation

Past

No Hardware
Support

Establish foundation
for virtualization in the
Intel® 64 and ltanium®
architectures. ..

Simpler and more
Secure YWMMs through
foundation of
virtualizable 1SAs

Standards for 1/O-device sharing:
= Matively sharable I/O devices
= Endpoint DMA-translation caching

... followed by on going ev
- Microarchitectural (e.g
= Architectural (e.g., ext

Improved CPU and I/O vir
and Functionality as VM
provided by VT-x, VT-i,

T ———————————————————————- -

VMM software evolution over

time with hardware support
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Hypervisor E#l{t

I T BB (4 £ FESR A3 A 1 e L BRI i, R TISKRE & Hypervisor, 2454 Typel
Hypervisor, 443 Lk i it R RS Xl

THESHX

HERVVAEANE . EH MR, 28 28 2 XX AR XX IFIRER A
XX AEXLEY?, XX T H R8T XX e 2 W w . BN RIR L AESH SR ENA B
RZEH, HLERNA TR,

JFEFE T 75C)5 S Open Source, i F-A& 7 1998 4 2 4335 E /M Palo Alto — /M43 E i
Christine Peterson #2 tH ) . 556 1 B R #CEEHF Free —iAl AR 4G B B AT 2 0 SR &R,
BGHENF=A R MR, T Open — i o] LB 4 (% B B KA 3EAT RS . R 7 s B el A
LEZS I, Open Source a5 5635 I A& A8 F RIYE 1 L BE 25 G A N 5 Ak e
%, BHAEAM . FE 2 ARIFETRIZZ 0SI(Open Source Initiative) il 7., X
HSHET R R, EA5 AU IR R 8

FREREE Rt 22 TR Re e/ 2T R R il &, FRb@Ed H 2 M A2

BRI T AR 7R, ] DU AR S B N 583 . AR A — R k7 K2 & Rk
R, BT LAUE 2 1 B AT ML B AR 5K 2 w2 il H SR U AR — U LR R A A -
MIRFEIE T JAVA, C. PHP F#:/E R4 Linux. Android; A HTTP Jil.%5 2% Apache ZI% 4

i MySQL; Ml % 2% Firefox %1 Blog 4t Wordpress; M £ & —43 4 Ui AR Hadoop %5
T A H 1) — R %2 Hypervisor 24t Xen Al KVM, X S8 #8 TFIR B bR X H A BE VR
B o

TSR AT e R RS RO ) 8 1 1R 22 F V0 FH SRl 1 A FH 28 BRI R LS5 o SR BRI — i
A2 A T8 AE A B B AT T Bl B A N — H 18R, JRATTIE R O B VR RTHIE
£ GNU Wt Bidsg 7 UFRTE IRRSAERNIE, B3 EEAN 2, BRI 3%
2 H 2| K15k /2 BSD (Berkeley Software Distribution) . MIT (Massachusetts Institute of
Technology) . Apache. GPL (GNU General Public License) #1LGPL (GNU Lesser General
Public License) J1A~. H:rt BSD/MIT A1 Apache A% ika —LE, B SR ARIFVE 2 05
AR IR, SR EEAME BURCA TP #R 6 Z0OR B R RS P VR (5 2. GPL 2 24 T L H
fe) HIVFATIE, 1 FSF (Free Software Foundation) & A7, LIt 852 2 6 AR5 E B
A B, SRR AG SRR, JfilEid Copyleft (55T Copyright) #ENJ, ZEkE
K A TREAIE GPL R4S 21 ) i A7 V88 SRR AR HATS 8 06 TG GPL. S0 S5 K 44 11 Linux 8l
Al GPL, 5 Bh3RAN AT LAG 3% 4 F BT Wi AR 1 Linux OS24 2R 4ilb A1 A AE 7 GPL
TEIBCIEAS A1 4 9 A F A Bl B, 75 mT DU RS HEAT G i 2%, X2 TR 2 Linux )
o (R 238 o LGPL X GPL BEAT 1 — € JUHE » S A AT RE X 84 LGPL (14T 1
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HEPAM ARSI, VRS YRR . LOPL B LR £ X SR PR AT v, DR I A 8
“A Library General Public License.

X BT IS VE ATIE (0 F 13 T DO I R TR sk _E AR B

FREyEsE e
HREREETEE
FFENE

SRR, Bk ORM,

i SEEEE , SRR g
FEEFTE 4 HEEFAE

H:#h WTFPL (What The Fuck Public License) B AR &1~ , M 7k AeE HH NB Z 4k,
DO WHAT THE FUCK YOU WANT TO PUBLIC LICENSE

Version 2, December 2004

Copyright (C) 2004 Sam Hocevar <sam@hocevar.net>

Everyone is permitted to copy and distribute verbatim or modified copies
of this license document, and changing it is allowed as long as the name
is changed.
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DO WHAT THE FUCK YOU WANT TO PUBLIC LICENSE

TERMS AND CONDITIONS FOR COPYING, DISTRIBUTION AND MODIFICATION

0. You just DO WHAT THE FUCK YOU WANT TO.

A ANET T AR P VRN S R A — 2. AL I T IR B O A R R R B TR
FEFEX (www.oschina.net) , G 2[R 2 n] DL E A7 562 Ve N 25
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Which Open Source License?

Scripting
Language

What kind of

HTML!

code?

Library

Real-time multi-threaded

What should
users do?

Are you
C++ Indexer A plugin =, Crazy?

Acknowledge
my work

Pay me

Digest, adopt, and obey
the tenets of
Free Software

Slight
Farnily Peanut Butter
History Its called Hula Hoops
GMNUICrazy
Emacs are
LGFI rl People, too!

‘ AGPL |

How do you like
your license?

‘Well-written

Apache v2

But
Complicated

There is
only XUL

Which side of the
Mississippi do you live
on?

West

i

BSD

4-clause

How's the
weather in
Redmond?

Y
Not Anymare

Fine. Oracle.

Content: @dbentley

Graffle: @therealfitz

RKETFEPATF A S T H S RBAM KR, TR —E SRt maimrtbs
—RERITIR, VIR T R R BT BV RTIIE License BEAT HH o

IR AT IEHAT AT A AT AVE B, AR BIHE X T A XCE Z M2 RERASIEA, H
TEEHAPA, — RIS E PN R BN IR ME SR P & BRI &, —R21E

NRAT B A B AT TSR RO R e SR (7 65
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MRS B S 3 A o G S R AT LA A IX 8] 5 03 = K3 o 1 Se e IR S5 o BN B 4 i) 4
X, MESAE ORI B R AR A E B S KAV &, U2
SourceForge.net, tH#FN SF.net. HAE ARG KRR ZF 6 AR 6
B, i 30 J3 AR E A LA BN P SRS . SourceForge BEEL S G Wiki B
FHEFH 1) Media Wiki 3XF1 4 IRFET, A F 7 REAN AT R & H i S &5 kR
BATFIUH o SR XA R 20 A AR A2 ] 524t Git () GitHub AR ] Mercurial
i) BitBucket; H Microsoft 49 % T Windows Ji A2 ) CodePlex; LA H
Google #2551 Google code( 4] & ¥ T Google = ki S e i 1 i IR 4+
H T C & O IR AR E 1 &, RN Android) .

BRI L TR TR KRBT, AR W Linux. Mozilla. OpenBSD.
OpenOffice. Eclipse. Xen fl OpenStack 254k [X . 24 X 26 Ho i 45 1 FHIR R
PEBEATHET R AR R 55 T, LAl — XM 2, R Z RN,
USSR E L IR FF 2L E 1R

5 = IAE O Z A KRB I H S B 4R S5, XTI H Ia A S A RAm 1 A ik
A7 S PRSI I AR . B SR — SRAL X AR R AR T, 38 SR X EU AR & 525,
TG = AL Xt R W B 1. BRARER H T B R Bl ASF(Apache
Software Foundation)—5%. ASF J& %8 B4 X A R, ) Re s s
Apache HTTP Server FI4E4", JoRAERBIIFATIH A B TTN, TUH BT K AR LT
FABARTI N TG H . FIRR Z A5 R H I S| ASF, H ASF 4i—& 2, K
HI B FGFT s A RIGPER K. 914 ASF 5 93 NEEEHINTNAIH , [FK ik
FL& % U OpenOffice 25 HAth FFJsAEIX . HAn# LW H A Apache HTTP Server.
Tomcat. Ant. Struts. Lucene. Nutch. Logging. Geronimo. XML. Perl. Hadoop.
Hbase & . £ H @S X HBUSHIEL T, KIHTE S ASF ERAMIE/ECE N
KRBT AT ) FE G2 —. ASF B BT H 4 #8848 VF 7lE Apache

License2.0,

B F ] B 21 IR LA X R /R BT R . ST T T AR AR N G AT Lo B
BN (BB BRI R R AN T, RS ES . 2% SR B B YR S SR AT
WA N GUT R . W TG T RE 2R =AM, BER A UON, i kg )
JUE ALV SRR 4, XNk RJERITHION, JEFE License RBUT IR
285 = 7 A\t AT R M AL AE P B R AR N » ASF il Fo VR LA BRI H DLy
AZai, EWERXMITAREES T2 5 TR/ HE, mHEAN NS5 THE
BAFIRIEA T . Be)a—TSEbs LRI i SRIONER B T 5548, a2 &RA1E
P ZFE P m PN XX Een, HEREERES-PESA T ENET, HRIXLE
IARAT IO 2 X T IR R A ) e 7 A — B SRR 2 A ), BT 19 R I TSR A R X R
SCE R EATH T
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KFRELFIBHZIRNNEBREB . —42 2006 1, OpenBSD [1)E HLN 7 [
Gy TR 76 OpenSSH 7= i It H f4EakIE =k, F T OpenSSH [ A AI4Ed TAE. X
Se R B S R AR RS F T OpenSSH, Rl A48 T 303k 35, K Sl
HP. IBM. Redhat I Cisco 5 KA H]. AWML KRG I, (A3 w2 & kE
Rk H T Mozilla F42x35 H 1 1 J33E 70, K28 FireFox 3 % #% A {8 OpenSSH 1))
SHINEE. ARG E Mozilla H%, BT HEEESESKEZ e T m ik IR R 4
21, f£ M EREB. 1M 2007 ME KA A S, Mozilla A Google Yt A\ T —2 6600
FIFET6, KT HAE FireFox J Wi &5 HERIAS T Google #1551 % . it AT & 53 T
Mozilla 4N A 88%, DRIt M EBURFLS Rk AT &, 25 R B G B AR 2 R
LA ) B 4538, JEESR N 2007 AEAMEE 10 £ T0. JLAWITZ )G, Mozilla it & f &
Wi T —H,

EIRPIAZGIEIRE T EBUR, ARE BRI WA T S I S, R Rk
AL, WMGDERAEI NG, WM, WAL LG e, it
AT SRS o

Hypervisor 5%/ RN

EIEIE@, kaRdbiR, Mura PR 33 Hypervisor 7=, VMware ESXiv Xen. KVM
A1 Hyper-V. - Hyper-V K,  VMware #7308 (M VMware M3 BRI ELH BT
P ELHG ESX/ESXi/vCenter S5 AT K& 7= i BIFR /2RI ) 5 Xen F1 KVM M58 & TF . F
14 AERAE 2R 58 I AZ (R0 A0 B 40 B T 3% L™ i i 22 57

BIERGEAZ

Je R SRR . MHEAC R B A3 i AR, B S A PR TR 4> A7 U0 R, MR R E
ZHEREACTE, HESHERAE RGBS KR AR AR TR SRR T X 2 TARAE S5 (0 HE P Ab 2
HAZ oA IR AEA R N I RE 24T SRR RE A F SRR, BEAT G — % HRA L .

FER ARG, IRABABRIER G NS, N B3R R BEAT (55
WP, —MESSEEH, Jai N EE RIS HIIES . BB I R R AR RE
Tt RE BRI L2 HREE B E i TAE, m AR SR IS A2 B AT TR A T
TRE R R, H R ERATES R R, [IERTA B TAEAGZ HEBA
WG BRAT o SIS PRS2 R A RE At gl A8 T U, A7 8 I PR P 0 5 P 4 D EL e AR
WEFL 1o (BRBEERIEAMN AR, 27 5 RMETHCE NREGE THAENL B R &
Z /DTSR PP AN 2 DR B R B TC (LB AR DR 5 72 I RTRE v B AR AR 1
AR S Wl SOYAN T RE T8 AT S5 o BRIL AR R 2R G0l A0 SR AT 551 B2 A1 53
— T ELTRE, XN PR PP AR AR A F 45 1 iy & 2 T HEAT e e, Tl SRR U il 2 A2 B F R
e R 2 T i — SR, 5 BT AT 28
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BT IRSH R AL, EMEFEAEEAZ DRI, B Em& MErF i) it
Yxzh) Driver, KA RIREITHERAEIR S BIRGS R RS, NGBl RG T 2R X LAt
TR GO N R AT LR @ PO R (IS R85, fJa gmiRHE 0 AP (4n
C ) XL G Xt RoT R PR e B RE P AT o JRATTIE R AT BB S 3 A )
R RN R G R A Kernel, RN A RZIE B2 40 54T 551 FEFE P AL B AT, BT T F
BN T AR 2R 58 22 TR AR AR X 3 2Z AL

IR SERE RN RBUIE DTN HIETE (A ATEE R 5 20 L& — S A ()
RYMS. BRMLBARN A Sd, WS VM IZ1TH VMM 1] DLEE Ry —AN S AR
Fr, aAZIGE R A% A Re LR EREAE, R AT TR IS Typel [ Hypervisor 7] LLELAR Ky
Mini OS+VMM. &7 Bt i BRI 7Kz 2 /] 5936, 1X A Mini OS B/ /b Mids e,
{1 ¢ Al AHLAC FLEIE R R GRS KRR BEMM AR ZE A2, 1 VMM 75 22 L S AT B8
[FIFESRABL,  FB4 Hypervisor B 1FE )2 AL BT BB N A% 7o

W45 Hypervisor
WA A AL 55 LR LI

1. BRI NSRRI AT IR N AF TR AU AR AT BT B . EeandiAT
e IEI, RER MR T E ATy (2 Z IR/ T) , MR
HAEERAE 27 APC) 55, Ui T #/2 Hs T iE I 24 5t 3y

2. WAEE B TR (REFER) MAID AR R M AF LT, B2 0
R R B TR 24— B T, 75 SO N AE I 2 A3 SO R N A7 7T
# (40 Page 8% Segment) J7{ERFHFRFAEH . S /MESR ML 15t nT LUK
B b 1) 2 18] LR T 208 e A R N A7, S Bt o i 0 N A7 I T A M Candie
AR A A AE 85 DL BAEAS B TP IRED - fREER, BT AR —B
A EAE N AE I AT, DR E 5 4 B A 00 K400 A7t ikl 40 9 5 T T B AR AR
MM 23 8] (Kernel Space) A8 FHARFACAS A 23 8] (User Space)
JL FHFE 7 A B BV o] FOERAE P A% 23 18] T4 N A% ARBE 1318 4T & N 24 11
WAZ BT IS AHEN o T S AL 2 S8 20 e B AN A 2 TR R 14

3. I/0 WA : WU AT R R S S . RN EEN T
Ez—.

4. RGP : BERGud I C PESE AP $AELS N AR 7 1 —H T FARS, HT
2R CPU 5K, AT U il 15 45 FH A A7 (1 — R B A B AF - 7% close. open.

read. write 1 wait.
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BIERGAR B ATAIRZ 23, SORARE LSRN, AR R#E T A 12
HHIX P Al 9 AZ BT E LB AT AR T oK . 5% Monolithic kernel,  PIA% (1T Thse (RS #ig
TR —AMARZE RN, WIS, Pra SR RE AT TR 2. A5
BOHEAR SRR IR, AR — DD RERER Y A 2 S B RGN B, RS
PEREB . JRTARERAE Linux A%

DUk Hypervisor (%) KVM 5l & B 38248 F Linux A EZ, 7T DAE R R 2 S8 AR AT AT — AN TP
f) Linux OS _E, 44545 Type2 2:A4(¢) Hypervisor, J&JZ AL Linux OS 7] L2234
RIS AIN FHFRT, RIGESHAGERRE M ZE. T 3OE2X KVM #7iE—2
AT

F— RPN AL Microkernel, % iH % 224U Client-Server 173 E#K, RA L
R VU T ] AZAT 25 S A (38 o AR 2 18 AT T R S AE S Server GAEE DY IUT 55— A
#HARED) , JEREEH S M HARR R RGAHIK AL (W1 Network, File System 45) #§
14T TR P E A Client. SXFE I UF b RATAT— A Client A7 vl &, #S R 5 8k G A
OS [ it . MIRIE Eokeui, BRI NI R & ik, setsim/ T Bt
HE T TS, ARss 8 FH ik 35 28 2 485 i S BCE RN AR a g, 7
BEALR M AL (2R EFCy4) . Mach F1 QNU &0 I I i A BB AR 6 2 1B,
H A5 2 B4 R T 0 A e MR B8 R I — ek A, il R AR T AR . SN
SRR L I FE R O, ARCAIRAT® .

FARZAE N — P JZ IR A AR N AZ D e S A L%, SIEBR_ 3% B 5 e ke
DI ReAR At — € BAZ A e AN, FTENAENAZ T B T, TWRLefCas sl 2246 Client i
R P BFA TR =RN%, T RARSMAKZE, XsatEa e, T
VERCR S5Fae 1201, A W% Hybrid kernel. 38 PIRZAH LU N A2 0K B8 £ 1)
RVETBON T WAZ A ), ABAT e 4% 1 — 2o R S ARRL I E T F P 1Al o BT I3 28 %190
TR E BATE L, KRS WS RIE RS PRS2V, g5 R4 H
Windows #1 Mac OS X.

VMware (¥ E 75 A BERHR D (142 2 F& Hypervisor ESX/ESXi [ E A& AZEARZE /), Ak
Fofvigh 22 Sy, A3 L AR FE T e Tl N A R B N AR S R (TP 150 W X
DHE) , HANE VMkernel A 1R KT BEZ MTHHAR K22 ) SimOS b, 3T
SN BEAT R 70

BT BB TR AL, A AR 2R, i A #% Nano kernel: K8z a5 8 B o
WA I 8 S5 AR (Vi) AR AR Y045 e 2 WREN AR P LA, DAIS 1) A 22 [ AR L Rl A
BRI H K BN Megalithic Kernel: R TA HIERAE R GUAH IS A A8 2 A5 BT
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In general a pipeline consists of a numer of pipeline stages. X’s product may
have several pipelines and each pipeline has more than 100 pipeline stages.
A user needs to program these pipeline stages to make it work.

10 years ago, there was a fight between pipelineed archtecture vs. RISC

in NPU. The programming difficulty of the pipelined architecture makes X’s
product hard to understand and maintain.

When you discuss NPU, please think both ways HW and SW. Every NPU
company can make HW, be it 10G/40G/100G, even though it is very
challenging. The real issues come from SW. I.e. how to program this type of
monster. That is the exact problem Intel faces right now. Who knows how to
program multi-core?

RAEBMRTLERMNMMTNITRRETH/ART ?

61. & T 2010-02-28 8:25 am edit

04FBEUVUINP+ASIC , AIRESNERABERE , SR , BXMIEITEERERED
T, BEPMAYHNKEL,

BRI ZRILWBR—F A, BERANPEAER —NMERLULRNBALR , LFEAR
E CNTFEARTUWERNLR , dOUAEHEM LM EBS2WERAASIC, REXEET,
SREHINREEY , PREFAE, DEMNBFAZEZHE TR ABARET
JHBTNPUEEH RTRIOKER ZEFIIE ?

62. Multithreaded F 2010-02-28 8:32 am edit

>EENRERT , FMURXCH) , HRZEEMBESHNPU , MERABARERSTEE
ZHER , BRIX XBEHBAM AR ? BEHBAXMERYLS THE 2 NPUMER , —RRBIZTIHY
MRET , FEFENRNREN,

So what? I knew the story of H brought their first generation NPU in Z#,
The real difficuly is from SW. In this case, H can not make the OPEN64
compiler work &

63. BRHlm F 2010-02-28 8:32 am edit

PNEEIREBEFEMTENMT. o o 1 -) o BHITICHKEEIR , IEEERHKFellowts
EXERE, REMTRMARBTNAE , BRI FEFRNESE, o o 1 -)

64. BRHim F 2010-02-28 8:49 am edit

MNEARNAE , BREXNRBEMTNEZ, REABANERIE. 2 , BEXRESHRER ,
INT:TS

=, BHHMEN—T , HXEFHIERETRT. BENTLAKT. o

FEiiIntel faill=EWABMGPU , M2 (BR ) REBFTHIL : -) o



65. EX] F 2010-02-28 4:05 pm edit

MTOSERK , HEBERKLT |, XERHAREAIT,

NPEHIATSHELAW, TREROEMEREEHCisco, HW I 48, HidfE , £ nEEY
FHrElicense T XtensakhEEF, ETRRMNBAETFE T,

EEE , ZEAMNPERMS0CE T, LSI ACP34xX....

66. BRHFIE F 2010-02-28 4:44 pm edit

PEGTTR;SNERXH , IERR MEXBARAIHBLH. - o
BETEEEXRRWESESE . -)

HRHBEHHNE , CXBLZ%F : : = Dune Fabric + X11 NP,
While,
ME %+ : : = Dune Fabric + EZ

B ? 7, KoEW , FTHEERAGR - ).

LPUF-20/21 card

=1x20G X11 + 1 FAP20v

LPUF-40 card

=2%x20G X11 + 2FAP20v

67. /a8 F 2010-02-28 6:26 pm edit

to BF . REREEE , KK

BHENAED TR, AMUROY , HWEEREFRAXIIMAREHKER AW , BERE
T, NZBREAET )

MEEBZRBEREEZT

MNFHERMTENT , REXBEERT , ATRANERSENYHKEEE  MERET
ZXAWEMA , RBEERK

68. /5@ F 2010-02-28 6:39 pm edit

to MT: RERFEEZERBHEINTE , BHREMSFHEETINH.

BREET —HEX LR, —REFTE , ZLBREBXENENE ? 1002 RiEE , BB
=EALE?BMEELAE , ENEFREAXLEBEESTER, 1002 EEEXFHZ100%
ZHBESTME. RAL0ZRETHRAUANERREFZENILS , BREELELXEZH
B2 AR EAN 100 REERSH TXREERRNER , XUEBERESE—TFHE" 2

4=

1T

BRET XN RITHHRERZSN S EREE , ERNIPBEN , RAEIPBR

32&%ET (HXR16% , RN THREXNMAEWN ) , 2XRETERAURITER (X

REIREN ) , BERE-IRA , S—FHRRITWHRREEELER , MAET30%

BT, BEHMERANBZERRER ABMIFKET , 30+3>32 , IERSBEEEZHR
BREMEREFREINE - PB. XERE-—FHRLRITHEHRESR —NBE AR
EHER, MUERETRHAERBNHEBNERTHBNM®T , HZ—KBES

ME , AAXIIERARLSERERETMEN (HXMAXSBEZHARE®R ) , XR
XH PBRMHNHE-—NEBZZINEBNMT . MARMBIRKLNI100S AKX, AR

HWEXNMXENHE IMT”

BE-NOT , LA E - NMEERNEARRTN N @mNEMANPULIHREIX , FFRT



BIT—FHREiEA , EHT2A , AREXREARANR , XRMIELNRFREZENNPU ,
—MA L BRBRAUNIPREFREETHARESY ( YARMELRREANZES —ERiTE
T ). FIAEREMBOFZRNIMRMBIRAES , MAREF AREBWN A Th#
B, ARt ERAERZ T (PR RARE , REURESMHELERKR , W ) ArAslw
1002457k , I RIBFAR |, BiH100 ZRESTHEMNT

PS.EERA-T , ENBAINTEREENLRS , SRAERENEEHBHERENEZE
RETRZ, MRHHRITAY , XWEFTRELXERRERLT , LARESTEMBALEK,
BERRERAHRITHMEE , 7EOK, MEHXFMAXELH#H T , BIPBE16RIETH
REFWNERT IESEAER

69. /Ni& F 2010-02-28 6:43 pm edit

to BE . NERZSLAALHRBINENNB N KRERERIFM LA T XL1+ASICH L
T EEXRBAFEFNARBENEERT? . ) B, ILURNFEFTENERTE , &
ETHILANR

MEMEXZAKENEMTROFM FEEX+ASICHHE, BATEXECHERE , i
ASICRRANEREAR, —EERFRMEEX+ASICALEMHXERR ? RIE KR
BH , ZETHAFRZERFBRTERRNT , BAENABRSBEIMHREETHH . )
70. /5@ F 2010-02-28 6:50 pm edit

B toEEMMT . &5 , RENPURBHMRILERMEERER , HFEHE2800 LML
7T R¥EF, XRBONHI, MEARKNSHFBETHENRRA , L FEE—MRELA
TZERTERASMAN , Xt 2 AR, MBLLFEETRIX11IFEELRAEL
LE) 2 X11—NREB T R20GLENERT , ERERZ640%KIES ( HXFTEMTIHHN
100%% , FIARST SRBHNERERIENENR ) , 640KIETEEFERLMILIE ? P
DUXEBEBASIC , ttREETHENLFHBHAURINLSZSHRET ., XELEERESR
Ry

REBASICREENHEAERE , REER , ERE N TASICHEIRARTHE , LFF
pefgch , ROFEEBRLTENNFRNEARNEK , KAA—EEANPU , ETRAECH
HEEAN  BHREENBT . BCHHERAECH , ERHEEECHER
FIUMARK O ERHFAELENIE , BXNEBRHESRE—TXT , mm

71. /5@ F 2010-02-28 6:52 pm edit

to MT , FNEEERET , ERABRTHELRRE K FEEHMEMNRIZR , BRIZEMNA
¥, BRBHNTE2MAE—KNPU, ZHERT , BERET, BRETLR,
BRIEZBAE , NPULLASICREREW , EHAREEANER , TAFHE2AENT
2

72. /M@ F 2010-02-28 6:55 pm edit

to EX| . BEREBE/LE , BEEKfully agree

73. test T 2010-02-28 7:46 pm edit

to 661 BREE,

FAB20v RiiZ=2FAP20vIE!

74. & T 2010-02-28 8:00 pm edit

ZEX| : LSI ACP34xXx.... KAREE 1 R &1 = 1047 ?



N BAREXANTRM , 04FBAMILR |, MiZEAE

NPHRIBZE BRI EEREFNMRRSEE , E—EAN A RMIEIMASIC,
HRIPARBENMNAZAKIR , IMNERZITMFZESTHERHNEOZRNAEAE , T2
— % B XE i IR

IS5 # B programmable ASICHIAA ?

75. cs-cisco T 2010-02-28 8:05 pm edit

RERETHRNEREITERTE , RMEEEESKIEM A=, mm,

76. /h5@ F 2010-02-28 11:06 pm edit

to BE : IIEH—RKWNPUEESZRALEZERAKRTY , IXHT—RNEKES
ZRIGK TIEFME. MAESZRTREE, SARERALEFRARIEREFRNILSE
B RWITEER |, B sl ol e &% A R

ARIBASICR R —MEL , MARASICHEEMMFMEREEMAREEME. KEE
FNPUEREM EWEE , RENPUREB RIFHNB RN SE,

77. B% F 2010-02-28 11:17 pm edit

N MRS BASICEREARAWILSE , £2ANPER , I F— M2l S EREEAZEmMIE
Thee Mt 8 —HIL3R%E , DHERAENZE EARAME , IR HE .

1, BASICHTHEER AT ZMEREINPH = |, MENBAAMALARZSHE |, AIsER )
ELEEXEMT , INMNTHNEEREARLEMES , EEERB , SNEREBERRT
2. licensef®#l , XMBERM

JW¥programmable BBk K% , BINMIPHASICEES , EARAIEE MG ?

78. Multithreaded F+ 2010-03-01 12:00 am edit

SMTOSERK , HiFEESLX | XEERAREAT,

NPEEIATSELAE, TESROEMERREGZCisco, HWHEEFIE, FicfE , £ EEY
FHrElicense T Xtensakh B g, ETRRMNBHMETFE T,
XWIERIMIZBNPULARIBFRARNRE., SREBEEHCHNPU , BESELARAB
NPUBE ?

BELHANPUBLRET"ER" , EFFEARBEMARKETINGHALLHE T, H
NPUMARLE L2/ L3RBT ARRN |, BTLEZET , NZTEERE,

79. Multithreaded F 2010-03-01 12:14 am edit

> BRE T X RITHWRHMEERZSHi S EWER , SRAMHPBER , AAEN
PBE32%&IET (HXR16% , M2 THRXNEER ) , 2FETERAUHITER
(XRHEEREN) , BERE—1MRE , E—FARRITHMEREELER , MAET
30%ET , BERMRRANEEBRERZEIEMIFIES , 30+3>32 , XERSHEFEE
FREEFHIENREINZE —/PB, XERE—FHIRZZITHHMEES —TNBHA
FigEAEEx, FUEREUREEINFIREMEEENFZRTABOLS , MZ—iE
S8, AAXIIEERFABULFZSEREREMEBEN (HXMNAXSBEZHNRRER ) , X
EXH PBEMMNMKE —NWEEZINEENMS, MARMAIRKLNLI00Z R RAK, P
BREXNNENHEE HT"

ENMNERRENEEER. MRBUAFEFT LA, RBUFREF ? —HBFT , S
FREKIEREINRARN KAz ?



BRB—T , KELPFEN ITEEEEZZATAANIEE., SEAMBRINENHER
AEEMU , FRE—IMHRBEFANEFSE,

HH100ZRFHMREXNPB. HIFHFMAX=mB L., EXR EXMRAKENERLXT
BN REEE,

80. /s F 2010-03-01 12:29 am edit

to BE  XEEE—NRIBEARZAKT, BHRRL L SHREEHERERTEMAENL
SHELIR,

DRHET ¢ ( BXERUXHHXES T |, YR EFLEHREARBEZN R B/ HKA
EZ3pins |, RIEZFEIT |, HIFAKKkEH )

1, BRIRBIN-—LCEARENERS 2L SFEHHXREREERB, HA
X11RBATH , FURREEEOEBN /LN mZ— T,

2, MRBENRESHRNE , FAEERERBERME L LATNLIR

2.1, EELLIR | BBAASIC+HXTHE2 XHX R R FHIER

2.2, THEELLRE  MREFUSIAURLE , BALIXHXFE® T , AR EANL
FiHE THXAIAXEHFR O LEHRE (LRRAUAESHNERER , 2R —BRaZA
—ENRR , MESZEHR , BRH5IBEE ) , TMUNEZRHEE , & XHLR ST LR
VWEZEWRE , SEERE , ATALIXHXFZE®% T
HXgiETNBRETIFREMBLSLENIRY , AXYERSKOMR |, £
RITMALURFZR , BNRESHEARTLE |, @i , —KALEHZET , BUFH2
MTFIIREY & ABR TS |, G
EHXNEERZREBEEENCZERENTTEMBLSHLENEZT , EXHERT ,
WEHREFERKEEMN , NPUNRERLTE —RKER

EmEe , EARBEERDHT

81. Multithreaded F 2010-03-01 12:33 am edit

>> BtoEEMMT : %5 , RENPURBHRILZREIEEN , HFHE2800 LK
BT A¥E, XR2OMH)|, MEATNSHEBATHENRE , LF&E—MREFL
AT ZRRERODSMAH , XtER2MMHEE, MEUFEETRIXIIEERLARNE
LW ? X11—DNRETR20GEKENFERT , EREBRL640FKET ( HEFTRMTH
10055, FTARS SREHRNERERENRY ) , 640RIETHEFZEEAMLE ?
FTAXEBEEASIC , ttREERENLRMBHMAAEZTLFSHRET . XEL2KRM#
SR,

HA TIXP2800EEAS000&KETEMTB A, 6405KeEME 2 X +/LENEET AK
BE ?

1). How to do IPv4 forwrding in general in X?

2). REESBERERATCAM?

3). Is X instruction a VLIW type?

In general NPU optimization is hard. pipelined based optimizations are even
harder. That is the reason that avoiding pipeline programming as much as
possible.

In a word, there is always a way to manually tune NPU to its peak



performance. However one has to consider how to maintain the peak
performance when anew change request comes in the future.

82. /s F 2010-03-01 12:38 am edit

to MT : BERN— PN ANPUBUEEMITENA , HENZRMNMAT , RREREF
B, ME—ETETHIINEBEAXLLTE , EBEINE T T MIIEERAIHEZXRMN
EREBE?2FRAE—NMNARBEFTRERSD , BRAETEMNBTL: ),
NFERNFATR  XRFE, BEAAE —NMNKAREX118F0 =0 , HFEARE
gt , SRER | AT RNFALTILENRIL , £2HEFARET , B2
AR RZHHIXXXF= R MARBT ., HNRAKLRNE , REYBENG , GEER
TR%, AAIATHEHAGER , REXFFRERITHOKT

BRI N RAKENEESE , MXITHIIWEBRE | I EFNH Achallengeld , XX
e, SRAAXME , IRENAREESA L ATHARRE, XtEHMIHENWAELXRT
— Ml (BREXNR , XM ) , METELERNERA, BEEMTNZRE T REHA
EXHKRFE, MREASHE , BREEZF2XLIRT , BFST , AL —L,

HXFrEN mEREH 2 EIC E—FRER , RITERESH., 016 &M RIX A
A8, REESELELRREZEZT , MTAERTERREBENBNEETHF ? REERS
BANFEREEBANGEERAE ? RBEALRZ A , BAFmal BV RITOROE | BR&
BE—NANRR  EXZEBLART. A—T , G A—MILHNERELETES —
Mle: ) , BTEFEEERCHE , BIo2EX S m

83. /e F 2010-03-01 12:47 am edit

to MT 81# : EREBEFRAT , RERDER , SEMENFAERTEAREFERE
2 BB E640RETREERE ? RMEMEASBREFE , IRRERKEIES
AAXREETZRE ?

REaAZEHNR , IRTR—BNZAEREHALAE? ARKE T2RESERE R
FEETH , BEUNEETHERKEIEE, RUNMAORRERERERET , TERE
MVETZAE.....

EERZ , XWETEmergegt , RFFEBRINTTE?RMRBAN—FKET
merge AN TR RINERE , EENRERTFR TRRE2EZ T6400. AIRIXZ20GLKIE ,
MRI0GLENE , ERTZERES,

XWETRVLIM

FNFEREANPURREM RS MENRIBENE , ERXESRENPURXERN , BR2EXA
XEX RIS TRt s, SRMAELEHNER , ABEATUENMHFN , RELE
ENEWPET , BRI E HKreview—T |, RiBiF1e

P.S. BB T AEXE ? HieRFELN W

84. /s F 2010-03-01 12:53 am edit

Hto81#MT : —“Ngeneral IPVAIIAIREIX11EH , XAMRE , BBEETTH ? ;KA
BENX N, XEZDAMINT , EXERNERRE ? X2 A FW,
HXMBELBX11E T RIERFA , AEEE TR VEHMNEH , REBLREIX11F
MAABRHXTE

SRUFSEHHRETCAME ? BHXNMIERERMNKEEELW  TCAMREEE



NSE# O LM ( BRTASICHINPUM EFETCAMAIEEND ) , NSE L2 BEMEN , &
performancefy , RIELFEFRT , —MRIXEEHBJLX ? (R LUITET , TCAMS
288bitF320bit#FY , 320bitHIMEET, 20GEKET , WAEREEN160bItH , &S
FEEIREIBIR , 320 HZIRE4 R, EXMNEBTCAMEIXMNMIEK crazy T , XHEH
REREEBRBMR T , RWESES....

85. /phs@ F 2010-03-01 1:02 am edit

BtoMT : THER , XBEEHNERLLT , — 2K T7TENPORE | B3 RKEHE

e ? ENPUBZREAEERERERBENXFENERER ST tb G ? IR 2
NPUEE X , BBERESHLARERERR ? BEHANE , BESEFEZNER—IEE
AIRE

86. /s F 2010-03-01 1:16 am edit

to MT, 878 , RS HERBZ , BEML, REFHRERIR , BEAALAFRET
T , TEARBLMILTH. A2NEKEE,

ATHXXETXDLSHE , UEREEREABNTET , FTFXLLINE , ZBEEE
AMEEE , BEREBERNWBATER, HXTFEMENSHXH , TRESRER U
2800 , rainer , 24005 # N ZFRZ,

87. Multithreaded F 2010-03-01 1:22 am edit

NEEIZE | BERBERHINE T ? IREENRXHEY , RUUELRERXHERH,

88. /5@ F 2010-03-01 1:44 am edit

to MT, EXETFTRESRXNEY , AEEBIXHENTLZEIRAEN , EXNFTEXREA
WS EN. BRMBETIWSM AR HAMWARE , SUERER AR KR 7] 5L
EERNREXNCH , FIEVEZE"HW

BEZLPERBEME , MREREFALGRERKE  URZEZL , BTEWBREALR
XFWEHE , RRFAEXGENIE TR, REARTNEEERTH : )
A%RTERNFTERBBHTRASEICTE

89. Multithreaded F 2010-03-01 1:55 am edit

WL |, 5l FIE,

1o NPUMHZEKTR K, MEIABMESI00MZ — 2. Inteld THEEST I | BBHKZ:-)
2. IntelELEBH TXME , XRNDEHEBTHCavium , RMI, LSI, X, EEFH? B A
L27ETk , ERTHERIMIORE,

3. 10GUTHWINPURITEEH LR , PEMHMZN ZBREIRBE. EILEHW

and SW co-design, especially HW desigh impacts on SW programming and
performance.

4, 40G/100GHINPUAE IR B IE 1 7 AR o

5. Intel/AMD/IBMEY Z & SIENPURIRITIRFH R, AR/ NERZATREERIRT. BER
ERIIMRSKRENEFARUOABHEIZ KR,

90. /58 F 2010-03-01 2:13 am edit

to MT: MM FEERERE—EU O @ )

Banl R B H#ME40G/100G NPUKY ( MSHFH ) , BRI RBEXHMERE , AT 1R
Bk 2$100MAViE , BBARBRUBIUEZXANLAINKRE , EAXHENMNARENRD ,



$100MEFHNFEBRMMNFHRELKRET, SANERZSANIETRETRRER
T, JEERAEXAKRT , EERET,

ST F20GHINPURYIE |, TE™H B U EXFEE 2t i18940GH 100G R B RE HY bR
BHNZEREZEZER ? REEREAEZN—ELBREN,

10GATFHINPUE BIERBEBHMZFT—ERBE ? 410 8 O IZ TN S , FrBAR F XA
ERAREKRNBER[IED , BBREHHMZE T EMENPUEAL D ? ERIVEEH MR
B, ELZUEFERAX

BHBRIXL  HENPUWN BMEREBET , ELERREESHNERAT.
NPUKFAARIEZ KR ? EXKZAKTEE , EENMRETEFTERETH A, RS
NPUBEMKHIFEENER,

RAREMRBHEZERSHKM (RIS T , TURBEFGMintel K RERM... ) , 2
BREHE—BBFTE , BRBEFRERRKEEN , XARB A MNEXNXT LS
BEREREXRZR , REXNREE , EREAREERHRKE : ) BELATRERABRZE
T, MR ERZRTIREEZERNT , ERBENR—RXNWEKREFTEERAE

AR HAKE , ERXNIRENRRHAEIFTBAFEEET , RERZTHEBHX
NPUSZE , BiFBAX , B iFRAET S

91. Multithreaded F 2010-03-01 2:23 am edit

HBAERP 2

1, 5-tublefyclassification@EHEITCAMEM T ?

2, longest prefix matchingZfEJLNPBEZDIESR ?

— XK IXP2800HI — 1N engine AT LAEB000%IET , ©X MA XA —%KPipeline ,
SERFTRAEZI . 640B16KIA4E L8000 R %,

REEXIEE L "R IER A co-processorEM 7o

92. Panabit + 2010-03-01 2:28 am edit

FBERA , IBMAFERIRERN XS ZMELIESS (OENZHRTE) K RETERS
NPUF EM AR L, NPUNZESEE—ERIE , FoB31EH,

93. haha F 2010-03-01 4:47 am edit

XEERM , xMeB2RBIE , xElRK—K , eRoRK—R. xXiTEHNERK K &Z
5t el R BIRREK , BRER, EEXEEFELIFTE,

94, haha F 2010-03-01 4:56 am edit

ARUAABEXIBIRER , BELOKA

95. BEWiim F 2010-03-01 6:40 am edit
FEE?BEVIEXBXEN TR MEBEER —BXER., 10 : X FNPATIE-XH
ERVEI R,

96. /s F 2010-03-01 7:19 am edit

to all, ARG ANBMBALUHRELERET , BERTFTZUHBT , RREBHERZY D
BIEMNARNITICHF ZDZR TERE | ARhahalFMWELEZERARET |, HFHLERK
XMEERPWATETELRLHBERT , BERMNMBFEZRNALERESRELLTRITIX
THWAZZEIRFRAT , bRHFhahaZ#H ARG,

AR EmHMRhahafl bR 2 M O KN ARER T,



101. Multithreaded F 2010-03-01 12:25 pm edit

PR [1: SR LN

FIHHIZEHRA0GHNPU, BDMAKRHK R

1, %B10GET , BEBIFAE. ARBLEAH40G , TAEXKE etc. HIEARHH#
i,

2, 40G/100GHIERF , A—TXKEW™m , IH1Demo. T AW BB IR ERIT,
M KIBIEHOMTOP 500 Super ComputersEEMER10GH KX T , BEH3-
SERRTEF 2 RKERAZFI40G/100G.

30 AT ATMI0GHINIC? $1,000%%€—F , LL10GHINPUKLE SR , Eth KBZ, E
ZCi#t AServermiig , NICX—Xx2&HBT?

102. Multithreaded F+ 2010-03-01 1:28 pm edit

Y ) BRABKMRBEZRSERE ( TEERRE T , TR SEFGEMintel B9 IREIRM
L), BREEHE-BBEFTE , BREETERMAKLEN |, XAKF2FHMER X 3L
Wil RERETENSZE , RENAEE , ERENEREEN KL ;)
HXBRIIFEERRKEEN , NEZRWRABEMBZSREMTHRAKEHTER, i
10GHITCP/HT TP I AR K4k SREL 2 EEZ B, — M pipeline stageAT R 232%
AL,

BTIMENREEHRKENBBREESNBNERH AR, Verilog/VHDLE AW
KERBERTUEL2/L3EAR , EFNZER K —NRERENER. EXNERHG
HPPRPHREKRN, 8EEF | C BWQuantumFlow NPURN AT AZEXK Ak LR
3 ?

HERMNFEN 2 IR E2EIFKLNgrainularity I 218 £, ERIMREER , SEAEL
HMAMTHEFRITT . RAXERERGFEENT , BIMNATHERLHEMARZEMT
—KRMmE.

103. kkk F+ 2010-03-01 8:42 pm edit

WEcounter , FAEXZFNAZT , WRBIEESHEWcounterFAEH , TIKAER
B, RRWERZEFFHNcounter AEEMWERTN ( FEFEHF2ITVEN ) , 1w 2
MeBEZ—AAD , BR-IREFZEE |, mwim

104. kkk F 2010-03-01 8:43 pm edit

REf 18 TR ITHEIA RSB bug

105. haha F 2010-03-02 8:14 pm edit

to kkk, EXAEX?BEMHWT RIS LZ L E T xRNSR,

to /heg , WBERIF 2 H , BN LEBE —RRaxHeWER , EERY |, BTFBEIKRE
Fo

106. LT | BITHEIE F 2010-03-02 8:33 pm edit

BREEENITIL  GERRAEN , TIeXHE, XFRFENT , BHEXERE.
107. BB A F 2010-03-03 2:26 am edit

ERERMCPU , ERERASIC , XREEHFEMNEN, FERONPUFEREECPUF
ASICZ BRIV R BER L , THFENRE , ENREME. BEECEFENZE , T
FENAKR , EN/PMEME. $XEfinance.google® 7 BE S HLATMEAN



HARNULS , EABCME44ZETINEW , HREXX6TFZ AR, TEHR
4.5(ZKEW , RN FAE2{Z3FHET] . FiAEEREE RN Edlogo , REEER
flipvideoT , R E B HEIF IR,

108. & F 2010-03-04 6:22 am edit

FFNPU , FEHS WS , MEEARMNIP/MPLS L2/31% , ZEX# , QinQ,MPLS
TE, VLL/PW/VPLS/VRF , A3 , TRIPLE PLAY , QOS , ACL%%  EFEBRAS/
IPV6/NATE , ERZBASICH LEMERILS , BMXLIBEERT , EFER
X111 —BETEELR , MAMEREBE TRIEARTERH , MTRGEEERN
CPU/Z#%/NP—# | METRE—MEREEN L., EHAXIIENETERRSIZAH
REER  BRIFEFN , EERHAIRENESD , BEKEXEE , BT, BalHE
ARGEARETERNP+ASICER A MARENPHEN , ELUHBAN THANPEIISE+ %
RENHEE LRETEMRVEEY , BMNKENERE—LEXF | T IRER XL
KERE , TRREEZ WA AR

HAR , ERRNRGERWNRITEEZERAAR, XNAFHNRELEMI@FREZRE , RE
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4



{HAZAZEIL Devil is in the detail. #ERIRANEEfF Cache JZ IR G5 1L 75 22N 2 e R
HOREIE T2 M 25, AEMANTT, 7 Reg kG Ko ZALA0 15 5] K 19 M. B
FRANTT A i SR 5 R4l LI L IRER R

FATE B A 1-3, EHER A Hit time, Miss Rate £l Miss Penalty iX =N 8 BT 75
B RN R R A R A .

BLF- Hit Time S0 45 55 3K 15 - FRATIR B T LA cPU 195 #E F- W h 4K 21 % 2 Cache Hit
Ja BIV7 B ISFE], FF AN L1 Cache ()7 RIS A1 46 THE Hit Timeo PTREFRATT FoRghAS 1, AL
B KZAEH T Store-Load Forwarding HEAR . 7 SR HAE B R AWM IFAZ L1 Cache,
SETEERTTHIATI, BB RIS ML Store £5 5, X gk ARG — B EHRZ i, X
MR P2 —Fh Cache, ANid bk L1 Cache FEpRiE —28, W 2L CPU.

% 7 %dE cache, 7EBIACALBE 28 H, 7EF64 Cache FITiAH — Line-Fill Buffer.Sandy Bridge
TR HIE S —A pops Cache[1], THHE$54 Cache 1) Hit IEN HIFH AR DA . KETH
HI54 583 Ccache Hit WIERT FEVFEB 2. RS2, (EAEEERFEFZRF,
L1 Cache JEANZ AT, WARE K. WRHE—ILFEER] Load Speculation i FH 1555
EAETHE, Hit Time Z2HHHFAR G THEIE .

RUEA T JRIX Le o B 2 4015, FRATN A L1 Cache 146, Hit Time S5t AR X H 137 52
PIAARRAR . FERACFEZRAET T, L1 Miss [ 2B HEIK T Cache, HE|FAEfitids. (HREAE
ZAHEZR NI Y, BREREE, — KGRV M/ H QR WZR R AR, TRESTE
HAWAZIP) Cache HmH, 7EHABHN L Cache FanH)E, MAFIEEHR W[ 4L 3, LER Qfa]
THROIX LG ) i, Ui X L ) @ AR T . RBATHE— DR 2> SMP R 4i[A] Cache
P)— 2, XA Hit Time FIFEEEEME 2% . WA BIEBRBGTEX —TTN, ReiEiE AR
WA TH5 Hit Time IXAN S

Miss Rate Zx 305 IxfE DABKES . FRATIAIRT LA Vtune, Perf 3X A (1) T ERS 115 A Wk41
RHBAMES I Miss Rate XL 240, MR TREARM S EEAH 2B, F—H
W, ARA—MEH, FRA—mK. AER—mEENE . 25/ LG, BRI
BFERIIZIR, WAy —HmKme, &)L, Zotiiss — iRk .

Miss Penalty ZEUTHE A 27— 28, SRR RIE O 5T CPU M A7 M 2 H SR B
i JATAT LRI — P ik, DUME T it E XA S5 AT DA SMP R4t [A]
f] Cache —E(ME, EEANITE SMP Z WK Cache —E(1, (L HACEESS . RIME WL Miss
Penalty ZHM ALK G Zy it A, RMEEXMIGEN T, FATR IR a 1.

P ZBELETUZEMILE Cache FIE AU %-2K Queue, LEAFBZS SEARAE 16X L1 Cache #EAT
F e IR T HIX B Cache, IX REHE U7 ] — € AT LLEIIA L2 Cache '3, WIER A L2 Cache,
SEWR—2% Cache. 1X—VJHI L1 Fl L2 Cache RIS M RE . TE—MEHEBRGH, 115
L2 Cache Z [H] A HE/2 Inclusive, W AJHESE Exclusive. WSR-S Inclusive, f7fifigsiitlEfsieE
243 L2 Cache, WIRARKG S EIX Y Cache. FLIFIEWISLE ., L1 5 L2 Cache A H
FE, ZIAMKIRAFEAESE VF 2 Buffer.

hET=ET30, BARvi A& 2IE )5 —2% Cache, WA, Hial LN FAFE4%
HRRAREEE . XS, FAT AT DO B H B B 15002 N H Miss Penalty. {H2&
R WA TG AR B RS, B — IR 5184, # 2 HE TP IRAE L,
SRRl LA M EEL R, W it—2D% & Memory Consistency 21, AT & 21 [F 5 #AE
B2, XERIEIEAREH LA TR .

AP TFIX 2642 22158, HRTE L1 A1 L2 Cache Miss 2 J5 MAFfifi 28 K15 H i ixX MY,
A7Ai 2 152 AT A 28 IRAF BE A2 — Ry ) 20 3R . BB R R E iAok o &
K, SAFTAE Cache HY, 7 ZHG X B K A7 TRCE W — 2% Cache & BE, LLC, MLCs 3852 FLC,

%
%
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HE—NEFBITH ARG H, E48— Cache Block A7 EHEA ZA FH . ¥
TSI W T A [ ()UK o A A5 R 1 o AT 3R AT IR B8 VR DR AR A , A FH A4 SRS S ATV UK
M L1 Cache HEIKHIEYE BRI A IS, HEAEWE LIRS ER, REMIZk
A 12 Cache B fF. KFIXFhEMEES, L2 Cache 175 BEAH N (K BEAT VR R

M ESTIR R TT AR B, — AN ] BRI A7 i s e U7 IRl i ok 7 — R A Al . A 115 S /R 2
IR IRAF A o AR O 4, SRR AT AE G282, e G, A ERNEET
1o FREE 51T E I Miss Penalty S8 RIMELE AL 2] T AR HIAL AL PSS R G,
IRMETHHIEHE

PAVEEAE VL7 5% Cache Block MG I 58K, BHAERT e Cache
Block FPIRFS, fHAFMEARTLEAEEMAS P4, SEIEE S KIRZ Bus Traffic, X2 Traffic
TR T AFEZR LI Miss Penalty, FRATEA 116 2 Wb BE S WAZ A5 N 1) Cache Coherence.

BAVKIR MG T — ADNFEAFEARMA0T, bbb i . fEIRERAE RRH BT TS,
AW NMESS W LLE 4 ] Physical Address(PA), i 58 £ [ /2 Effective Address(EA). £
BALFES R Gih, EA T e B Virtual Address(VA), )5 BN PA. ALTE 3S AEHI7E
BEH st BRI PA, A2 VA AR EA.

FERMEBAR TGN, (ERERE SR 21 VA, PA Al EA [(3ERE - X 5| N7 MPA(Machine
Physical Address) 1 GPA(Guest Physical Address), >k T — &%t Mapping HLi, & &
FEENZ . RELIE TR T 1I0MMU #1170 FESALEOR . SN T BERELE /NI s R 78 BRI s S0
B, AT BIACER, Ly Rl 00 i St bk e 4

1.2 FRHIZRE

RERLHIE (1 B AT LB FA R BN HAEAR Y Atlas THELRG[2]. 75 4E) Atlas THH R
Guie— MNP KW, (HR 1A 96K T P EBA7 it 2% FH 576K 7715 I REEAE N AN AZ it 2% -
BAVRMIR A AR EVLUR RPN B, tH BN 1 48

T AL A RT R S AR, B — MR, AR A A WL 2 0 SR A
Bls ARG R —MEGH LR, AT EARRN O Kk E0A0E —NR2ER, FTFELH
THENL: BE A RERET .

Atlas T3 R G ATHEALINT 96KB A7) B M bk 2% [ AR AEW R F2 )7 02 K 75 B 72 Ui FE 7 ol pie
RV YN A7 S REEE 2 R EE RS e, RRT AR R FH AN R AT i 2 e N 3 H — S 5
DA™ FE A BE PN A7 ik 2% 8] o 3% SE AR AS o475 T FE T 3 (R AE TG  FEIX R 2, Atlas
HHE R4:5] N T Virtual Memory, [F 5] N KA 43 TTHLH] .

FARM R AT AL 7R B E M A T R R g i a8, e o)
IR N RN i MR O HE 2 g, S5 AR N — ARt = I . e bl B 5 ik
TIX AR

TEAR) 40 F A1, BRAF AR K ENL R RSN WA 2, 2t
TR TINIREL 5 o 5 2 BERE AR DG R AU, A7 B BE LI SE N2 A 95, 11 On-Demand 43 i
Hilg%, COW(Copy On Write)Silg 55, MEEfFZ, ZEMEAIE O 2, EIMLEA
B R 2 T AR KR o X S R H R Ak S AN B AR R . X — 1) Rk, B
HRARA AN, KRR,

RELLHLIE (K 51 N2 B T R 52 S Bk R Ak B S B, T T AN S
RBATTBUR I 5P B L (R 5 &R, X AN S R R AP AR Z N T (Page Table). i
25 5y W AR B2 A AR AFEUX AN WL R R 3R, (H R B 12T et S A0 A 40
Ui ] — BB A (I, B S T B A A (1) TR RS EE
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{5 F TLB(translation Lookaside Buffer)fE A T 3R 22 pf2& — N A AEVE, R ERSZEIAE %
HKAbPEES . TLB — X2 Entry 5K, ASEACBESSE 1 Entry RS HAMIE . F3C
LA Freescale ] ES00 A% Jy 5l i B A48 TLB Entry A &My, a0l 1-2 AR

ritereg128 L2M "-.-L_:—"afilx 0x1C080000 0x1D800000 0x1D800001

x=TLBEnty™ //

TR T TR N TR B I B )

I N T Y U R T | I A T S A LR A B
T
S TID MASK WOl IMLIGLE
S|s|s X

=

>
e

o=
e

c

e

c

]
PR

-
—

1-2 E500 TLB Entry 2B 45449[3]

7E E500 WAZII TLB H, —A Entry [ B B 70 FL 7 EPN(Effective Page Number),
RPN(Real Page Number), TSIZE(E 0K/, JH% N 4KB). H.H EPN 5 TIS F1 TS B BL & 2H %,
VPN(Virtual Page Number)[4]; RPN &7t I bl ; TSIZE iR BLS & 0K/, WIMGE
HUWRX AIREE R .

E—BRE Ui A as iy, 75 B3 T R sk # 4 . o 2 T B2 EA B4 VA,
AR AL BRI 57, FEAI AR SE VA=F(EA). PREL f PTEEAT ], x86 AL A% ALBE T VAR
NE . E500 WAZIIEGEEONTIH, K TS, TID A1 EA ZRERRIT] .

7E CPU 138 VA J5, ¥55 TLB HFT A Entry B HEAT LLEL, QiR Hit WIZRAS RPN, 2 J5i@
SRRV, AT PA; WIER Miss, LA PTE FifAT &4k, B A kel i
PR T- B XL Miss 51K I — REERME AR BRI CPU HIPAT R

TLB s if /AN KA Miss, IXELSR TLB 754 Cover /N EAFl#s 25 10], BEAFICIE A ANIX
FERE) TLB. 1 HBEE TLB MK, HERER WK, sl 2544, T8
WA BEH7 534 L1 A1 L2 TLB, 5 Cache Hierarchy [ 45 M)% —E. TLB W2 —F~ X Cache.

Z RIS E Iy TLB i T AN/ NRIRRIG . FEIARAEERSE R G, &— MRS A
& E ST R bR 1], BERR )4 S R AU S TR B, R TLB I .
BERE AP B 3 2 TLB 75 T IR, X AT A2 A AR WY - IXA$ 45 PCID(Process Context
Identifiers) ] 5| AN BE

Intel A Westmere JbFE 28 4A SCRFIX —DBE(5]. HEBEZAE TLB Entry I PCID, Jf
YEN VA I —8B5r . X ThRe)S, HEREUIHLS, A LERIFT TLB, MIMAE—ErEfE L
= TLB HUfH IR . E500 WAZAEHIIE 1-2 A TID Bt al EASEHLRIFE A D RE . AMD
Opteron 13 224 fi ] ASN(Address Space Number)[61FRIFFIX —IhRE. K IXFh 7 VAL /D TLB
BB E R, BE—2B4em T R f R BB g . LS R e

ZARRA ARSI — RGN T TLB Wit . fE 2 LA BT, fREZ NP
CPU. XJLAEH CPU LR —Jf K Ek, EME AN I e 2 1), 75 2] TLB 3
1T e Sk e, FEACR ZHUEOL R, XEPH cPU JLTE TLB, WTEREI#r KK TLB Fill#r
BiAF & Zero-Tolerance. iXf§if5 Logical Processor ID tE 1A\ | TLB Entry Z 7.

TLB & i TG, H Entry S5t HiERRE, HR 7 5™ [ BPkbk. PR A7
ax P EICOH FE AR AN AT 4 6] o F2 0T FEAT06 48 25 S5 HY R Ry B 0K . X015 4744
R L ULEEE 100% 3 IEAK, (3115 TLB 1Y) Coverage Rate fEIZEPAL, HESE TLB
Miss Rate HIAWTHE R



S HORHE 5 VRIRATT, FEFPHI TLB Miss Rate “FIME N 5% A A4, fERLERZ T
ANE| 1%[7]. T e A LR B, fEIRZ N H, TLB Miss Rate 1/ 30~60%[8]. iX{$45 40
AT P& TLB Miss Rate #7152 31 56¢E o

411 TLB [/] Coverage Rate +& [#1Ik TLB Miss Rate [Jf5 % F-E%, Coverage Rate 7§ TLB fiITfE
BB TS EAER AR E . TS S A =N K, TLB Miss
Rate TEZ DA, TE LA Eas AEALIIATHE T, H40 TLB 1 Coverage Rate A Mi& 1%
—e N TLB 1 Entry 20 H, XANH CEEAWIIMN, MKIRTCIES 2K S P (1) 47
EAR A RILAL; A —Fh %23 i— 2 TLB Entry FTBE Cover [ Size.

i1 Intel f£) x86 7E TLB Size A 4K~4MB Hugepage 3£t F, $#2H T 1GB Superpage 44
@[5)e X —HEIFE x86 KM, —iR ANALHLES, U Freescale ) E500 A%, 1RFLmiAL
F TLB1[4]3Z ¥F Superpage, ¥ H] TLBO 37 ¢} 0L 1 .

BRI DU 2R B E RS8Rk T AN 4H . BEE DU 3G 0, I HFE P FE N AA 2 A
XN, i ELAH S SR R DU e — P 3K (H R A SR AAN TR 4K~4MB K/ ) B THT
BEVE R G5 AG GE 148 2138 FH 5%, FreeBSD M 7.0 iASES SZFF 4K~4MB “K/MY) Hugepage, Linux
WA 2.6.23 FFUE N KRB HE it Hugepage 13 HF.

HIEw Rk A /& 1GB 2 1) Superpage. ¥ % 22 # 5 T N F1 ik B -3k —LL Superpage
(38 A 75 25 SRS [9][10][11], MKARMELAA# B Superpages 7 &[] Allocation, Relocation,
Promotion, Pollution I Fragmentation Control 55— R %] ] @, IX 1S IX P Superpage &
@A I LA A AR B e e, AR N BT A RS2 ) Sea L

XA 2 W NN BB B E KRG Mz e F @R 1, 18T A
E MR RS, RETAMEEMAR, L2 OFEREKBIER. Intel 1 TLB Size H#EM
AMB 5 1GB [ SLMAER RS, HAERAETHEH — B ANAHIEE, AR mEE,
AN A2 b B 3 T VY W 1T B 7R RN, T A b v OB FH A IR & PR AT, 2 75
R Y A o N TRl T8

Superpages 15| A# KF#K T TLB Miss Rate. b2 1R 2 A KL TLB Hubik 35 fk SRAFEAE
TAEBER S VI 0] ) OCHEER AT o fE2BUMZEM, —RAFEa e S, AR ESd B
kb4, 15 2V IE 2 5, A REIEIE A T2 Cache, IS EAFEE RGATHHR L.
T R AR A 25 V7 0] 7] LA 73 7208 TLB i B4 77 7] Cache, JG5E AT LAGE F A7 fift 2% U 1) 78 Q1
B2 ERPER, M1 [ ZERS o Virtual Cache ML A, John A David X Ho 1 A Jded,
Virtual Cache tH7F MIPS FRFIALF AR HH15 2 | KIS 2, £ Pentium 4, Opteron, Alpha21164
AL ARM b ZEH{EH] T Virtual Cache.

K H Virtual Cache ANi& RFFPZ, X P70 EARAR KT | A7t 45 U5 In] OB RR 1%, ik
T Cache Synonym/Alias X %& )@, X&) @I7E SMP Fl SSMP R4t H % s tH 1 5 K In) &
R X G [ L B 2 e 5 R ) A S M R 2 T R A S B

AT B R SE I R R G, BATE e fs Eo0 0 — MR R G, fAitdixs
FEAMPAT AR X — TGP A, RMEE— DR Cache ZIRE5H. W IEE Cache J2
REERBITIN, IR T AR5 18 2 AT I SE IR FZ .

1.3 ik#E 4K

Superscalar 5 000(Out-of-order) 1 51 AF KA 3 7 BUAR AL HE 2R M 10 R F2 o LN
PEREALFEZE, %1 Nehalem, Sandy Bridge, Opteron, Power #L % /& ARM Cortex %1 AbFH 254K
SR T IXPSE . IXRTTVEAEA b T ILP(instruction level parallelism) ¥ [Ff, Aok 7%
A~ Cache Memory JZ IR 25 ¥4 i1 S BILHME o
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FELRANT RT3 152 5 8 A 1E Superscalar 5 000 35 F IS TIERE . AhEgs 1S
B2 AT IS R LR T 8o B RS0l AT ARSI R e SR R TG LR AR K . F

2 NINRAEAE SR LA TS R e M A7 2 o B S N B A2 2% AR 48 5 20 ar A7 2 Hh
BB EFMER T

EAPAT I RRARAMEH — 015 1%, R A48 FH A B B A R AT KA I 20 TR . 72—
ANCHF Superscalar Fi1 000 HALEEEEH, — K482 HIPATHE i 4 TR FRLE RN
Pipeline [1J Front-End, L}F Fetch 55 Decode, 2 J5%4:1d Dispatch 1 Scheduler J& i AFHAT
TG, A Commit HUATEE SR,

RWAE— R, BB 18414 In-Order 7730l id Front-End, 3K Out-of-Order
AT Issue, Z J51# F Out-of-Order Execution A1 Completion 77 2, £ 5 & #£4T Commitment
B In-order 17750, H 184 Commitment (1€ URTEHMATIEEE, IR a4 REH
2% ROB(re-order buffer)fl LSQ(Load-Store Queue) i £ .

IARAEFE R AE Commit $5¢ )5 AT 45 RIS R Z 8K A In-order 773, XWARIE |54 1E
2234 Out-of-Oder MK E )G, 127 i1E B R AR ST NA RIT—2. Z2EFE7 R
BoX — BRI, AN CPU BIELFHATIN SRR LA G, FFAS MR T .

FSLIFAR IRt PRI T SEIEL P IAT, USRS, LA AR AR 2, AT RE BT
PAT, TG PAMOA R, 45y SCIRI ARG, AT RE 28 BT AT o« BRARFELF IR /K 2 AT BALR
WERJE R ST RIS R — 80 (HREE TR EX FARNZIATHITR S ERAKE T,
AR R E T AT IRIE .

AT AR, AT RELT IR LA WG CPU H, [AEA IS T7 2 I
T SHMIBASMLG, XPFRR LS MPATIE R IS5 DB . N Ll Nehalem fi
BN R 2 HR U W AT-Ai 2345 2 AT 1L FE - Nehalem 22K Pipeline f4LEE FI W& 1-3 FioR

Nehalem Core Pipeline

Instruction Fetch and 4 32KiB

Pre Decode Instruction Cache

Instruction Queue

Front-End
In-Order

o
c
S
g )
2 20 Level TLB <
2 =
: @
=) g ¥ 9
© g’ Féetlcre:mr:aluk;lfnlt_ | 256kiB
W )
S %< (ReOrder Buffer) 2m | evel Cache
_5 5 Scheduler B-way
g -.c'_> Reservation Stations
g2 e
x =
wo

1-3 Nehalem #2244 Pipeline AY4H R £544[12]

BRI SR AL Front-End B BN EAT TR Z2 40403 TAE, JCHREX T x86 &b
FHES, MR — P R . XA B IR EL Front-End Z )5, ¥ EE
i id Rename/Allocate #i{, 181 H Renaming 52 AR F] DA e 5 774 #5150 5 d ELHEAH SC 1 WAW,
WAR #H5¢, 2 Ja%54#IF Operand #5524, JFKH Dispatch 45 Scheduler, IXY&$s 4 FFE M
RS(Reservation Stations)3K73F] I Entry, X TA7fifi# i 545 218 F 2 LSQ H il BE ¥ 1A],
B J5 1 I ROB Tag UG, 48 In-Order B0 Out-of-Order f) & S (Issue)id 72, 1 & H.
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REKIARIFE AT, 1 HIR MK & ik R S a e AT . [P as i 5 1R
LR R RAER LR S X KE KA 58 2% KR s — A H i 1sq, i/ —
LU TS B2 [E]25 2] ROB F1 RS K% B Entry H1.

XKLL S A A E, ARO% WA ARZ G AN F 148 4 D AUE 2L 5
— NS LSQ I, ETERRAS . AR K IFE S LA B S ] Commitment B Bt Z BB &
W, SRIEHALST, HEE . XWE R TR R IR TR P AEAEZ S Outstanding [P
Hig4, AIIHATHER KIS 84 H ROB, LSQ A RS HH Entry £ H i€ . 7ER 2 IUARALBEES
A, LSQ [ Entry £t H £ /T ROB A1 RS A I¥] Entry 12, [KIAE—™ Pipeline FH 1] PAF: & I
BERA 5 1sQ iR ETE.

T A SR S EPAT R T, FFER BTN T IAEE, KRR SEIl &
o B EI N T35 84 1 Speculation HLiil. H1-T Out-of-Order Issue )5, J54E 145
AA[RESE T Z AT IFE 2 44T, HT Out-of-Order Execution 11 Out-of-Completion [IJEA, &
Je R IR 2 A —E I SRk H b

XKLL HiE T 2 MELUT TR BEARTE 2 B AL AR 2 In-Order Commitment,
(R IX—HLH FHA BRI 2545 2 I PAT P 2 in-order (). fEf# #8182 AT 5 HPAT
PRI E T N RE UTERIE S Memory Consistency. X MGG A L1 TR 118,

BATE T AR SR 2 NPT IR . X RS AR V7 M - A i, AR —
RMATE, BT, HRARAHE A A RATEE AR . £ cPU
t, SEETRAAEREN Pipeline Z AT, B JaH o NI P BRECE R T ANUEE S, XA R
x86 AL FITRF A 1), VF2 N T Hem e die 2 PAT R BRI AR A 1 X Fh 7 2

Horp— IR A HRI HIR ST EA. 7R S B A, &F—2% Load/Store

RATEHL AT Store $54 11 EA THRSEREE A RERST, X —HUHIA RO 7 AT 2R 1)
RAW Z#H5e, (HZIXFh 730N Conservative. JBERIARTL R el 45 T HAIE, HEHR
w7 RIS /NTHON T By R W as BV 2 — I U T N

FEMARAL BRI AR b, BARTE T R BT EA, HRXN TSR EES, HT®
FKFHTT W TIN, Pipeline JFAN SRR H1A5 2 5 24 EA. 7E x86 AbFEAS T, EA HITHE A
mas 1-4 fs.

Effective Address = Base + Index « Scale + Disp + Segment AR 1-4

ERER A REARIEAR IR R R SR, XSRS 2% & T AGU(Address
Generate Unit) X4 [ THIHATEBM . AGU FMFE T I FR T EA J5, 2 HALidhan (e
LSQ H0 B A7 8 TR S AR 2, 5 X B ildE 2 A4 IR LR A0 28354

TEGUKE 82 HHAT I ARR M —AE G 2 . BTS84 58 E A, Ji1kE
T WA SR E1EL, RFRANPAT SRS RA R, HHIRZ XA fAiEaRE5TE4
HI5E— H 2 LSQ X B Entry, iX 25 $84 7E 343K Operand Fll EA J& , ¥ i T 1714 5 -
TERA HIRTEE Cache ZIRGZ AT, FATICIEULEHAFAELR S WHTERUK & R IAT « ARK
THURE UL MA],  FRATT3E I TR AL A4 28 5 AT I AR

FRAAT— AN AL PR 2SR R S5 M AR o B AL B AR 28 5 40 2 T I 7R . Bk B ER I B — A
FEAERE, AR —AMEE AR BN E N EEE S, URIEE R R T B R
REFREE . SRARMHE, BEHEFRZ 1 Well-Behavior HIfFfifidt. XL HA
i AR A S XN . KGR PAT FIAAAE R e 55 4, SR Z N2 i, 2
ARSI A 1L PR B AT AT S & i 7R TS, A A 548 2 AT 2 R —
Mk 1) L 22 A B P 5T T
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TEZHONARAE BRI, (G2 5182 RAE R4 Commit Z J5 4 REH IEM] Cache
JEIRGEMRIERHE . XFEABWE 7145 152 1 A8 Speculative, {7ifi#k S 7 Commit Z |
WafF i dR L —FF B B, 1 BAE 2G5 E R 2 e IR, <5 AT B s S Ot
RJG AT AR S HAE . AAERS S T8 27555 I Commit B Beiny i 8 11, RAERR—E
AP G A REIRAS . X —HLHIRUE T A7t % 5 3 EAE 38 2K 2 b mT DA% 7 58 B
W FET AR RS WAL

X T =M BAFE IR, LRI K G AT BI85 4R BT R I X RO R IR A
HEPRIEZ]1A DDR MURLEL# PCle A&, fAifids BEREIKR ST RIS . — P tdn 5 1Ak
IBEIRAC, — 870 4E CPU S, —¥ir AE R, 1%/7 Commit 5 &K Barrier 54
REPRIEAE CPU 3BT o A7 25 U 1) Bik Fot 1 24 8y, 75 27 HA P N . IX e g 2%
TR B AR a

PATEFHRAAE A S AERT . IERK A, A7 2 5 7T LA Posted, [ AT DUEER )
PATTERE, HAEH T Speculative HIEH, 1748 5 A IRA T RE S B R HIFE AT PAT, R
ALK FAERR S IR WA Commit 2R, #HAMBS R, XA RMATR 75 HRER .

TXAN ZE S 7E — B SRAR B TS o AR RS2 ) o s ELR B 1) — BHENAE A BEas — it it
AT PR PRI, 22 dEH Tl o R NIR 1, A BEER () —A> Cycle BB A0 22—,
BR2HZ— PWMERIE cPU, B2 FIPATICEMBIZE T — Cycle, EWREIX
PN CPU AAMAZIE R — MG E5gr.

WA 25U gt KRR FEHO AR I AN E R, DA RAAE 2R . SAAERR S AHLL, fEfdeit
W EE, EIEFBOT, T Well-Behavior f#-fifins A b —F Rk — Ik, HAEE
BN 0 Bl 1. A AT DASE KIH— 28,

TR AR TR 2T EA J5, BEATREVI M EEZ 1SQ, fMELSIEMA Commit I 5H:(E
o S RAHERRIA, MR T AR5 RIVER . 78 LSQ His A ar Iy, Rt
LA 4x1)j 0] Cache JZIREEHE , HH4 25 FIRNXT ML LSQ S 174258 - 7E 17 7] Cache JZ IR S5 141,
XKLL S H A, X LA e fIELT . EOREEE 2, A LR E il B A R %
FERTIAT o BARIX A0 A5 1 1) 45 BT DA AR 2T /K 2t 24 5570, (H AT PO R VT R

IXJE[H N Load/Store Speculation, 5] H T Hd 15 M 71X EeME & . 1R 2 RG LMK
XKLy, HAEA B ERNAHEXLLT . T CHRR XA S R AR — A 2 A B3 AT 9
ARG . XN RGH, (F(E C1 Al C2 XA CPU, FHHH A ae it 471845 .

C1 B AL Mbb' S5 N—ANin 4, Z e A2 Hhhik %N 1. c2 {3 A7 6% s i Ve 3R
3 A2 KBRS, HeMTHORR S, RIEBIEZME, 1550 AL hEEF T4,
ZJa A A, LA R EWE 14 o,

C1 C2

‘ Write AL, new command ‘ Read A2
! !

‘ Increase A2 ‘ ‘ Check A2 — o ARt
] oo

‘ Wait new command ‘ Read Al, get the new command ‘

1-4C1 5 C2 HIsiR i

IXFE AR TE SCRF Load/Store Speculation FIFMALH 1, HR 2 1)@l — A& SR A AR VA 2
C2 f¥) Load Speculation A §& ‘75 Read Al 322 FFAREHTN . (HZ2 C2 FEATFMEHLZ
AR RIHIIESE, FRA R TE LU Load Speculation IXFEZY 5
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MAH - MNAKERD, T2 EHSIRZE %, Just buy low and sell high, But how XfE{F:
T Load Speculation 5 /& %< M (145 Fh 0] g 1 AR ME F — P A UG R IR TG 28 . BHAMN CAK] 1-4
Tt B — AR PT RE LA R I 5

BUE C1 A IR, XF AL A A2 XA R A7 6 28 5 U7 4% P iR T . S EI,
C2 K Load Speculation AR ANH# A7 #3152, {H/& Read A2 1 Read A1 IX /M AE B 4K
SRYGF 5E . WA C2 fEVi IR A2 i, K47 Cache Miss, St RK—BNT8] 2 5, R E
FERT A m, C2 AREFRMFEIERI B, 1M Speculative Read A1 2 EHE7E Cache HiinH, C2
BTN LsQ i, SR E IRAL .

WIS C2 A A2 RIS A 22 (Check A2), T EE Bz A2 FBTHINT, 7F LSQ
HIE AL ST . Speculative Read AL 4 Rtz , &AM mE. {HEEEMILZL
42K, Speculative Read A1 &5 R A & 451%, X MMERIEHK.

OB AEZERT m X AN, €1 838 7 AL Al A2 FEXET C2 # Bllik . HJRAE C1 83T
Al Z R, C2 B4 T5E K Speculative Read A1, I C2 7552 AL B— N . C2 1
FER) m NEZIRTT T A2, XAMECEH C1 T, Ktk c2 M5 HH 5 10 A2, B4 3
W E TR RN N C2 B Speculative Read Al HI4E R IERA, NS EFHA AL FEAT UG IA] . LS i B
T C2 A5 T ANty A2 FMIE AL, BIR T —ANEaER.

FIRZ TR R AR, LT EAE Check A2 2 )5, SB7n I Barrier 28454, #E 4 Load
Speculation, BE HiZ1E MMU 2511 XX BL A7 fifi# U7 A [ Load Speculation. E98 XA 7EK:
MLGTTEZ T, Speculative Read AL IS5 R A x4, T HIXMEZRIEFAC, (HR2EA)
IR BEARIEX B P R PAT I FEH 100% 158 7] U2 FRATE N AR 1%, Kbyt H
i) Barrier #/E5RNE] 99% A L& —A1E#IZ L.

XA Barrier FAEAR A B[ . L C2 &I Read Al iy Cache 2 J& , ¥ H 2 AT B IY) Read
Miss B {E I | Snoop Resync Flag A5 . Fr&E N Snoop Resync Flag 145 2 7E Commit 45
Ry, P E R, BiReEE R IX LT R Barrier . EIXAMEF A, A RIXAEL
il J5, Speculative Read A1l &5 T /KL L7, G EHIAT, JIEN Barrier #AETR LA
HUiH . AMD Opteron {8 ] 1 IXFALAI[13],  SEALROHLA] 2 H BLAE AR BLAC AL B AR

A O N2 NS AL PRSP0 T AR 28 20 w4 SR AR 1P, Al H 3K 6 b 2 85 S
L) FEL T, BIEIX L0 w) ey H 32— L B B BT, WA K RZLEHTT ) 1P, lm H
BRI, I TERR AR AT FhG o 36 [ b g R R AR, BLAE RSA BVE R AT 2|, MATE &
R T ARAMES] FRRA AT AT B 5 A AR f i 2, R Bot
7 Rivest, Shamir fil Adleman FIATH 2 3, fEittz 4.

ARG O 1P PR, (H2 0 A EUig. P BEHAAENER. F)LF
FI)LRER, RILARILEERE . 1P LRI FIR =AU 4 SCHEAE, 7 SEilk 2 I A A H], 1P
M EMTE L, RIRZEME, RAOFEAMBEA L 1P 2 st . Foeeqrlkr) Fet
P AU “RATER, FRSH” X IR X8 P RREANIFRELAEmHET:, X2 IP
RIFHAR 22 /2 >k | FE e iy BT BB A H]

P il BE e W2 A TR QIHT, KR ZE A SR B SR i Sefp) . AR 22 i fig 1 1E 1) 4]
B T ARFESS A YURE A T, AR AR BT ATIH 7K, &R 2 N HE 5 K
Y E A o IX TSR 22 7 S A A 2w D B IEGIET BT80S 5% 0 s AN Qe 2 R AR Y
FRN, XML,

IXELAEER N T I SR, HE IR gl “RZ IR, BRSEH)” XM 1P 45
Z 1A e WANBE X @GR R 2R ENRE . REZHR, FIRIBRSN. NKRE
FHRE, F5FER AR KRR, XA RAT, 2820 EmERE, B2
WEETH L
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1.4 Crime and Punishment

IRZ I, —N2EK)TIEFE Load/Store Speculation &R VA H M, RE2EH—R
IRATTTHFERIXAE M. ZUEN R TG IRIER TER IR, 2R T R4 K aria 2
Z SRR GE T e A NS IX PR AT P HRES RS A A4 DX o A R B A S A —
g, RO AR SR R IR R G, R N 2%

Load/Store Speculation 25 Al GE IEAf, WA REEE R, MR HEALE R ZE ML, &Ik
PRI, WERES RS R —E T . R — IR AR R &1, Hix
LLE AW AT X LG oy B SR AL 2 AR5 HO2 28R AT N A BRI T T 5 2%
TS T AARHR B AR 112 — AN KR . FENLR AR SRR FERLE T 2k, A
AT IR, AR VERE NS 5 2 85

Speculation HE& 75 ZEAE D) ZE AR T AT EAT B Ay o LEFRIGPR SR, BRI Bt ar
LA — D0 F o A2 MAF R EZEE R, 2R M T AT 88, Frb 3ok Bk
R0, RIS AR R Be e — H R H WAL E o KA RN S, A7 20 = ARk
A, B SREITI T M.

WIASRIE, FATEFTHE N 44 H B Load/Store Speculation. AN ALEE WL, FRATNAE
T2 Load Speculation 1M 2 Store Speculation. fEIACALFRSS RS, fEf%2% Load 1R
JIv @ ) Latency A% T+ CPU I FEARE AW ey, {3 75 A7 i s R0 ) 280 B Jn 2R H — 2% . {8 Load
Speculation f) T EJFEAE N T 551X Load Latency, R 1EHAT IER B K B A7 25 3L e
LRGSR Al P 1 AR 5 0 KR N BN R R I TR R o 7R DRI X EE i
ZHT, FRATE S 1 X TR 1 J5 A SEATL A TR 2 W ) S 4k AR BE T

AT L[] Confidence Counter #Liil], Confidence Counter f&—Fi i R, JIWr2& 74 3
AT T IR AL 7720, BR T Load/Store Speculation S22 4k, Confidence Counter t
732 % T Branch Prediction 43k, & —Fi & BNEN, T2 A M. HSTILHI
5 N-bit Saturating Counter(Bimodal Predictor)Z3fil. Confidence Counter [ Saturation, Predict
Threshold, Misprediction Penalty Fll Increment for Correct Prediction VU~Z%{([14][15]14H /%

FATLA{31(Saturation), 30(Threshold), 15(Penalty), 1(Increment)} A4 & it i Confidence
Counter HIf#H 771k, REAE—ARHF, Confidence Counter IIWIME A 29, BLESFE4/K
LW A =317 Load Speculation #EAE. 41545 2 K G K I PAT I d5c 4 &5 N LI,
Confidence Counter 401 1(Increment); 4 Confidence Counter HJ{EZE T 5 # #E1T Threshold
B, F8AM/KZIFUGIEAT Load Speculation; 1R Confidence Counter FJ1E N 31(Saturation)
B, g5 5N AT ARREAAS ;. WS T M5, Confidence Counter ¥ — X Ik 2 15(Penalty),
HEZ I 1 #IA Threshold 5 4 REfilt % Load Speculation.

1E Branch Prediction 1§ il T Confidence Counter MLl . B BEFE— N4 > T R Ge
i Ff} 2-b Confidence Counter, fij H. Strongly Taken, Weekly Taken, Weekly not Taken #ll Strongly
not Taken LIRASAZA 3,2, 1 il 0 B, Taken #4244 F # Confidence Counter 4{3, 2, 1, 1}, Not
Taken #421# F 1Y) Confidence Counter J5{0, 1, -1, -1}.

KZ# Load Prediction 5.7 1# ] Confidence Counter 1F & 73 3E47 T ) A4 43 T A
7 Load Speculation M J5, 84K A H ML TR EEE, 798 Squash Fil
Reexecution HLiil[14][15].

Squash 1 445k Load IR AT K E, #4 ROB H7EH Z 5 TR &7, FHFEIMNTES
Cache H' Fetch 4554 - XA 77 205 BTB Tl 2k MU= K ) 77 202K 4Bh - Reexecution 45 245 5% Load

BT R G, AUN F AT 5 IR 2 B EE (R A S48 2
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MESE EE, K Reexecution Lt Squash LI IR F HVFZ . (HZFRAMRKARABEMKIK
3t Reexecution —EML T Squash AL S50 . fEAR RGBT, B 2 ZH B AR IRERL
fiir. Reexecution ML 75 Z2 A8 FH B 2 [ 5 FEL 4 22 it @ AN 4 (1) S5

1 VIR 2K 28 811, Load Speculation 3= 245 PRIy S, 43 %l /& Dependency
Prediction, Address Prediction, Value Prediction 1 Memory Renaming. X% Prediction [/ 5L
TINLEAR AR 2S5, FE1E F Confidence Counter A1 AT A £ 56 243, Load Speculation 5
Brach Prediction [JSEIUA R Ak, A & — ML A 5 ) id % .

F.H Dependence Prediction SVA [ SEIIMLHIECA T H . X T IR EERS, REOEHS i I b
TG AR T S TR 2 T AR ¢ R B R H B fE— L Fr SRS AT PAT R MZE M, 7EiX
e Lh A I A LSQ SCREZ R AEERIR B PAT I HRPAT, DSBS PATHATEE .
AR IERRAL B 5 48 A BRI OC R, JT o —RIJE R — 5% Load FRATERL/T KT 2 1,
i 375 LSQ H ) Store $54, MATRG HA KAWL R . WRLE LSQ A KIKITL R, X
% Load 84 A AT LA ELF $0UAT -

KX AP T BARORIE [ A7 45 50 5 482 I IR T, R T BRI RGEAERT . Store
FEATEPAT B —E WM BLIN, Load Fi5 474 REAS At A WX MPAH G, 78 LSQ HH Y Store $i5 4 JF:
AR 1 . Dependence Prediction ByEi & N T BUH IX SRR QBN 1 —Fh 7k, 1%
B Blind Prediction, Wait Dependency Predictor 1 Store Sets %5 SZHI 5B o

T a7 B[ S 523 T Blind Prediction. FTiH Blind Prediction, i Load 54 WA EE7E LSQ
HHAE R LA 1) Store T84, UN B K AEM M, RIFTEEATHAT , a0 SRAE LSQ &I T Store Alias,
M E 4% M Store Queue HIRIUEHE . XF T A L1 Store 64>, Blind Prediction AN ANELE
AHIAE o WER B S5 (AT 25 SEUE BRI S R 3 [AAEAE AR OGN, B RRRIUAT Y Load $84,
K H Squash B # Reexecution 77 K E .

Alpha 21264 X H] T Wait Dependency Predictor 5% [18]11T Load Speculation. H:SZHIHL
il 2 7EFE 4 Cache F IR — 25T 2 IA— Wait £, 4 Load 541 EA 1FEL5EE G, 1M H
HARLE Wait 124 0 B, iX %% Load #5854 1] LA Speculation, 75 MU 75 B4 £ . 24 & A Tl RIK )
FARLF Wait A7 75 2 B 1 DU Gt — B AT R 428 Wait fZ7£ 100,000 4> Cycle 55 H
BEZE, PAEEREN 2 IRIIN RUE R 2 Wait f7#8E 1 MG KA. M KAETES Cache
Miss I, Wait S5 %

Store Set /&% —Fl Dependence Prediction SEHL SIS . FHSZHIHLHIZH F Store Set ID &
P [ — AN A 2R T2 S U5 IA), R X 28 1D A7TIFE SSIT(Store Set Identifier Table) . 7E
A SR AT 5, i PCYE Index 5| SSIT J& 3RAF%T M. 1D, X/~ 1D F& 17 55—
7K #% LFST(Last Fetched Store Table). 7 LFST H1ici3% 7 W48 35 1ol AH Rl Hbdk (1) Store #54, I
FIX M7 R S48 2 2 BIHOBIC R, WA KIS RN Load 154, AT LL#AT 5
232 [] Speculation.

DA 3 J LR S i B AR [R] 52 R 52 5 48 2 AR BRI OC &, 42151 Load Prediction [ Ti
MRS Th 2 o Al X IR TTIEERT, FAif 2 58 2R L3RS EA J5, A BedbAT EAT AH 2 FI0l o
K H Address Prediction 5325 il Aggressive — 8, iX B EVE AR AESEME 2L 5 81T H
EA T, TRINIX AN EA (1R, AT SEILTHE EA 55 SEBR VS IR A7 2845 IO AT HAT AL T Critical
Patch HIA7fif 28 U7 454, H EA AMERT LTINS, 1 H AR SRR & o

Address Prediction By i) F s2HL SR LVP(Last Value Prediction), Stride F1 Context.
fHH LVP ZRBEHS, N —RAFE 2 U 7] A i bk 2 b — kIR0 1)k i kb 55 F Stride 38
BBy, P bE S b — WK 1 ek N 3w AS s Context TREE B AR AL, KAHIX
—SREEIT, BT DA A A U7 ek P A5 2 VHT, JER—AS Pattern, ZJEiHEH—E
EMEZRG 7 —5KK VT, DRI RS b, X —7J775Y BTB H i F 1 gshare #LiHi 2Ll
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XA BRI, VP, Stride 1 Context S TN D)2 F-AAHIA], Context ZRBE S
AR A, (EARSRAFAE — L6 N FA# ) LVP AT Stride SIS TN S Th 2 5 i — 26 . [RIAE —AMBae
) 1) B AR S HR ] DA A [RJBUE ) Confidence Counter Y4 LVP, Stride 1 Context 7§
W&, DLIRTS AR A,

Value Prediction %% 5 Address Prediction 5% [ SZHIL S ME AL o FLASE] 2 Ak S — AN T
AW LA P Ak, — AT A 2 B 8 . 2 9R Value Prediction 5745 il Aggressive —
&, Value Prediction 5 Address Prediction [ SZHL S & 45— 21, 48T H T LVP, Stride AT Context
FEMG,  SREE S AR L — 2

Value Prediction 5% FF AN BEEE G f 7 i a LR A i ¢ %7 B Cache Hierarchy, FFANBE#E /T
fA] Bus Traffic I HIIL. Fa2WKIESRGEIE 5, TFEHAT Check-Load #:/E, e & KA
7 Misprediction, {H & KFXFhEIRMH 15820 /K AT DL B FI3R15 Load EE1EMIZE R, MM
5 S 48 2 vT AAE SR I Hh 4k 2240 T

TEAFAE SIS A K ™ B 4K, Value Prediction 503 8 4 2 k4 . Andy Glew 5 —
e Crazy A0 KEAIAREE, AR T — 0T DAY LT 25 R AT I B R S e, A
FHA5 258 AW = HAR , £145 Value Prediction 3t — 244k MLP(Memory-Level Parallelism)[22]
PLAN N, A58 — N BRI, Le i LA IR B 5 e — 2] Cache tH HLIX S8 REEA SEIL A AT BE .
LS HIE TR 10nm i, ABEEERGEE A JLEIEH EDRAM Mz A M
A[BETE 14nm TEZ T il DLSEELIX AR & 1 LLC,

B 5 75 U ) /& Memory Renaming 57k, 70 &K BN Store Al Load 484 X 171 % HI Vi
im) BT A B A4 K B T [19][21], £ Confidence Counter BV AT /7 i S HLIX — H bR . 24 Store
Al Load AL T HERIRR )G, Load RS AR — KA MAEAERS T RS H 315 HdE,
KN Store 454 AT LUK H B #6052 @RI OC R IV Load $84 . X —J7 M4 T48 47K
B A Store T8 WHSLK RN Load TR HIAAERS AR VT A, AU Xt LsQ 47 V5 ), X4
#& Renaming [fJH1>E. Memory Renaming Fi AR A — L& HLARPSTILAERS, 177 HIX L SRS Ak SR
ATLVRAMEH . fEAFH——1R U,

FE— MG AT LRI IS R X DU RS s, tmT DL RS A 49 FEIX DU RSV,
A H P SCHUR RS, XSRS nT LIRS H . Confidence Counter i FH AN R 2 B th i e
T ST E . TN RIS R T BOE A M R

XAFLFAE— Load/Store Speculation Wit i EH 2 )ik, 7E HARSUR AL, &
Gt E M B RV 2k, EZMIREEE S NLIEN . RERIFEIRAENA YA F B
EHEAHEY, E2AELRERSMNERENSITE RTBHEE R, &I ERE
B MR ik LI Y,

CHREE TR RN ZERR A . — AN R AR FURME R A 2 SRR . A2k
PR AT 2 a1 LPEAEAE ), AT — OO E T RS B2 M4 7 R2E KTk,
AR e R EE R S53E. £ LB B 2o0BkAE NSO e — T fa B

VP2 WA XA 2R, RMEIR Lt B RV R G I T XL AT A 5]
KT =g, REAWMARFHENMHZ T, SRS R TATRMER & £ — 4 Bk
(928, O(nxLogon)—E T ON’)IWE JLis, 7E—AN9eBlh N REIRI, AR
TERR, 1T EAS [F] ) SR04 FH ) S BB 1) AN AH [

RUE AT AR R 5%, BARSCHIUKIR G B 2 5o FAT LEA 2> AR 56 o 3 O RERE (1) S T
XKLL SEIA HIAEN T T A 5], 3 H LR [ P THIZR () 2 ) o B 00T X S S 2 U 1
FEIUUAE TG R T 205 TG KU & X e SBT3 & R RNk, RN, 1
. EX NEIES, HatiUl, a8, ot EIARC.

I PR 2 O FAS I AN AR A ]
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XU 7 EOR R, BCE BEOR R AT A T e 5307, BARRIXAE IR
HI DR AL A T E k. AR REEMERAENS ARG, NS5 AL S
b, Wt 9% mUR ], BN R 2 P BN R

A L7 il R RE M LA /N U R AR PR ECE AR WA, AR RS LX) F IR AT,
FTSESERI R AR . BISE — IR, IRZAT00508 A XA ERRMR)E — R, I
FERAF o AT SN B T AT AL AR A

T T BRI PEE, RIVPERSGE. AERARCAS % T REBSHAZE, 1
RAFIEINfTAkSE. R RZHIF HoRA, REWLEMRA LMK N, 53N E240R,
BT Z = Rk
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$2E Cache HJEAREIR

IRZ A2 1IN A Cache s B[, ARFEZS W] DR EE B 2 HEMA 15 AR 7 . Ml ]9E %
28, W LA g Cache, 2R EWY Cache 2, HE—H, FE—F, M4~
HRFARIS. All of them are deceived.

PULFEALFAE) Cache, HREILEHGE T, IEEGIE, HOohiEE S @M. B
TEIE T #I55 MG, AL NGRS KL Cache HI/DEERYE, HIEUR AT IEH]. 2 Cache 1)
AHFTRNRFEARIAE, R E RS SRR F w1k

2.1 Cache ) T/EJE#

AbFR RS TT 0] Cache 77 VES 7 0] EAFME 4G LA o A7 Gifs 2450 FH Hh k- S A
3o R ] DA hE 0k 7 U5 R X S S . Cache tHAF T S8Rk w77 =0, e
Pt 2 A X S i k45 N &2 Cache, W LU EE S N\ Cache, AL Cache HisztH A
Ko HRX— VIR EEXT Cache B AE IR AN ] B (P Hbhk U7 il 4 o DN faifte W, FRATZ
W& %25 Virtual Cache, PHREIERN Cache V5 M#5AE, FHAEILIT 18 CPU WIfR{E A TLB 58 HUME
SEHb LR, B SERAT Cache BB S HAE

4{ Effective Page Number ‘ Cache Line Number ‘ Byte in Line ‘
A
- N A
Effective P’eilgue n:i;e\r/lrtual Page
Y
TLB LS

Cache /A*

N A Y Y
>}Compare Addresses & Select Data‘
v To Main Memory i

‘ Byte Select and Align F
Data Out i

2-1 JLAY[F) Cache Z514°

Cache [AIfETEAITS CPU Core MITEfE#F L B ERIERSTHUBAS E 4% . CPU Core TERHT71#S
7730, B e # H] EPN(Effective Page Number)3E/T R SE bt #54, F: RIS H CLN(Cache Line
Number) £ #8 A 1&E [ Cache Block. X/ LI AT LAERT 54T . 7E44H Virtual Cache B, ISH]
DU PR X Cache #EAT T4k, AT IL, FRAIFHAFEE Virtual Cache ISLILAH T .

EPN £l 4 /51538 VPN, 2 J57E TLB H A 4R I:19 2 5 £ 1] RPN(Real Page Number). Ul
AR AT TLB Miss, H4ark— RAIM™EM RS EN, ATATHE TLB Hit f1EHL, It
IFRHR TRIRTS G0&E ) RPN, FFEAK LTS 21 PA(Physical Address).

© %I B [23]6 Figure 2. A typical cache and TLB design, #% UL JGid THOM, BEX AN REE, 36 FE).
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TEZ BB, Cache HHZAT 2 HIZH L, 1 CLN #H TR 51 HR& T AR H|— A4
SE#[P) Cache Block. {HJZ{EIX™ Cache Block H FIEHfE F AN — € 4& CPU Core Frifs £, Ktk
HLERAT A, H Cache Block A7 Address 5 idf i SE bk #6445 21 1) PA 34T
otk bb %5 (Compare Address). U545 S AH [E] 1 EURZSALVLHES, WIZREA Cache Hito BEHS IR
22 1d Byte Select and Align St e 23R A5 s M EUE . WS & 4 Cache Miss, CPU 75 224§
H PA i3t — &R 51 FAF AR AT I & 5

H_ESCI AT, JATTLUKIL, —A Cache Block HITRAGAZFIHESS B, IR AIEL
PEH T . —A> Cache FHZ AMXFERT Cache Block 2%, TEANEIMIMEEMH, W] DUE A
[ [¥] Cache Block ZHE 25 . FRATTE Jasr#r A Cache Block FIZH 4514 . ./~ Cache Block
H Tag T-B ARSHAOAEIE Tk, W 2-2 Fios.

‘ Real Address Tag ‘ Status ‘ Data ‘

2-2 B4 Cache Block BU%H Rk 4544

Horh Data FEAFIN1Z Cache Block " IEHE, 782 BB R T, HOR/N N 32 B
# 64 77, Status FEAFHUCYHEI Cache Block FIPIRFS, fE2HUMHZR ARG H, XMNRETFE
£ MESI, MOESI Bi3% MESIF X EOIRZS(E E, 7EA LA Cache Block H1, IEAFAE—1
L7, #7240 Cache Block /& 757 Al LB E » V1244 Cache BLHLEL SRAM HIFRZEF4 2 FH T
AN L A7, K MOESIFL X LR, Ul IR AE T SO PRARiR . (E 2 AZ AL BEES A AR 1K)
Cache Hierarchy 3335 T, CIRZE B A 1k MOESIF,

RAT(Real Address Tag)it. 3% 7L 1% Cache Block " {7/ [¥) Data 7B 5 AN AH 5%, 7E RAT
RAE TR R b bR S, BARAE—S CPU B HbhE VT BER 40, 46 Bk 48 {7, {H
JEAE Cache W IFEA T EAF A HUAE B WM Cache NMFE EE, CPU A HibE#E 4>
R T AT B, il 2-3 s

Real Address Tag Cache Line Index Bank Byte
39 13| 12 6|5 312 0

2-3 CPU ifjig) Cache {3 FA B9 3iE

XA AT LLEE )y CPU Vi TH) Cache A ML, B2 EEREBA . HEFREU
FHI 2 Cache Line Index FBt. X—FB 5K 2-1 H#) Cache Line Number 541, CPU fifi 1%
T B Cache Higk#—ANali# —41 Entry”s

Bank Fll Byte 7Bt 2 fIfffi %€ 1 ¥ Cache ) Data 7B B, 3l o K IX /MK BEFR N Cache
TR, B 2-3 FisIir i Cache Block KN 64 715, H HI £ %3 ¥F DDR3 SDRAM
FI R KA I Cache Block K EE#R /& 64 “F71i. #5752 H1T- DDR3 SDRAM HJ—{X Burst
Line 4 8[24], —{RFEA Burst EAE U5 0] 15 K/INA 64 FF715,

FEALBREE AR, Kbk Bank AT Byte PANT-B Hi T 5 Cache Block U5 ir] 2% 1)
% J&. Multi-Bank Mechanism J& —FhH FH 42 = U5 0] AR 1073, SRXMALEIfE, CPU V)
il Cache I, HEAZENS[E—A Bank #HATV5 A, BRI I & $AT. Byte FBLRE T Cache [
it L5, FEIACTAZER R, 57 Cache HRLZRAL %6 N 64 1B # A 128 fif.

TR I F BRI A Real Address Tag, 1IX/NFBt 55/~ Cache H1) Real Address Tag 7B
KEHMIE. cPu i bl #) Real Address Tag 7~ 5 Cache Block H X W 7 B Fl— SRS AT
HATHCA LA, W H U5 1) #4255 7E Cache .

© B4 Set-Associative 77 TNZHZH Cache &5, LI Index BT L3R4S —4H Entry.
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2.2 Cache HIZH R &5 44

H E3CHTIA, 7E—> Cache TR E ZATZ ], fRAE4E TRAERTT. FEACTE R R R 51
HIPIsE b, SIS B 2 A S t, IR JERAR T ORI R AT H-ZABEVEN] Set-Associative
HRR S5 . X PP MR DAL B 2R A R 453 31 7 KRR A .

TES4H Set-Associative ZH S E5 14 /i, AT 58] i 55 4b—Fh Cache ZHE 454, Sector
Buffer 7 :\[23]. BUEE—MZEMIT, Cache K/NA 16KB, f#H Sector Buffer 772 UHf, X
A~ 16KB #7516 1~ 1KB K/INHJ Sector, CPU W] D[R] E#KIX 16 4™ Sector.

24 CPU i [0 A ANFEIX 16 4> Sector H PNy, K 6 HEAT Sector JIKERAE, fE3RK15
—/NETH Sector J&, K RIKE TR ELUT M) 64B EHRIANIX S Sector. UIS CPU i Il (5
H T RS Sector, {HREPEIFAELETE Sector B, K AH B I U8 4k 2213 213X > Sector H. K
FHIXFh 710, Cache HIRIARLEEBOAENG, XTFEF R EER IS 5 . Cache F#E AR Ay
rh Z A K F Set-Associative [RZH AT 3 [23].

TEME X Cache Wi, XFH L CEANEMA . HRZZXMITEMKIREA B R &b
HEME R R RA TR, ~T AT, f£—2) X Cache W& i, Sector Buffer J7 sUAK4R
FT—MAT A 21 Buffer B BLIREE . AR 2R SUAEA B s bl X A7 20 IXMA B 5
AT A I 2GR, K2 BRI 2N S0 1 ARl i AR .

P BT ) — e TAE TR Z 4R TR Verilog AURY, fEIXELACHS R 17—
SRR, IXEREIR S B AR, H O N TR TR RS RV 2 AL
ST, CRRAKRZ G0, LRI T HERH . AU TREINEED X Rt
Mg, WIREEL B BCA A e S X e R, EIR AR TR I A . BN
FERIA, — SO NOZAFE AR B ARAT 142 2 1) 28 T o

A AR X e 5 2 — R 1B FFH S . RTFLH &% A Quantitative Approach
F1 The Art of Computer Programming iX 264548, X RIRGHEIE, HRETEXEBE PRt
kL. A ZAR . R2AN—BEEHRSE TERIURE, BATR, BARMITAKE
EHNA RS, St REMEM R FEE . 2R E A ATRER 4 R G AE T AT,
AR MEAE IXAE I P HUBR 1 B 5 I RO — I LA o X BN LA i) Be R AEAEARZ 58 T T LATE
3, sz HoAm AU K (Rl R R, VR IR AN RES HILAE H o TR R EE 2 b,

AERT[E1Z Sector Buffer HLHIIN 5 11X 4637, RO RS, Cache Block [f14H ik
TR KZEERH T Set-Associative 773\. 5 Set-Associative 77 ZuFH < Cache Block 41/ 77 3\
A Direct Mapped #1 Fully-Associative P Ff#/Lfil|. Direct Mapped FlI Fully-Associative t% 1] DA
BN AL Set-Associative J5 2 P R o

1E 148 90 4FAX, Direct Mapped Ll KATHIE, 7E Alpha 21064, 21064A F1 21164 At
FREEH, L1 | Cache FlI D Cache #Rf#i i T Direct Mapped 77 U1 Write Through 5% . H ] Alpha
21264, 7E L1 Cache JZ[HIA H451# H] 2-Way Associative /7 201 Write Back Zf%[16][17][18].
RIf& 4nitk Alpha 21264 7E L1 | Cache 598 H T — 2R 1, KA T 2-Way Set-Predict 4514,
XM A HIXF 7R, 111 Cache #124F LAEFE Direct Mapped J7 .

£ 90 AR, A EE A — 2R S Alpha MRS, BHEEM—DAFH
DEC 7EAL PR 35 G2 T BUMIAL, R 1 DEC IS5 LT ROV BE, 1 HaX Le 2510 #0H A RN
HIFISE A . 5 Fully-Associative 1 Set-Associative # LY, Direct Mapped 77 2T 75 4
PRRAEE AR, B IRAFE AR UG ) #RE E 3 7 —MEE R Cache Block. IXFhfjHLH [ ik
TR, BRI S LE 200¥300MHz CPU E 4154 T, Load-Use Latency 7] LA 1
A Cycles R NERIITGRAL, MELRAD
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B EERICE L1 JZ 1 4k 2218 A Direct Mapped J5 3, 1H 21X Fh szl 7 3% 4 Wi
REMEG R, BS54 Direct Mapped 773, ARG T2 55, Horboais R Ks2mm
HJ7& Normal P. Jouppi 1551 “Improving Direct-Mapped Cache Performance by Addition of a
Small Fully-Associative Cache and Prefetch Buffers”, H:H1$2 FI| ] Victim Cache, Stream Buffer[20]
BAAWIRLETE IR

fif Direct Mapped 75 2B 1R th [ 51 5 & 138 73 R A& CPU Core =M HE {15 Direct
Mapped J5 77 K 1) Load-Use Latency TEAHXT4ii N, BE A EE B2 5 °F 7 0 38 N i) =47
A A EH15 Cache B EAHXSTELE /N o

M Cache Miss Rate [{]JZH#% &, —4>K ] Direct Mapped J72U& =N N [ Cache H: Miss
Rate 5% FH 2-Way Set-Associative J5 TuZ5 £ 4 N/2 ] Cache JL"F-#H 7] . iX | Observation #{ John
F1 David #XH 2:1 Cache Rule of Thumb[7]. X% K H Direct Mapped J5 3] Cache, FIi T
L) Cache A EAHXT K

UTEEAE L1 Cache 5 A7 2% 25 5 [A) 1T EUAEANH I A 4 /I 1T 2 RO .« L1 Cache RN
O R RAE TR T, M Pentium 1) 16/32KB L1 Cache %] Sandy Bridge [¥] 64KB L1 Cache,
Intel A 7 &2 TZEME,. E£X =250, FAESEEM Y K THTR. HIE
Mgt R AEAE 12 5 L3 Cache A . IX 15 4E K Direct Mapped J5 20, Cache [ Miss Ratio
B, WS N-Way Set-Associative 77 3N 5.

K H Set-Associative /52U, Cache #73fi# N S /)™ Sets, HHp4E— Set & N /> Ways.
HPE N [JANIE], Cache 7] LL43 A Fully-Associative, N-Ways Set-Associative 5{# /& Direct Mapped.
£ Cache HIBAEALHIEOLT, B SN FMEA—MEE M I, N BOR, s B, Rz
JRPR . 8-Way Set-Associative Cache FZH &/ U & 2-4 BTz o

A H H X! H T T
\ \ \ \ \ \
Way 0 | Real Address Tag ‘Status | DWO | Dw1 DW7
Way 1 | Real Address Tag | Status DWO0 | bw1 DW?7
Way 2 | Real Address Tag | Status o DWO | Dw1 DwW7
%) Way3 | Real Address Tag | Status | DWO | DW1 DW7
2 ) Way4 | Real Address Tag | Status ijf DWO | DW1 DW7
=
Way 5 | Real Address Tag | Status DWO | Dw1 DW7
Way 6 | Real Address Tag | Status DWO | Dw1 DW7
Way 7 | Real Address Tag | Status DWO | Dw1 DW7

2-4 8-Way Set-Associative Cache H4H pi 2544

W& 2-4 7R, fE Cache Block H' Real Address Tag 7B 53 7B 0 5, BINIXF
B AFAEARIZR B A7l 4 H o 7E [R]— > Set 7, Real Address Tag F41 2 1§ H] CAM(Content
Addressable Memory)f£ /i, LRI 31724k PS(Parallel Search) /7 sNASEHL, fE#iHH AT LA
HRHE 75 LA R AT 25 4% 77 3% SS(Sequential Search). 5 PS 7ML, SS 77 F A8 I I B ¥ 5
b, AHR S B Ways BUBCORI, SRAXANT7 N B RS . fEIACHZE T, %
Yo 7B RO RS — A 2 0m 10, £ Bank fJ SRAM. RS EE 18 PS B Sl 77 =0,

XA~ Cache, HE K/INHIAFTK Tag BEZIFT SRAM FEFIZLRL, 7ES% N BRIt AT B
KH RAM Tag, AFHNITiE CAM Tag, 7EINFEH s BUK 4K, Highly Associative Cache i)
T H CAM Tag. TEVFZIMZERIT, 1 Nehalem THZEHII L1 Cache SN 32KB[12], X2 Mk
Fefi SRAM [, O 104 Tag M4 Tag FE41) 5 FH Y Die Size A% 2.
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TEULR Set-Associative J7 U Tag FEFIZ H, FRATHE—Di08 NS XANSH. ARIFL
FREE KA T ASIAE ) Cache BEF /720, U Fully-Associative, N-Ways Set-Associative 53 #& Direct
Mapped. HURAEH NS ZEEATHIE, X =277 WA E#Z N-Ways Set-Associative 77 1,
REEH TARK NS 250 2.

TEf# ] N-Ways Set-Associative /72U, Cache B /e#i i NZ A Sete 4 S ZHEET 1
I, BPFTA Cache Block {8 —> Set #EATE HERS, XFhJ7zUHI A Fully-Associative; N Z#H
1 I L5 300N Direct Mapped; 24 NS Z A 1 I, {8 I #9520 N-Ways Set-Associative
. fEE 2-4 %, N8, XFJTHEHFR A 8-Way Set-Associative

WEM R RE, BEE N FAKE K, Cache ) Miss Ratio 7E& 5 [£1%[7][23]. X I
ANFIRE BT E A DR E RIS N R 2GS, HERKSH N A BERFIC
Miss Ratio, HLH.Zk Cache I &, 8-Way Set-Associative 5 Fully-Associative 77 ZGM Miss Ratio
JZH EERCRA2[7]. VF2WEZERE R 16-Way 55 5 & 1f) 32-Way Set-Associative, F/4
FEHLAN T PRI Miss Ratio.

BEE Way 23, BR{E Cache BT ) Data FEFILRFFAAE, Cache ffFH 1/ BT A
Je Tag LU o EE IS [RIBAE B AP MG . A — AN SEBR B2, SblE KJEEERY) CPU Die
AT L Cache, TESEPRICTTH—> Die Frig A& O LA H KL UE N, 23510
T Bt AR CF . XWAEREEZ R MAHALT, 28 N FFARBOGRE . XA
S e 152 BRI (1) 25

S ZECH LI, NZET M, HEF Tag BRI S Entry ZLH KA N M, (HEX T CAM X
FERIAEAE A, BRI — A M ORI S BT TR 97 1) Die B2, R GUED S S N R/
PTG, FAE N BI9Em, Tag FESIFTHFER) LA [P E A2 B N, B &5 ZE i DhFe th e xR g0
Ko BB PIR LTI A IRET, RATHE 7 CAM A H Rl e, ikl 2-5 fs.

Sl SL, SL: SL, SL, SL, SLs SLs

ML,

ML,

ML,

|

f

|

f

|

f

|

f

LYY

I

C C C C

T S e e S L S e S T R —

ML Sense amps

Search Data Registers/Drivers ‘

2-5 CAM HOEALE B 2544 [25]

Kl 2-5 7R E) CAM Hg 3 A Word, BE—> Word 1 4 4> Bits 20k, HrEE—A> Bit
XA~ CAM Cello HHaE—A Word X 8 — 2548 7] 1Y) ML(Match Line), H MLo, 4. £ —
A~ CAM P, FiT Word FIFTA Bits ¢ [ 347 £ 4K . 7£— %1, Bits 4373l 5 P94~ SL(Serach Line)
XL, ELFE SLovs FH~SLo~a#o HoHI—AN Bit X N.—/> CAM Cell,

{H ] CAM AT &I, FEE S Search Word i\ Search Data Register/Drivers 1,
Z JaIX K Search Word 43 fi# 4T Bits, @ik SL 8 ~SL KIER| AT CAM Cell 1. H %
—/> CAM Cell # Hit/Miss {5 EAE#H 45 HIF) ML BT MLE BB RESG &, Bk
JEH Hit/Miss £5i8, FIREAHTE caM BFIEANBhEar b 05 B, e BUR B, BT
CAM ff FHIFAT AR T, H AR A BEAE SRAM.

© ¢ Cache ¥, Huhl{E BIEA R LI, 7E Routing Table FIAT TR 22 i ] T Mokl {5 K.
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XAAEA CAM 53] T Z N EEBAUKAATIEN X Eeflik 4, SRIFHE cCAM 5
(1) Word £ H 340,  LUESAPREE RN, B B DB AR B I KX AN 4518, Rt
WEAEFE Cache Wit d NHAANGESE I 211 Way. ABLERATFH BB MO0 T # CAM
Cell [{I55 R A Hit/Miss IRBIALHI . 751 T RS IISEILH, —AN CAM Cell FI# AT LA P ol
JR, —ANEET NOR, H—/MEEET NAND, Wil 2-6 Fin.

SL ML SL SL ML, My ML

C | sRAMCell |

NOR-Type CAM Cell NAND-Type CAM Cell

[&] 2-6 NOR #1 NAND CAM Cell[25]

£ _EE A LA B NOR-Type CAM Cell £l NAND-Type CACM Cell 4311 1 4 F1 3 > MOSGET
hn_E—/ sRAM Cell ZHJ&, —> SRAM Cell B % i1 6 > Transistor ZLa&". HEA AKIL—4
FL ] NOR-Type CAM Cell H1 10 4, NAND-Type CACM Cell Hi 9 4™ Transistor ZH /i

XA & NOR/NAND CAM Cell [{J4H5, NOR CAM Cell F 9 /> Transistor [¥J5Z8 7720, NAND
CAM Cell 5 10 /™ Transistor [ISEI 7 20, 1% 28 Hy SEILIS A2 H LS £ € - NOR I NAND CAM
) FE X )L Word AR 5%, NOR CAM Cell SKH 472548772, NAND CAM Cell {5 F 2%
BT g T &, WK 2-7 Pros.

SLo SL, SL, SL, ML
D D D D D

SRAM SRAM —

M | — CELL —_ ™ Mi | CELL ™ Mprd—pre

’—{ M3 M4 }—‘ ’—{ M3 M4 }—‘

-  Myd—pre

Sbom, M, ML, Sko SbamL,, M, ML, Sb ML
L[ L[ D

evaF—{ Mp T Mp Mp T Mp .
1 J_L B J_L B J_L ense amps
D D D D
SRAM CELL SRAM CELL

2-7 NOR/NAND CAM Word BIZ#; 5B [25]

R LR, FRAE BE Q) XX L ff ARET 31T Precharge, Discharge, Wi Evaluate, %
A E —A Word &2 Hit 152 Miss, 323 1] DL —2D R 25 BRIV EANE B . BONEEMA
7592 B 2-7 AT LUK IR, 2418 F NAND CAM I, Word HIUCEL S 2B 7 =, ML, 75 545
B MLy BIE B G A REARSEHEAT, K NOR CAM 24 3478 #k . (UMK LR AP Ay L
KL, NORCAM TEHA 425 Transistor 2 H RTHE 2, MAT E3EE 7 ILECRCE, 3
Bl NAND CAM FF¥ A R Z AR Ao

© SRAM Cell i& 7] LA H 8 4™ Transistors HISZH 75 5.
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F Ittt EfEH NOR CAM B, BB Word 37 Bit £ H (38, ML _E 5
WEE 2 M N, XUt 25 I S ER T R B R D) #E . 7EE 2-7 Fras B N-Input 5 #AER
F17 One-Stage 528l 520, 75 ZfFH Sense Amplifier FRKLERT, {H/ZIXA™ Sense Amplifier TG
WAE TAEEEE AT Idle IRZSHS I DIFERRFE R o 24PR1E n BOKAT, Multi-Stage n-input AND Gate
Frr= AL (R SE I BE AN e 52

BUE{EH T Sense Amplifier, tHIFANREMERATR R, N BIRE SN, X PhHFECT
ST P IE AR MEH /2 R G5 oK . 8 NAND CAM J5 U2 —HE— kR, WA MM IRE
3R . 7E Cache ) Tag TR T 75 B AR 1F Real Address Z ANEF L IRSER, XK T AND
Gate 1% fH,

CAM [ 1 # ) FI T — > Word /& Hit i/ Miss Z 48, I 7 7h—AN 5 W] @, 5 /& Search
Data Register/Driver [J3RZNRE /7 A8, XA ARt — 22 5] H /& N-Way Set-Associative H N
RILE KA GERA S, — AT TR IS 2 DAV 2 IR ARG, e, s i Al
BN . 4T —ANSATAE 3.3GHz [ L1 Cache T &, — Cycle 1X45 300ps, {EiX-A4 % [%E
W, TTRAERA T RZH.

FATTREAIR 2 752 = IR3IRE /1, Buffering the fan-out, i & BN FEE E 2%
HI IR B , A 50 Be R B S5 55 o 72 I A B SRAR PR B v i, I BT iAok 1 il s B I
gt m T UFE. — MR oS R TR T 2 A E 2 59754, (HRIRAT AN 75
BIX LN 7 2/0% 7). X—VMT31E N-Ways Set-Associative 773 0H N LR & —
AN T, AR AEBRRIEERI 1) L1 Cache H N A2 KK

JUE A IX LR 3, 26K 2 BRI ML & 18 FE T N-Ways Set-Associative 7770, H&XT
ZHUN AT T AERXFTEUT, 2 CPU R L r() AT A0 25 VT IRV, Sl R
f FHAER Set, B s(i) = f(r(i)), 2R G LEAG V5 W) )k i - B 5 3% Set 1Y Real Address Tag
FEZIHEATHCS LU, AN ARAE Tag BFEAITH A drth, IR Cache Miss; WA b Ui — 4G &
Cache Block JR&(E B, FEHEIE R HEFE SN

PIARTIZER) Z A ] 2-Ways, 4-Ways, 8-Ways BL# 16-Ways Set-Associative /7 W2 % Cache
AL . Ways FIZLH 24 2 W%, RAXPRALRCTT SE TR S SRR SR A 151 4k
A, {EALeAhPEES Al RE HHIH 10-Ways B3 HARAE 2 AT Ways.

H X RPN G 10 32 B R A2 IX A Way JRIEX S, E— MBS R g, MR FIINS
W&, WRRMEI PCle W&, HBAT LABHMT MRV A . IR EAEAEAR VT IR IEA KR 72
HIEHLT, WZEMZH 1SQ, FLC, MLCs, ZJEilid LLC, &5 TA7hf st AT 8l sc . Ah
BT DMA VI, BTN A2 LLC FIEAFAERS, JEXT L1 Cache Al MLC F=AE {52
Wi o FRAEAE 5 HMER A U 0] EAFEBAFAE N 2 7, TROE TR LR BEEsH, LLC Way B
FA—mR 2 1R, MalaT 2 MR, W 10-Ways Set-Associative ] fg & H—1
8-Ways Fl—> 2-Ways ZH %

TCVR A BRI A2 A Y T T Fi % [RIAL) PRI R, R e R R S SR . (HRERE 2
TEOLS, HYAEAE R ZE R, {1 A% I [FIAL AN AR R Th AL, B8 2 I fige 75 B FH 5
FAASE [ B 44 N AT g

7t Cache W, AXI%E Way MIF=A4:Fx T BNV MBS HA— 2o, 1I8F —NMEEREA
T P&{I% Cache Miss Rate, A LEfli 224 14T Way B H T AR 5075 . 40 Skewed-Associative
Cache[26] 7] LM AN Hash 5%, fo £, 70 il B —A> Set WA Way, KHIXMTT
VEAERA BTN Set 1Y Ways 20 H B LR, B FF{K T Cache Miss Rate.[26] )45 12 /& 7E Cache
SR /NFRTR]ES , 2-Way Skewed- Associative Cache [ Hit Ratio 5 4-Way Associative Cache 24,
H Hit Time 5 Direct Mapped 773\ #21E . {H/27E Cache BHEEKNIT, o Al fy IS B A ol
Z K, MWIE—E R B3N 1 cache B inl B [A] o

23



FE7 52 BB LS HAR ) Cache 41/45%, W1 Hash-rehash Cache, Column-Associative
Cache %5, AREXT AT ——/4H. [E15 B E R /2 Parallel Multicolumn Cache[27], iXFl Cache
HISCHLEE )5 424 T Direct Mapped Cache fll N-Ways Set-Associative 772\, #EVjlH] Cache i}
T 5 fd FH Direct Mapped Sl LAIR 755 R (A 2R N 1], 72 DM 5 s fir b S, FU7 17 N-Ways
77 A A

iRy I AR H 5% Direct Mapped BEATALAL,  H ATEEA BRI 48 S48 X
BTV, HZAE N X Cache HJ T, WISRANAFEAE—Z Cache, XEETTIEMKRA ) 1Zi%
A o IR AT AR M SO e R ) 2 B A

TEAR REEMAE, £HX) Cache 1) Way A0 EE |, IEHIR Z5HE, (HREIEL G5 Cache
JFERGMME R G, BASHMENERIAZ . £ H TS Sen e+, SHN &
2 177 KSR & N-Ways Set-Associative

RSN, Miss Penalty ok 2152, HLin TLB Miss, Toi &K 4414 /& Hareware
Assistance [17772:, Miss Penalty AR #5Id T 53 5t o X AT 45 2240 Il i 2436 5 T Fully Associative
ST IS F, TLB HI BT 75 ZEXS Hit Time A1 Miss Rate [ THEATH+H, TLB
DR G 23 A 2, L1 A L2 L1-TLB (¥ SEFLN T Hit Time S48, /2%, Z 4% A Fully Associative
T X HIEK R Extremely Fast; L2 TLB [ISEIL TR E it — D5 & Miss Rate, R K—
U, Zffi | N-Way Associative /5 (.

2.3 Why Index-Aware

7E N-Ways Set-Associative J7 2] Cache 1, CPU i{]i% FH Bk %5 f W5 Cache A Set /&
—AMEA R . Hoh B H A 552 Bit Selection. WA 2-3 filfz, CPU fdifH Bits 12~6
RPE—ABIE R Seto RS f(r(i)) = Bits 12~6.

X — P, BRI ST 3, A X R 7 VA SR i K i BE I T Set G EEAS
WEBENL. sk B 245 N AR EE ) F-28 pseudo-random SLiE/E AR EL £, {H 2 75 B0 A 1K) 2
1E Set Selection H', 4% & L M) Random HIEHAATHL,

— & FNTE Silicon Design H, ARMECERIRLINS 7] A 7= A — AN BEALEL,  RIAEfSFH & i I
LFSR(Linear feedback Shift Register) WLl 28/ 75 E— 1A ZERT, T HABFFA B IEREHLIY.
TRECNZHAE T EA Spatial Locality R, MRKIATEA MUEHEA Cache, R = X1
Random R 75 Zy I R 3 PR AR 14

TEVFZ 5B, Set Selection 1% FH [ pseudo-random F7EZ5E 40T Hash 512, 1X £ Hash
5152 55T XOR-Mapping HLiill, 75 22 JLA~ XOR [ 714% Ha i B m] S I . 1% 2 T 75 28 HH[23][28][29] s
IXFh R AEAL ] Cache Conflict Miss IF 4 T Bit Selection.

TE ARSI, JB3R Hit Time [ L1 Cache 1R/ 11X 2K Hash #Lil], {H 21X EET7 74K
SR BIAE —LEALBE RS 1) MLC A LLC Bt Rl RAE R B BN LLC Z . /£ MLC 21 L,
Z A3 F 1) Set Selection (152K S8 42 187 51 1M HLAT Z41H) Bit Selection 77 2.

Bit Selection 5 I HTy K K15 K I B2 AE I B Set B, &0 AR . X PR FFAS
Cache SRR 2, XA 15 R G AT 2 T 754 FH A0 3 Y A7 I 75 OGR4, PR ikt
AT 5PN AE S ECAE G — &) Index-Aware Hi% .

PR R G0 2 A8 4 ML BRI EE P9 77 o PR R LA, 03 N A7 20 s T4 4KkB®
KNP UTTH o 248 R T 75 EAE H N AEIT, $50E R G000 M 23 IR A At g FH — AN R A8 0
[fii(Available Page Frame). 12 HUA FH A7) B 0L 1 (F) L FE R ERAE R GE 1M 7 o

U BRI ARG, AKB R FH I T AN AR LA A BB Index-Aware SV K4 B
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A LA RGLEE XA TR, FR8A R AR R, M TER. ERZ
g, XAPC TG S 2 RIEMEENLME, To OB . X1 Cache TN &, XFh
TGP E AR ME 1 SR BB AR A2 AH X I BE AL o

s O G itl| PRI 7 5 BE AL A2 AR K HE RS, T ELIX e P — AR 55 7738 SR 35 I 1) = 3 PR AN
2 a] /s tE, KALH I Cache. X A#i— &%) Index-Aware 25/ Memory 43 Hit 5.2 45 LA
FIN o TEAEHIXEE Memory ML EEZ AT, FRATESENARA 2 UG, — g2 anfr iy
7] Cache, HorE MK 2-8 fir.

‘ Virtual Page ‘ Page Offset ‘

Hhik ok .
‘ Cache Line Offset

&

Page Frame Page Offset

X

Real Address Tag ‘ Cache Line Index

P N
Bin Index D “-- Offset Index=2

} Bin Box0
} Bin Box1

& 2-8 4 T1#1%I T Cache BYIER A [30]

|
@D
~|OU1 A (WNF O

EZHIEOT, BERSZLL 4KB NHBLLK Memory M NZ AT, W EEIFTR, X
N 4KB HITTIL S Cache Line Index 43l P A58 43, Hrp 7E Page Frame H I3 70 85 A Bin
Index, 7E Page Off H1[{J3B 4> # A e #% A Offset Index. PAMLIEAT 04T, Memory 43 it 525 4
STNMIRIE, —I4E Bin Index Aware, 73 —5/& Offset Index Aware Memory 7R 57Z:

AT E FC T EA 21 Bin Index AL . HR4E Bin Index HIAN[F], Cache #%43 /4 Large Cache
F1Small Cache 2 . 24— Cache )2 = [ LA Way £k T 52 B FH 4022 TUTHIES , IX ¥ Cache
Wi FRA Large Cache, R ZAEFRA Small Cache.

TEVZ B RFEN I, 12 F1L3 —M#&RJE T Large Cache, L1 Cache 7 ZRLIF LI
%€ . U1 Sandy Bridge L1 Data Cache [IK/)NN 32KB, 8-Ways 25#4[5], P& Z A 4KB, AKX
T+ 4KB TH, 1% Cache B[I’/y Small Cache. #1%l Opteron [ L1 Data Cache & 64KB, 2-Ways 4%
FJ[6], Wi Z TN 32KB, KT 4KB TiJH, 1% Cache EI’A Large Cache.

TEE RN 4KB R 2 HERE R G T E B TR R/, A2 E RG] LAE
JH S8 KA 1T 21 8KB, 16KB 25 . iX {5 Small Cache 11 Big Cache fIRI AL S 2L HIA L,
M H5#E R0 BARSCIIAOC . — M3 TR/ NE S5V 2 A, TUREER, #
Fr A AR R L, E R S A SR TLB Miss Rate WLk, 7 _ESCHEFIM, 7E Superpages
H A7 1E ) Allocation, Relocation, Promotion, Pollution 1 Fragmentation Control &5 T ] @,
Bl DU /ISR RGN, HLfR e B AR 1B P 1R

Ty AN B R A, X B Y L 4R SEBR S R BB DU . £E 1GB K/MNP Superpage
AT, Frf Cache #M1%J& T Small Cache, {HJERAMW A M HFH IEXFEALTHIXA 1GB 71
T, 7625000 T, 1GB K/ Superpage 175484 4y B /1N (43 BT T, W1 i 2 4KB, 8KB,
B R HARR T .
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Bin-Index PLACSRIE [ SLHLEL fi 2, AR EL T AE(E A Cache B, JREIYE) S HELEIA
[ ¥ Bin Box H1. Wi 2-8 fi~, fE— Bin HIl W A4 T Set, Set Hib A4 TN B
TG, 4PTA Set [MITE HE ST EI M S RIS, Wi S E A B T K AR A8 A XS Bin Box
i, 7E—EFEE 5] K Cache Contention, E[ff7E Cache H 4754 HiAh A H ) Block.

X —AEFEF, 774 Cache Contention JGLAAE, —ANEF2 {8 FH 1) B A0k 1k = [H] B2 AR
Hgl, (HIRAERT RS T, NAE 0 B i S EAT Bin-Index ARAL FBL, ¥ “BaEHL”
L — BRI S 2R, XA “BEHL” AMEAE “BEPL” 1, T A SRR SRR,
MG T — 2L A AN Z I Cache Contention.

[30151%5 T JLAN 4 B/ Bin-Index HIfEALEE1Z:, 41 Page Coloring, Bin Hooping, Best Bin
F1 Hierarchical. L8R L EZTE FreeBSD Fl Solaris 152! T L8, 7E Linux R4, HATM
A FHIX 2 Bin-Index &.iZ:,

{HRBAIA BT H N Linux REEAEHXRFEE M RBOERICTIX—4510. E3Or
REIFTA Bin-Index FIEARA HAL SOAIE Ao T HNFEM S S BB, AE A Bin-Index 22—
' Bin-Index 535, [FI7EVF 2 IZEHIIP) Cache ¥ i1+, HHT Virtual Cache F1 Hash &y 1)
H, {815 Bin-Index HIEFEA ISR IR

Page Coloring 5% NI ., HEEFHEZRIH T Virtual Cache LFE Gl JHEE, KRN
TEZHUE N bk & S21) Virtual Page 1RZDTE Cache s, BEATAE S BC)EE DL IS, i
SHRAL AT DL E A8 A R AL bk AL, M AE— EF2E L% | Cache Contention. 153
— BB RGO, X EE N R N LUK 2 BT S R SRR PID S8R AT
XOR-Mapping #:1E; #—0H B2 WAZE L, 7 LR Z BT R -5 W% Logical Processor
ID #£47 XOR-Mapping #1F

XA T Virtual Cache UTUEER), FEAEURAE Bin-Index HiEAFIEH . FINTEZEL
LR, Virtual Cache {1V 7E 75 i3t — B B&MIK Hit Time Y L1 Cache F# Y, 7F L2 i H =2
[ Cache H1, R/ X AP R o

TE[30] H LY Bin Hooping, Best Bin Al Hierarchical Bkt IF AR 4%, IXLLE LA
H Temporal Locality JE NI, HAEANSZINS IL[30], IXEEEVERIEAE 4%, WHBRITEIFRLE,
TEAER AR RS2 B S5 52, (M 28R AA R k.

TE— N EER G SZBIF, Memory Allocator & —/NEH EE M H A, HikitREE
Ko H—ENLES )T RN, B ECE BN, SAREAEH L IRAER S 5.
6 FH 0 38 S DU 3E 376, L P R ) D D)t AR AR R B2, WA — Aot (R HE T
B E—> Memory Allocator [ 117 75 EL 507 H & 1247 %%, Wl Footprint, False Sharing,
Alignment 1 TLB (AL 55— R %1 in] /8, L7 Cache-Index AL AL A R,

V2 HA/E RGN T Cache-Index AL, L35 Bin-Index 1 Offset-Index. —LE#5:/E R4t
41 % 7% 18 Bin Fl Offset [ Index, F4 3414 Cache-Index, #3444 595K /& Hoard £l
Slab. UTEAEM L T —LEBEHT A Cache-Index Aware .35, 1 CLFMalloc 1 CIF(Cache-Index
Friendly)[31].

TR e BTYRARAE S W] 53K A5 1 I SR LAk 9 Cache Index FRPPSR, U (dT47) 2L 0T 1] Ak
53 Cache BIANFE] Set o FFEGLE Y —BH M2, BIENEAD HFRE] 11X Le 540 [k
77, XTI e T REAE SR 1) B USR5 BRI . T IR St A nT Re A K
&yt AR TR VYT v ) SRR

FIMEFRATE S W E A Cache H & ) ZwE5 77 30 F SCLA—> 2-Way Set-Associative, Cache
Block £ 5208 64B, il K/NA 64KB [1) Cache i HH I A I g FHZEL RS 7 2o 7ER FHIX M7 X
I, 1% Cache f Set £ H Jy 512,

© TLB Translation 4t T L1 Cache ¥ 4 [# Critical Path H, Virtual Cache 7] LA$% i i 3 2022, (R SR & — ML .
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IXFh&E#I ) Cache 55 Opteron ) L1 Data Cache 28181, Wil 2-9 Fizn. M FSCHTIR, Cache
PR 2, — N2 Tag A, 55— AN RERFES. /£ Opteron 1) L1 Cache 1, Tag [§%l)
i1 512 4> Set 4%, &4 Set () Entry BLH A 2, FARIER) 5 —— %M,

[&] 2-9 Opteron B9 L1 Data Cache[6]

FATE SR Cache ) Data F£%1. fEHARALER S 4LM T, MZ4E 7 Data [R5 5 %6
BRI A Set, TERE—A Set HEH LA Way, 1 HE— Way HZ 4> Bank k. H
e MNPERSEI B, Data 51 AH & —Et SRAM, 1 FZESE F ) EE bk 48— 2w B9 . A Silicon
Design 1% &, Cache [¥) Data FE%I B A bk, H4gmid 7 X El 2-10 s

P Set Number Bank Byte
15 | 14 6|5 3|2 0

Way Number "l

[&] 2-10 Cache BY Data F&EFIbHE4RAD R

%t 64KB K/ Cache, —3LFEH 16 AritihbHEAT4abg . AN, FRATZBEIX AN
IS 6 A7, AT 18 Set Number FI1 Way Number. — Cache HI¥3E bk B4 iE 4, KRG
B Way Number XI5 il 2 NP3t bk 12 22 1)1 2

CPU Vi in] Cache B}, B 4ef#i H Set Number 1Jj[n] F-Ht, 7E 2-Ways Set- Associative %5471,
AW IR RN L, 2 )5 X SR [F I g N — B Way-Select #47Fo FEIX TR L
NI Way-Select FiF B R E S Ty 2 1 1 454 .

TEIAREH S 1, RS Cache MIEHR 9, WK E L™ Way-Select 4, LAALAL
Multi-Port Cache £#4). AHM.[), AGU tHLZi B &4 Z EHMEIIRE 1, 40 AHRIEAFY) Tag
FEF . MIMEREEA TR 3R E R B 2 AGU, 4 Cache B £ Tag FEF1| LASCRE Multi-Ports
Cache i, Z ¥ Cache MSEHARMAETR, ZHALHEBNAE L1 JZH LB 0m 1, HAh)Z
THAKSR1E % Single-Port £5#4)
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2-9 F1HRI Cache Z5HMEH 1 2-Ports 45ty HEZ A H—> Port 5t 75 EAAM I Hil—
A Tag B, WMHEATR TASVNAORIZ I, 1 HiL 2 1) Port 3 574 Bank Conflict. 7E3
RIRZERIISEHLF, L1 Cache Z T Z A 2 4> Port, 1R/DEZ K Port. [FII N T 3 FF Cache
MK EEME, Opteron MIZEMIBEE T 3 A~ AGU 34, MEGHIL T 2 4 Port AT E 1. Hr
TR Z IR R R x86 AL &% EA HITHEAE SR Le s T id T8 4%

f£ Cache ALY, A — T THEGINTE. 2 CPU X — M B HE AT V5
F] 7% A 1E Cache HHn R}, JHH M — Cache Block {1 & #. Cache Block (1] # &y %}
Cache Hit J3 2 #44~ Cache 1T B R EH EL,

2.4 Cache Block ) E# & %

TEALERZR RGMET IEH WIS TR, %2 Cache &b THIFRES . 1T Cache %S &
INF FAEfE2E, Cache Miss B A5 & 2E. — 1K Cache Miss AN kB AL P28 75 B2\ T 7 1k s vp
SREUCEE, 1 L2 Cache f3— Block & i % .

ANFE ISR T AN[F] ) Cache Block 5 #5035, ARAN G KA Set-Associative 7 3\
] Cache Block & #/5i. {EPHRIX L WV 2 1T, 752 T fiff Cache Block FFPIRFS . Wil 2-4
FioR, 16 Tag BRI, B 7 BA HUBHE B 2 45, 5 Cache Block FRZSME B - AT Cache
— USRS AS I Cache MRFSE B IFFAAHIE, Wl linois Protocol[32] WrSUAE F [P AH SR ZS
BR, ZIBERR )y MESI B,

1E MESI 01, —~> Cache Block il & MESI X PYAMRASAL, WS EZ 2K Cache
JEIREERIRIAELE, MESI IX EEARZSAL (PRI X N 4 — 28 7EA L5480, Cache Block
FIE S —A LLock)hr, 4iZAi A %0}, 1% Block NEMEE . LALHIAELE, BT LU (LK
TZEA ] Cache AU RS SRAM,  HEAT g HIE A o f8 FHIX PPy 7R EEH E

ERZAEOLT, EfEH G Cache MRALEE FATREA W CPU H & I ERNLE] . A —
P TF B AT B e R R R ERAE, nl & M B8 5A B AMEA SN 7, RIfiH K
THAKRMRGEN . XA RIX LT B I R, A 2 75 2 S0 5 v 2 1 R AL A
5y, ANEIHE, ARER MEERE, AR

£ Cache Block H', [ 75 MESIL IXEOIRZSAI 2 4F, A — LR IRIFPIRAS AL, X ERAS
{75 Cache Block [ 5 4 SR ME AH G o« FZEREAT Cache Block B8 45 i) 7 AR 4 1% SR A7 ) 7
TE[A]—~™ Set H Cache Block [P B I, < JE Ik BEA1E I 523ET Cache Block B 4. i H
) Replacement 5.7A4 MRU(Most Recently Used), FIFO, RR(Round Robin), Random, LRU(Least
Recently Used) £l PLRU(Pseudo LRU)HL7% .

Fii A DU & #5955 Belady's Algorithm BLyEAH LLEIASZ L. Belady 74T LXK
SRIEAT TC R BT, FF DA B 4 A Sk s A T ) P AN FH R 8508 o X e B AR L A FR A
AL HEIE, Belady's Algorithm Hyk R AL E X, FOAREHTIMN-— Cache Block 7EALH 2%
F G AR AT B T8) 3 A SR (P R R IR PR BT 3R SE M » IXANFE R AT
FM A FIER L — A e bt

ELL_E AT SEI AN 52 52399, RR, FIFO A1 Random 1% 45 % & Cache Block 1% i 11 75
S5 B . 1M Temporal Al Spatial Locality 75 ZAKHIX L ) 5045 5, X {8 15 R e 28 M) 3% A i
XECETVL, MAEA LRU KEYE, XANEME RR, FIFO Hil Random #A LA .

PRI Benchmark 5 5 [23][35][37] 2 (X 56iE, 7E Miss Ratio HI5 %+, LRU 28T MRU,
FIFO Fl RR ZRHE . XWIHFAEMSE LRU E LI Cache B RE. HeL b, fERZ
YT LRU BRI R IAR S FikE . % & 4-Way Set-Associative 7 I Cache, fE— &LV
1] ¥ %1{a, b, c, d, e} 2 [F]—> Set i}, Cache Miss Ratio JE# 5.
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XTI RN, LRU FFALL RR, FIFO Bkt 20, HESWR 55T Random ST
o P FIRATEREFR B NRFE 13 5ER LRU 55T RR, FIFO AT B SC 4 K (AT A —Fh
7 SRR R o FRAT T T DUR 25 2 AR B T~ LRU S B AY) DT & e 507, 18 2Q, LRFU, LRU-K,
Clock 1 Clock-Pro 512345,

XECEEAE S A At , Web M SRS 2] 7)) Z IR . Cache 5 EA-Af A1
Vi 25, KT EAPE RS AN A V7 v 22 57 IXAE AR50 AR 10 DL i B 4 Bk
52 1yl e s 1], 43768 X Cache W52 Z S AT LRU/PLRU S92k 25 1 Al U2 s . PLRU
L SCHAR X BN T L IX AL AL, TEIR SRS HEA R, A2 UFIH A

LRU SyEFH-3A R AV IR BOX AN B EAF S, {EALEE File Scanning iXFf' Weak Locality
JIA Mo T HAEER VTR LET™ S Cache A K—LL I X S), Miss Rate 5% /5i[42]. LRU
SEA JUMRAESEITT 2, 40 LRFU AT LRU-K

LRFU 5735/ LRU Al LFU(Least Frequently Used), LFU 55325 (1) S B B2 o 2 A0 40 5 0 U5 il Yk
/D EAR . LRU-K B8R U U7 M REL, K REmKfE. EARNUIIRECN 1 1)
TR AR LRU SEREAT B et AR, YA U7 a) X ECHy 11 DT D 4k 2R 25 40 2 19 0 Tl EL B K,
KT LR, ZEES LRU 5L, 7ESEHH LRU-2 BVEBON T A .

LRU-K 538 FHZ A Priority Queue, 55K 2% O(log,N) [39], 1M LRU, FIFO X3R5
ERIEEN 0(1), KA IXFhE LR Overhead H& K, £~ Queue i F 128 [AIAH B BHAL, IR
W% . 2Q FIAB) I THRIE R AEREF LRU-2 RUCRAAZII T T 2> Overhead Jf
GHMTHE. 2Q FEAPIMLIL T, Simplified 2Q #1 Full Version

Simplified 2Q [} 1~ A1 A1l Am PINBASY, Forfr AL f£H] FIFO 59%, Am ] LRU Sikit
1T B HRE. AL TP BE Cold 4, Am H T B Hot Hdfls, b 7E AL BB vT LA+ 31
Am, (HRAREHAT & A

USR5 i B p 7E Am P DR LR Rear™s WISRTE AL b, G HBEER I
AF Am o GER p WA TE AL B Am Hian iy, ZRAETHIX LS Queue I RAEE], #
FOBAE] AL () Rear; WIREH T RANE, WA AL KA EL S Threshold 24, Hid
A AL ) Front B2B&IHEGE, # p AU AL Y Rear; 1SR #E L A Am i Front #2B&1H
g, K p BN Al ff] Rear.

TEX PRSI, AW E Threshold ZH( B RHE, XANSHUL/DNLE K, #LES
P AL AT Am B3R . XS EUE Access Pattern XA AR AVINHAR ERf &, R e & B A T
IXEEZT ], LRU-2 BEAFAEFFERT A @, IX 2 Full Version 2Q 572 ff pe i) In]

Full Version 2Q ¥ A1 43 Alin Fil Alout P54~ Queue, H:H Kin A Alin FJBI{E, Kout
N Aout SIME . IAME Alin Il Alout HANFRORAFER, T2 dkisst, XM Am
AT LME R BT Slot, fE— &2 B T Adaptive [1)17] &

AR A PIEE x 75 Am HRr R DR LR Rears WIRAE Alout dn . JUIFEEA x HIIE
BAEszm, Bl reclaimfor(x), ZJ&¥ x BLN Am B Rear; 1R x 7E Alin P, AEEMIE
e Wk x WA AT queue HarHr, T reclaimfor(x) JF 4 H BN Alin 1) Rear.

WS Alin, Alout 2 Am E G Z¥H Slot, reclaimfor(x)ft 26 ff FHiX 4™ Slot, 5 NIAE Am,
Ain I Aout FEE W, GIF | Ain| KT Kin B, TS Ain (1) Front 4bF2FR identifier vy, 2R)5
FAHT | Aout | /& 75 KT Kout, IR KT NIVEIK Aout fY) Front A4 y, BN EZED y. g
Ain F1 Aout A I BIME, WVEIK Am [ Front.

X SEREHAHE T LRU S09%, T LRU BRI WA H] Link List 77 2QSRBL, 7EV7 A ar b i, 2
PE M Link List i Front BXH 57 [E] Rear, /& “E Replacement i, YUK Front ZUHE K B i ik
A Rear. XMMIFEFEAR SR, HaZ® )7 Link List I AR IR A GE 228K .

@ bbbt B SCEEAT T . (391918 H Front A& Rear, TSI Front B2 RREHE, ¥ER N F) Rear.
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Clock 2R DAAG 4/ 1 il [ B 1), 177 J HABILAK) Clock-Pro SV A FIFO 81T
B EVEZ R T B2 . 41 FIFO HykS LRU BEAAE L [E] il B ot 2 3% fi F
Vi IRBUXAME R, A& T A PE Weak Locality [ Access Pattern.

Second Chance HIENESLI FIFO BVARS AT 71804, 15— EFERE L nT DAL Weak
Locality [J Access Pattern. Second Chance 5% % K H Queue 77 :USHE, 4 Queue HEE—>
Entry 1% B 7 Reference Bit. Vi, $ Reference Bit B N 1. FE4T T & bt & 4%,
Front f84%1, W H: Reference Bit N 1 I}, J&F&1% Entry [f] Reference Bit, FKEiH N Rear
JE Ak SEE R BRI A Entry B Reference Bit A 0 5T B i lE, R HIEHEIUN Rear
J#iE % Reference Bit.

Clock B2 241X} LRU FEIT BRI —Fh el 7720, 7E Second Change ARl 2
3, BT FIFO 385 7%, Clock HVEA T E M Front 255 Entry NI 2 Rear H#AE, 1M
K H Circular List 7730528, # Second Change f# H [¥) Front il Rear &4 Hand $841EI T

XS EVE S EE S, HAAER H A0~ 1 104 LIRS(Low Inter-Reference Recency Set)[40]
Sk At MAEBENEI A B B LIRS iAo 17 LRU BIAE File Scanning, Loop-Like
Accesses Fll Accesses with Distinct Frequencies iXZ% Access Pattern [ B AN &, B8 78 HfR
kT Weak Locality HIE#E V5 i) o HENERCE Y O(1), FLSEIUMKIRNE Yo%, {HAE 1/0 fA0k 40
B, BT T AR I P AE A SR IR B R A 5 T AT /R T K

TE LIRS ZLyEA @ H T IRR(Inter-Reference Recency)#ll Recency iX i ~S 4. A IRR f5—
AT TSR P U7 ) TRJ RS .- Recency 48 LTI Sl — IR Vg 0] 22 24 i IS 18] PN A 22 20 D THD B 2248
Yilid. 7£ IRR Fl Recency 0 ANE S B (W UTIEL, R 9 HoAth 5T 1 7 2 52060 1155024 117 0
H e BU% A K Z 5. IRR Al Recency ZE IS~ B W& 2-11 Fios.

l IRR=3 l R=2

1234315356079

2-11 IRR # Recency S B E RHI[41]

Hrh i 1 Pk —vimElkgETs, RAE=AAELER UM 2, 3 14, FrLLIRR N 3;
DU 1 8¢ fa— R V5 ) 2 24 FT A 2 DMAEEZ R, ALl Recency 4 2. FATHE—A
IS AU F A, AR 2-12 Fias ) IRR Al Recency 44,

V time / i 2 3 4 5 6 7 8 9 10 R IRR

Blocks
X X X i
B X X & 1
C X 4 inf
D X X 2 3
E X 0 inf

2-12 %NTUEAY IRR 1 Recency ¥+ E [41]

XMV FAIMA, D, B, C, B, A, D, A, E}, HEMISEFREEATURIES 10 I
FT 43 IRR A1 Recency %4 . VATLMH D AHl, &/G—IXVUjmZ% 7 1, Recency N 2; R
2~7 WHA 3 ANAEERITUM, IRR N 3. H IRR ZHUN Infinite FLR1ESR & IR A FE 2 N,
B RZ IR ATE PR RG A], Br AJGVETHR L IRR 2240, LIRS B e B IRR S K
i, HH Infinite N AME: 24 IRR FAIEES, # it Recency i KA TLIH] .
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IRR 75— & F2E b n] DS T T A ) AR, 6 F— N U 24 AT IRR K, #1216 IRR
SERAIEA; Recency ZEHH M5 LRU. fERHT BRI, IRR HR5ET Recency, MTFFMK T
T — R Vs I AR Je 2 A S B0 B AR AR B U ) (BN AN — 2, AT REAE — IR VT I e
ARAK I T AR £ VRS o 2R Recency A5 T IRR, JXSEAN Y — Yk (1 508 152 B Ik ) R R K

TE—ANBENLYT ] 750, A — AN AR R B 18] YRS B 15 HE IRR R Recency 35T
A Gy o ABRFRATA T ERE #1152 IRR H1 Recency XA S 4. 1R ZIHBENE — N5 R
2% 1 o 7E LIRS HYEH UL IRR ZHy, HEAH —ANE Infinite, B4 7 2 LRI A4
RUIE £ infinite, Ll ¢ A1 D, BB FRATTFE 22t —20 LA C A1 D 1 Recency, H2FATR
BRI CeoDr EAEE R, FFAKD €2 41842 5.

LIRS B092: ) STV A B SR AS T IRR AT Recency 2%k, 24 7 — N3 T LIRS Stack
FIE S R . LIRS SVEARYE IRR ZEUWANIH, K DU 434 LIR(Low IRR)FI HIR(High IRR)#2K,
HR AL LIR T £ [MTE Cache i, RSB HTE Cache 1 HIR TUH

LIRS Stack U7 —> LRU Stack, LRU Stack K/ %€ FH Cache €, 17/ Cache HHH 4L
T, {EVEIK Cache HY (A R TLTIN H LRU &E, R LAFINT Recency FIR/N: A& —A
LIRS Stack S, H:H1{#7% Recency AR Ryax A LIR A HIR T Ifii, H 1 HIR W1 7] BE - ASAE Cache
W, SRR LRU B9, A RTAR, T IRR BR/DN: ALE —ANBA%I Q 4E477E Cache
H HIR DU, BAIIPUX ST AR 51 8, 7EF 2 Free LIRS, B LM ISTUMH . ¥
KBRS 25 R — RFVEBU N . FRATULE 2-13 Alt—D 3

3 ® O 5
% % 8 LIR block
@ - @ - @ Cach: size
@ |I__Iir =53
‘@‘ — ‘@‘ “ Lhir=2
® @ ®
H ] s 0 s e

& 2-13 18] 7E Cache s 5 A9 HIR T1E[41]

BAMF B 2-13 H Accesss iX FfE i, B Stack S HHAZTHEI{9, 7, 5, 3, 4, 8},
Q "FA7H{9, 7). Stack S fI{9, 7, 3, 4, 8}{F Cache ', {3, 4, 8} 4 LIR Wi, {9, 7, 5}
N HIR T . Hidr Cache B R/NA S, 3 ANERL LIR T, 2 NMERHIR T .

SFUUH 5 fIVG I 7% 7E Cache b, LI 5 E—A Free TUTHIHEAT TR & . LIRS
SRR SCIRAE QR U 7, RIRPESX AR S PR ESUNANE Cache firHs 2 J5 TUIH
8 M SV Q 1, ARAEM LURIEFET HIR, (HRZXATHRIITE Cache 1, FEHPTEH; 0T
[ 5 %A {E Cache Hdn, HRZLE S Fanr, F B HFE 5 BF AR, RS ATE Cache
. ARRAEAG LIRS SVEMISCEIANT, XTI M s vl LIS [40][41].

M & L Clock-Pro 5% A& LIRS ABFE Clock 5532: 71 (R4A I . Clock-Pro T LIRS #B°A LIRS
I VL . HoA Clock-Pro FLykSEIIT44 58 /), i& FH T H4E R4 1Y Virtual Memory Management,
FEAFE] T T Z IR S Linux A1 NetBSD i ] 115925 LIRS Siki&E H - 1/0 /743, mysQL
F1 Apache Derby i 115 i%. LIRS SVEBCNTEFRHAER | Weak Access Locality Access
Pattern [FIAbHE . 7F LIRS SV B2 J5, I V2 UL B #5509, 1K 88 f5 4k S0k 1 Rl 82 B,
— IR X —IRUEB] T A H BILBE 4 ) R A A e 450 1 R LIRS B3

Y Ruax N Recency I K AH -
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LIRS F1 Clock-Pro S {EIX NI I #1574 24 T Two-Level Adaptive Branch Prediction 7L
Branch Prediction A R o ZEVEAEHITEE[40][42] AN 2 J5, RIVE Z 1 REH 1Lt 72 .
LIRS FyERA S M, EIRE T 99 M2 FEHIR I X2 0w b2 .

TE SR B IR, WA TS SO FEA R BHEAB N B BEEAR S, EEZH
SRS BT T IR SR, AR EHIEMBE. XANEEAZE WD, 2
e RN Z A, RE K I & AR Wb JRo%

SZER BT AHEL , R4 E RGN N 2 T AT DA B 20 1R B ISR B8 22 (RIS 1A, st FHEE AL
[ 3 TR B 4 B . BARTERRAE R G AN N 2 TR T2 Y5 AT I R AR IR BBURK, (HRAEIX AN Z 1 s
FH PR B B Y5URH PR P BT ) T 2 Ak R A R 2 T b ER o AR B it v, IR 2 AR A
FR G AN JZE & B2 AR BN .

B ¥—> CPU [ 4510 3.3GHz, 1ERE— Cycle A5 300ps MITEHLZ T, RETEESER
45 Jz 1 n] DA FH L 75 BEA S 78 2 HII EIZ AT - EA LRU B3LAE Simplicity A1 Adaptability
RO AR, FEREER BB KRR R 22 N H . B LRU B2, 7E Cache
] Ways Number KB L 2 R IHEAZE Z PIESZIL . 24 Way Number KT 4 J5, LRU ik
R Link Lists 77 201715 R LERS A2 Silicon Design ANREH FE RISl 7. TEARERERZ, BE
# Way Number 3411, LRU 53275 248 5 2 1PIRES L.

NSO Y UL B e B X N-Way Set Associative ZHZH 7. EIXFPENL T, Cache
2 Set 2k, A7fif a5y in) dr b At Set I, ANS52M 24 AT Set Y UL B # 561%, FITiB M
B2 UL Set NRALHAT I Jfeifie W, Bise ™ S B BT A A7 i 4 U7 0] # 2 B )
[A]—A Set, AR &Y A HAth Set FI1H O

IHH H, 7E N-Way Set Associative [Y] Cache H', PLESZH Full LRU £ £ 75 & Nx(N-1)/2
NAFETCAWPIRESAL, BES _E A5 /ME 2 Floor(LOG,(N1) MRS A7 [23]. A1 24 Way Number
KT 4 Z2)5, i ERPRESAA R Ree 32 5 0, B T B RS 2 M e %
. XS L2 RZERI%E ] T PLRU 5053E/T Cache Block f) Replacement.

5 LRU BVEAHEL, PLRU SEATH 1 58D B4 idh 23 TR, 24 R 28 B 46 1T (%) I a] 9 450
1M H A\ Miss Rate $E#r 1% & 5 LRU FOERONEEL, AR R R 22T IRU K
15361, MIIAEFRAEA BT A3 2 1 CHUAE 1) S F o

PLRU B Azl 2, 4074 MRU-Based Fll Tree-Based /7. MRU-Based PLRU
H S 77 30 E NAE— Cache Block 1% & —> MRU Bit, £-fitizs Vi 7]y I, A0 3 BN 1,
FEoR8 24T Cache Block L #E4Tid 5 1. 4K Cache Miss TMiiE4T Replacement i, H#5-4k
4 0 HJ MRU Bit, fERFHEHAER, #EH MRUBIt 1.

KX Fh 75 7 BBt [ — 4> Set fITH Cache Block ) MRU Bit [FI y 1 1M K A A4
& —] 4-Way Set Associative f] Cache, H47E[F]— Set {7 —/ Cache Block MRU Bit 4/~ A
1, 4R CPU X$3X > Cache Block 1y [ Jf:fir R, JUPKE % Cache Block ) MRU Bit & 4 1,
AR HAATA Cache Block ) MRU Bit % 4 0, Wi 2-14 s,

Hit in Cache Block2 Hit in Cache Block3 Hit in Cache Blockl

MRUJ0:3] nn MRUI[0:3] n MRUJ0:3] nnn MRUJ0:3] nn

2-14 MRU-Based PLRU &%

£ EEH, ik MRULO:BIIHIAGIE J9{1, 1, 0, 0}, 4—IXAFfiE#s Vi inl fir 1 Cache Block2
i, MRU[O:31#ERE (L, 1, 1, 0} R —X Vil 4 Cache Block3 B, MRU[0:3]/%8 3 & 1,
N T G MRULO:3] T A ALAR A 1 1t BRAEAN, i HAh AL % 0, BP MRU[0:3)iE#% 540, O,
0,1}; FX# Cache Blockl B}, ¥ iT# M40, 1,0, 1}.
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LAk o 45 8L [36]1A N MRU-Based 23 /5 2U7E Cache Miss Ratio FJEL#E I, BEAL T
Tree-Based PLRU 7. fHAZMNSEILMIME L&, {81/ MRU-Based SEHLET, &F—> Set #
BN — NI P Bite IXFFAE MIEOCHE, HEEFE MRU-Based SLILEH R ANE —1 R
0 [*) MRU Bit I 75 Z2 R4, ikl 1 B7 1k MRU Bits S8 T EAT S 45 o

A BT S TR ) /2 Tree-Based PLRU 2L . I 30K LL— 4-Way Set Associative 1]
Cache ¥ PLRU IfEA 7750, fH B 2 Way ()77 AT SEHE. 7E 4-Way 1HOLZ T, SEHL
PLRU VAT Z IR E 3 AMREAL B0~2] 7B, 700l 5 4 > Way XM [FBEAE 8-Way 1HILT,
B 7 AR AL BIO~7); 10K N-Way Set Associative 77 %% N-1 MXFERPIRA AL, &—AN2k
PEIEK . Tree-Based PLRU 8 FH ) & #8041 (] 2-15 P

Are all 4 line
valid

Yes No

01 noE(—e\I/)\eZ?ifje I?ne

2-15 Tree-Based PLRU %8 3%

1E Cache Set ¥J4Atb 45 5 , BO~2 £ # 4 0, LES 7 Set H ) Cache Block IR ZS 4 Invalid.
AL FRART R Cache I, RSB HUIRASA Invalid Y Cache Block. RA7ZEXHT Set H1, i
Cache Block [FPIRASHALABAA Invalid B, Cache %112 %5 42 {# ] PLRU 575X Cache Block
AT Bt A

1E Tree-Based PLRU SZEH, 8 ZRiIFEIET Binary Search Tree, 1E N 30K, HAHERE
FIJE ST MRU-Based PLRU. 7EIXMISEILH, 24T Cache Block HIRAAA Invalid I, 4
AW BO MRAS, 25 dhoE 4k F W B1 B3 B2. W BO Y 0, JUI4kSEHIMT B1 (RS,
117208 B2 FPRAS: Wik BO Oy 1, MI4kZEFIMT B2 MPIRAS, 1288 B HPIRES.

G, Wk Bo v 0 M H B1 Jy 0 I, WYUK LO; fIUVEIK L1. 4R BO Jy 1 M H
B2 0, VAN L2; HNNEIK L3. WIKEIEM Cache Block J&, BO~B2 IRFSHFE4E . (H1F
VERSE, BT K4 Cache Allocate 5[] Replacement Z #F, 7E Cache Hit I, BO~B2 IR
BFRFETEEH . Cache Set & RIS I FFLI WIER 2-1 Frs.

% 2-1 PLRU Bits B9 E 0|

Current Access New State of the PLRU Bits
BO B1 B2
LO 1 1 No Change
L1 1 0 No Change
L2 0 No Change 1
L3 0 No Change 0

PA_E B RN EU A i AN 2-15 Al DU BILE & e Lo I, /522 BO A1 B1 N 0O,
55 0T R PR SR R 2 % BO A B U, 1T B2 fRFFANAR: [RIEEE e 13 I, 5% BO A1 B2
N1, HI R SR RN B2 XS B A B2 B, 1T B1 fRFEAAE
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MCHB DA BRI, AT 7 B2 — AN S5 Ui B PLRU B3 B e NDIR S IR 0 o AR 30 48
IR A U7 A 43l R T Rl Set FUANIE] Way,  WlF 1A Way 3, 0 A1 2. H BO~2
PR ST K 2-16 Fios.

& el s ol

0 0

9 OME BB BE B N® BE B

& 2-16 Way3, 0 1 1 3Bl 51

H BA L5 i) 81T LR B, 24 CPU 7 M) Way 3,0 F12 22 J » BO~B2 IR A J5 K 0b011,
B SR Cache Block 75 4T Replacement B, ARG i Way 1. 1X4N45 5 5 IR AT,
P BRI, AT AR tH— S AR DT i) A, R AL IR S IRU BIE AT
FZIEHIE, HE3E PLRU HILJE Pseudo 1.

MAE A B, A8 5 Tree-Based PLRU ByE ARG IZEAFE I . HH b SC AR mT
PLARIL Y Cache W | — M EfE #8175 17 /7 51 )5, Cache Set & HelRZ KA PLRU SvE3H1TIR
B, FAUR IR LA V) 0] J7 B S —> Set, 11 HAFAif 2% U7 [l 458 FH ) itk 9 7
ANE . XA RS E U7 W AN 2520 2] Cache Set B HOIRZS, & RN R Ui A 751
SRR, TR TREDHR Cache B B . i 21X — 223K, 11 H i 2 2t (1) 7
H 2, Bug— LR Offset B, Index CRIFANAR, Fo b Ik PP A8 40 (R A7k 25 U5 17 F7 571 o

N T t— ik Cache Block HIE i, JATFIN Evict(k)FH Fill(k) X 24, HrpZ
L k ¥§ Way Number. Evict {8432 /D IRAEE SV 0] J5 4 2K Cache Set A A% i i) it 5¢ 4=
Bk, fE—MEEME], Cache Set A& HIE R & LB € 1), H2&id Evict(k) IR A7 i
PR 1) A DICKE I 6 AR B0 s 4 55 Bk o T AR 220 Fill(K) YR A7l #5077 1) & » 1T LA € 7E Cache Set
HAEAE IR [ B3, Evict AT Fill 230105 R A0 2-17 Fiow .

Evict

Fill o
>

[d, ¢, x]
Seq: <a, b, c,d, e, f, g, h,- >

2-17 Fill(k) 5 Evict(k)&#1[37]

Fill(k) A Evict(k) S ETHE 5 20 2 G o AT vt . RATE TR S 4L Evict(k) .
WHRAE—™ Cache Set W AT A Way FPRZESHA Invalid, XFriEOL LA AW, LA ES:
K A ae Ui e, — & AT LUK % Set WIIPTAH Way Evicto QIR FTA Way HPRZAS#HEZ Valid,
XA IEOABECNE S, R B K IRAFE S Ui I Evict FTH Way.

TR AE—A> Cache Set N, YL Way 4 Invalid 4G LA 2, IXFEHIISTE 24—k,
T H— kA7 15 7] 7] ATE Cache H Hit 1] g Miss, BEHT Evict A1 Fill 250 THE 7145 N
Bk —2, JAUEH Evict, 1 Fill, RORFEAEAF VI FIE Cache H Miss (IIE L, TIAEH] Evictym
A Filly 275 HARAE L o
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FATE et B — IR 2 U7 [ AR 3 Cache Miss FRTR L, IS WS- 7E Cache Set P B
A Invalid [1] Cache Block, A2 Af F PLRU AR#AE S #R3mi A2 , 0 B AT RS A Invalid 1) Cache
Block. MLHFH— Set AT Way Evict BT 75 B (A7 s U ) B A 2% 2-1 FTs o

2k —2k:k =22+ jeN

Evict,, =
m 2k — %\/K : otherwise

AR 2-1[37]

M k2T 8, Evicty, A 121X & 7E PowerPC E5S00 F-Mift 1, Evict A /)N 32KB ] L1 Dcache
i B 4AE 48KB N AF XIS IR o {8 FHIX — D7 VAR 75 B E AN ST, — /N2 Interrupts
must be disabled, % —“N & The 48-Kbyte region chosen is not being used by the system—that is,
that snoops do not occur to this region.[43].

Rk — B B — MEER Vi P8, £ Cache Set 1, AMHEA Invalid [f] Cache
Block, T HLANE B — IR A7k a5 17 [l &R 2> B Miss $#4E11T 51 & Replacement #4E, F AT #E
FVi) 7L Cache Hit I, A3 2-1 3E— B AT 2-2,

EVictyy, = 5 logK + 1 AR 2-2[37]

TEIXFIENL T, X 8-Way Set Associative [¥] Cache, ¥ —> Set FTH Way Evict flf 75 %
HIAE 45 U5 W IR ECN 13- 1E Cache Block #4532, MLS(Minimum Life-Span) ZE L H 15 9%
1, BSHEEIRE— Way 1£ Cache Set /N . Wil —AE s e amh 17—
A Way, XA Way Z/DFEE MLS IR Cache B AEf5, A RS LT Set h £, Xf
T Tree-Based PLRU 575, MLS 1B~ 2-3 Fiow.

MLS(k) = log,k + 1 nal 2-3[37]

H PLEA S, BT BUR BT 8-Ways Set Associative (1] Cache, —ANM i 15 7] [ Block,
HAdr A0y 4, BI—ADRINI Hit, 5G# KDY Miss T Refill [] Cache Block, /% 4
X Cache Block # #i#51F J5 74 BE#; Evict.

MLS ZH(r] LAFS Bl 434 Cache [ Hit Rate, XJF—ANCVANSVEN Cache, o] DAFIH 3
SERLI, A OKHE = Hit Rate, R TEREATIXEEARARI , 75 2293 = 5 = 2 IR 4H 715 . 5 Cache Block
EFSLIRANICH Filly A Fillon ZHITHE AT 2-4 P,

{ Fill, (k) = 2k — 1

/\= _
Fillyn (k) = Slog,k + k — 1 AR 2-4[37]

B 7 PLRU ByEZ 4h, SCEE[37]%F FIFO, MRU Al LRU #E47 7 VR4S HE S, IXEETER]
HFEFHAE I, WA EEEE X BRI 583, (H @i X fE S 52 B Fill F1 Evict BIEAIAH
KZH, WARATLLM Qualitative Research (11 FIRiE—AN B #5095 H £ (1) Beautiful, 771
FEXT T AR Cache B #L L, TEIRAFHEZ Y Cache [AI[AR G, FIBCNEZRH 2 A0
R E ) Cache —BUMESE R RIS HI 73T

e[ 1% A Cache Block ] Replacement 5772 /&—> Trade-Off it #2, WA AL —E &
LK. 7E Niagara F1 MIPS f 2844 ) SE IR B AF A 1 Rand 5L, X NRIESCILE F2 RS
fATER, e SR ABE 23 LFSR ATl —ZHBENLF 41, 5 Cache Set H1iX B &R AAHLL,
LFSR fi FH B 2t Jsise b, 1My HLAf 7€ 75 & Replacement HJ Cache Block B F2 JE 5 HRIE

AR 2 PRI 25 S AT AT LLIER] Random SEA N PLRU, (HE2XMNEIEEH THR/N RS
BHIE, M H RSB FIAEX T N ORI TR, TR v] DA AR B0k o BRI AR
2K Trade-Off &, Random FLi%kIFANME % .
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TEAR R AR DA i 2 VU B e 3. PLRU B2 5, WAVFZEXHARE
H A 5, IX LEREVE ] REAK IR & Trade Off. (HE A B2 G & wiX g IR, 7ERA BONHE
W EN TSR AT, AReEENR. MYREEwHFAER. NEKILEE, 2R
HOFE E AN AN E S XL RO E I R R A 2 5 2 N A

E—MHEARFEANBNRE KRB, IRMEA B . B20HE, ES5AEEL, hiFed
R IR ee A, iR ERIB S i, fEVF 2800, CS F EE R R Bt I A
FEARKEE F B MR NE BT AR A IR BAR B 25 R I fige L VR ZE T O 55455 2 oA 25 A ST ) K kA
1o Cache B #REVEUIL, ARSI, AR S E I FED .

I HABESE MLP 5 ig kM1, 2 I N B 4657 Cache Block (B # 5%, HIL 17—
Z%] MLP-Aware )% #5092, 41 LIN(Linear) Policy[44], LIP(LRU Insertion Policy), BIP(Bimodal
Insertion Policy)#ll DIP(Dynamic Insertion Policy)[45].

HoA LIN BYEMRHE R Cache Miss 4324 Multiple Cache Miss # Isolated Miss. ' Isolated
Miss H 3L 3 37 5 /2 Pointer-Chasing Load #:/F, 1l Multiple Cache Miss &K 42 #£ X% —™ Array
HI#AEH . Multiple Cache Miss 1] LAFFATHAE, Amortize FTA 145, X% RE IRZ A AT/ s
1M Isolated Miss #& — MM EAEXTHERERZIN AR, 1448 Cache Block Bt HikIF A I £
IR LR R, T2 1 PERE. LIN SRR T Pax e n) @i 5] A [44].

LIP, BIP #1 DIP £1%} Memory-Intensive [P . {EF:LE Memory-Intensive N, 1] fE
FAERBGHEH Cache ZAEMEHRE X, M H a4 — @ W EIEAER .. mFRAESH
LRU 3%, i) Cache Block ¥4 MRU, TEMEIE MLS /> Cycle J& 4 AT REMR B #e, TiKE
ANNAZ 1) Cache Block VUK, MIMIE AL [ FAFFEEER Cache Trashing.

KH LIP SRR, NPKE X AR Incoming Cache Block ¥ & A LRU, LAIEE 4 Cache Trashing,
P RAERA L, AR RS PR AL, BIP J& LIP K. DIP S2X) BIP A& SEHY
LRU ST INBUAL#E,  DLSZIN Adaptive Insertion Policies[45].

k& 1 1E Memory-Intensive [¥] N 2 [ 2 A1, X FEAS W2 =55 11) DDR ZERT , 1243835 Cache
Block Replacement BT, BIARALR &S 1) TH AT ASBT 42 =7 () DDR RERTFEA i FIRFT6
#H, RAGIANEZH Cache JZIX, KA EE KK LLC, FEH 2 U Al LI 1 [F] I 5815 58 1)
Coverage S5 ANWTHI KK DDR AEAIVS I SER ILAC. Sobxiii, 747 —&H T2 Cache
ZEMJH) Cache Block & #:5.y%, 4 Bypass and Insertion Algorithms for Exclusive LLC[46].

XEEEER IS H 2 N E) EAE AR AR S U5 RER AHC, #2410 Cache Block #
W B ST S . IXON Cache Hierarchy FUBETTHHEH T T HIHEER, 43R A C 28 4F 5 HE LA
MR8, ME LV T LIS IR Cache JZ2IRE5H, BN 2%,

2.5 84 Cache

E—MEEE RS, 84 Cache 5% 4 Cache AL 7 A AME FH LA FrAS[Fl . 7EER
RALHEES R H, 1E L1 Cache JZ1HI, 64 Cache 5%(#i Cache I8 402, M7EH 51 Cache
ERH, 82 5B G, EE2EUIEM T L1 54 Cache /& R L1, [FlUt Cache Block H
B E PR D— 2, — UM AL AR 16T 5

L84 Cache MLL, %# Cache 1T 5B 52 . fELEIEITE 4 Cache 1 E 2R
He, fEZalmEY, ReSTETNHEEE Cache. 7EH T APITHMELIIH, x86 1A R4,
FI48 4 Cache AR AU/K L M THERCAE A4 FrLAATT A2 x86 AbHE#S 1484 Cache FHI
HHMRPI . XEGRES x86 AR A WPk G b FEARIZ TR BEAH G, Shah i
x86 ] Backword-Compatibility 1 Zk & 148K CISC F5HTHEEXS BT, XL KIFS X T
WATE R — AN TEIXIGRAEF, x86 ZEM AT R EMERK T — N X — 1R
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HHEFO T, T FRDA R BURBEW A5 T FAR A . B2 HE IR BIE BTN
PIFEARLERT T JGHE Industry K44 Intel 14F5 R 2 ARTE T AEE A AR 22 4538 b 4 5 T 2
W B NRERZ, Intel PR Z KILFERIFEZ N TR A S EATEE.

Intel fJEF—4X Tock, JL-F-#E7&M Branch Predictor FI11HS50ALFF 4R, FFIET 8 Hiil
#IELUWKYE Cache Hierarchy Z5H4). TESEEM T DI 55 1L AR MU 32 B2 R AR 1) Stk 4R
Tk EAR AR R G i KW DFER R s T4 — 2 2 AT 2 R HIFE S I 7 A — S A h 22
HEEMEEE. EIRASPATHEL, Misprediction & l#i 18 2Kk, HEFFIRZ In-Flight 1145
A, KT x86 AbHEZE, EF K AIL 256b TR 4, /& — PMAV/IMPFIFR S . 1M Cache Hierarchy
SRR FE TR T i 2 I G A . — /ML BRZ T R X Cache 22 )5, FTFITC) L.

1E Intel x86 AbEELS 1) Tick-Tock I AWZ Tk #24, Branch Predictor FI1THKIATEAN T
R, FEATKE R THLIE 2 SU% . BARTE TR HA AR BT OSFE W E &, (EE
BEMAH— L 5F5 4 Cache BHALAHKIMNE . 1E x86 THALMH, — %482 /K Lid i 4 7
N Front-End F1 Back-End P K57 {F Front-End 55 Back-End 2 [E]{# | DQ(Decoder Queue)
B, A 2-18 Fn.

Branch outcomes/Jump addresses

Instruction Fetch .
[— [S— Instruction
and

. — — Execution
Instruction Decode ecutio

Front-end Decoder Queue Back-end

[%] 2-18 Front-end 5 Back-end Z [B)#YX & [67]

Front-End 1 5115 4[] Fetches #l Decodes, 14§54 K154+ Decoder Queue, #H 4T~ Producer;
1M Back-End 7E &1 SR VFHIIE HLAE M Decoder Queue HERTFHE 4 IF41AT, HH4T Consumer.
FE47F Back-End AT R G, 75 B 45 B = 145 Decoder Queue, iF—25AbPE Depedency
FBEPEREE, RIS T A Front-End FF Branch Predictor /45 Branch 54 i &P AT 45
. Branch Predictor {1 X £ )t A /& 15 & 2E T Misprediction.

Front-End, Decoder Queue Fl Back-End Z [A] 75 £ WA TAFE, DAIRUFEEANFK PRz
¥, BAEREOUZ Front-End 1] LKL 3R - YRIE A BT Hh & %545 Decoder Queue, M Back-End 7]
DUt A Decoder Queue 3R13454, KA XFHT7 LT R EAWIE S Front End £
Decoder Queue F{$54 2% (Instruction Block), &t 7] LAASHT K42 57 ILP.

{H 23X Block %t H JFARETCPR I HE &, BIVTE DQ H 482U &4 Branch 452 V)
BOAE AT, VIBEHBEE L 148 2 m MR P AT (M B B IR AN SE, b aiAC AL
L2 B T 98 KA Branch Predictor J5 A FE BV FH 1B

{HREXT T —MELTIKGIT K SR, —IR Misprediction T K Penalty 17598 & LA
HRIB A TUKIERIE1T . HTIXLELEE, Intel 7£ Pentium IV ALERZSH, RJfEH T Trace
Cache ML LAf KPR FE [RS8 AU /K 263K A5 3 5 FE 2k B $e A

MAJT EE, Trace Cache MR —MLEH HZ I B EREE, XELELER AT HER
Iy BT AR S e LABKBE B9 20, iR HOs AT U, 1SR SRR IR & R EIES . WEA
AR KRS B, DHE XL G DRG] 4w E IR A AR A 0
AL XN RIS e EAR o SR ERE B, AR i A T R BE 22 1Y) 2 ] A
TR . RPET Pentium IV f ] T Trace Cache.
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XA G K John FI David FRA “likely a one-time innovation” [7]fFAR, 7E 4B kIR
B4, “Trace cache: a low latency approach to high bandwidth instruction fetching” iX s 3 &
ARG T HAZIR,

MHKARE IR 2 N 58 H Trace Cache $& s 1 B8 5 41 H AR ™ A B LU, {HA2
HHEZ 1 H AR PR A B, AR L S AL BB FI A OC1) Quantitative Analysis,
AHELS H Trace Cache J& — ME R KR IS 1S, B3 EAUKEER) Pentium IV # AMD ] Opteron
MR .. B2 ERAWMEEH .

Trace Cache HJZRCEEHANME FJEAEAR TS TGN, XTI 70 A % R (1) 152 7T
PLSHE 67313 G S . 7E Intel J5 4R AT MITAEAH AN WL Trace Cache HUEZE, {HAZHK
IR BE R E Pentium IV HZLE I 05 TG, HPpgHd 2] 2-19 For.

Instruction
Prefetcher L3 Cache
; N
Address t‘[anslauon > L2 Cache Lookup H BSQ
i FSB
Feedback from ‘ Two 64-b)_/te instruction ‘
Retiremint Stage Streaming Buffers
ad Front-End BTB = >
Branch
prgiklsaed BTB Miss v Complex instruction
i - - 1A32 pop Decoder
—‘—{ Static Branch Predictor ‘ |:
Feedback from
Retirement Stage >
A N
Trace Cache [¢ 12K pop Microcode
BTB »| Trace Cache ROM
BranchTarget
not in Trace
Cache BTB <
A 4

Decoder Queue

%] 2-19 Pentium IV 22449 Front-End[68]

7E x86 ZEKH, FLC Hi 4 fift v Ta 2 5% Cache, MLCs Fil LLC [RII A7 X i 45 404
X A7 AR A K2 B ZE KR ) Cache 27720, HA%FR N Harvard Architecuture,
BN THERR FOFRIT N 1% /& Modified Harvard Architecuture.

£ Pentium IV 2491, $54- K M L2 Cache T 4G 21X Instruction Stream Buffers, N fijfLid
Wy AT BT UL §8 4 78 L2 Cache Miss HI1# . 5 % Instruction Stream Buffers ANjif,
TR bl A R, 42 2K 5 2 M L2 Cache Lookup HLIGIERIEA Wb f£ 38 T 25

WRLE Instruction Stream Buffer H1[H#54 4 Conditional Branch i, %48 404 ekt 2
Front-End BTB EAT & 4K, W1 EXCHTIR, 78— MEFFHAT IR oA I B 48 2 VR AN TR L 17 2 4
Conditional Branch 73 % B T ASFHL, IR E0HX 35 2 AT R 0 F AL B .

X LeF7 A4 ORAFAE Front-End BTB 1, iX4™ Front-End BTB tH/2 —F~ X Cache, HH4
&S R AL 5 30588 X Cache 25481, [RINTE Front-End BTB A1 45 4096 /™ Entry, FTLA Miss
WA RAE, 1E Miss B, 75 ZEARAEAH B (1) B 4 FE VIR —A Entry, FFEFEIE— Entry,
HRHFASHAR ST M L, R Conditional Branch it 75 E 44545 Static Branch
Predictor it — D AbH, ARFTA IO IXFIF L
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W& Hit, 75 A BTB T AU 45 SR /& Not Taken i/ Taken. UI1H /& Not Taken, BTB A~
SRR A T U T WA Taken, NPK BTB T Target Address i%F$5
A TRHTG, 2453 L2 Cache Lookup F1JT, K Target Address $i [a] {145 2 £54# m) A% 18
%5 Instruction Stream Buffers.

*4 Conditional Branch M$84 #.7GH Retire i, 23 Commit 1145 AL %45 Front-End BTB
F Trace Buffer BTB. IR Conditional Branch £ 2% FIHAT 45 55 BTB 1T 25 S AH [F] i B oK
W= . AEBEIN Misprediction, &7k — R RFE LT, AHIEMHRIXANILE.

Instruction Stream Buffers 244 CISC 544k 245145 IA pop Decoder. Decoder 44 K3
1 CISC 48 2Bl 1N pops F1i% N Trace Cache, [AlI 4% 771% N\ Decoder Queue . I E Trace
Cache HIRAEII/E pops, MANFZ R UG KT CISC 54 . 3#543 CISC 54, W& #1% N 3| Microcode
ROM, HEATEFRIERY, XL CISC fRAENER, BH WA 5 %L BN pops, WAL
Microcode ROM /& x86 ZLH4 I JE%s, WATABGXATAE

PEIG 575 211 pops K i3k N Trace Cache. F: 1 Conditional Branch P&85 J5 75 2 i pops
T BT ESMERE, KA Trace Cache FYSEHILZE fT2 1L KX EE Conditional Branch 34211 B 1)
Fe U A e Y b bk & S I FE AT -

Pentium IV 24 Trace Cache ¥ 7 | % 1 BTB, Trace Cache BTB, JfH. 73 HawHh Z x4t
#& 100%, iX#¥ Decoder Queue F ] pops 7] LA4=3>K H Trace Cache H1 CF 1 L4 5E AL IFHD
FIFg A . X2 — NN, KIAfF{EH Branch Target %A 7EiX > BTB H a1k
W, BERTAKSA 75 E [RIE 31 Address Translation #f4, EAT#84 Tl . Trace Cache BTB fk#A %
51T Conditional Branch 55 AT I, Mgt — DAk 3,

Pentium IV T ZEHILE Front-End T & M%5 )1, FH&A SR K ekaengim. X—
A LF45 Intel w7 RIS S 2R e 2845 7, DA% 1DC [B1BAIK) Core Architecuture $KHL [
Intel.Intel J53)) T Tick-Tock i+ &, BEINALF5 1542844 Nehalem 15 75 i, R $R /& Sandy Bridge.

Nehalem 7% & Trace Cache, Sandy Bridge fll 224 tH5 4 . {H /& Pentium IV [¥] Front-End
AR ST, ATHSIR AT LAZE Nehalem F1 Sandy Bridge 2244 Fh 482135 H Pentium
IV #¥cit, H Front-End FRIZE 45 14 4n B 2-20 s .

. . Branch . . Branch
Instruction Fetch Unit Predictors Instruction Fetch Unit Predictors

32KB L1 I-Cache 32KB L1 I-Cache
h 4 v
16 Bytes 16 Bytes 1.5K pop Cache
L <p0ps loop buffer> l < 8 Way)
16B Predecode, Fetch Buffer 4 16B Predecode, Fetch Buffer 4
4 pops
6 instructions $ 6 instructions l 32Bytes
18+ Entry Instruction Queue > 18+ Entry Instruction Queue
nops Complex Simple Simple Simple nops Complex Simple Simple Simple
Engine Decode Decode Decode Decode Engine Decode Decode Decode Decode
4 pops L 4 pops ¢ 1 pops l 1 pops l 1 pops 4 pops ¢ 4 pops L 1 pops l 1 nops l 1 pops
> 28 pop Decoder Queue < > 28 pop Decoder Queue <
[ [
Nehalem Sandy Bridge

2-20 Nehalem #0 Sandy Bridge B9 Front End[69]

Nehalem F] Front-End J5 H Core Archtecture, 5 Pentium IV HHKZE R . Pentium IV B
KIRIBBHRZEA T Intel JG SE4UCZR M 11 Pentium IV LK 2R 110 22 B0 THA0A bk, B
T —AMEH Trace Cache MM . x86 ZLH4M CISC F5 4 FIUHK, 5 HADGEEAI A L iFAD
HFREMERIRZL . 1E Trace Cache LR LI B4 5E MRS pops & — AN HI AR
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Merom THZEFI Ak K T X AN AE, {8 Instruction Loop Buffer {4 B4iX £ pops, 7E Nehalem
FRIX N ERA-HE R N pops Loop Buffer, B J5 Sandy Bridge {# F—~ 1.5KB [1] pops Cache £ iX
P 28 SE RS ] pops[1] .

X~ Decoded pops Cache t# Sandy Bridge 42 f4FK 2 A LO Cache[1]. Sandy Bridge /i
LK L0 $54 Cache B T Al MR B2 TR RIS 45 R 2 41, B L 123 T Power/Energy 1]
HRE . MR — M RHATERE S, KR Loop J5, HEHM pops Cache H13RFFIES,
BN S A T7 ZE R LT 2 D FE

JJi%: Nehalem F1 Sandy Bridge P4t Tock < J&, x86 ALHEZSYE Branch Predictor #4%
T EARTE AR, HaE HEFRE .« x86 TZEH 5] N\ Two-Level Adaptive Branch Prediction[47]
Wiz J5, BTB AL IN4HTK. & T pops Cache Z %), Nehalem fZ&#) Branch Predictor
1 FH #J Gshare Predictor, Indirect Branch Target Array Al Renamed Return Stack Buffer iX J| /M &
HEEYE Sandy Bridge 2244k 4 [69].

5 Pentium IV #iLt, Core, Nehalem Fll Sandy Bridge 722+ {i{t T Front-End 511,
K% Tt — B SCEAUR BN /. AH RS HADGEER, W Power AT MIPS AHEL, A
#& Nehalem it /2 Sandy Bridge, ft Front-End B TFHKIATEN T KREFITIH. X T x86 14
REER), WYFAERST T Backword-compatibility 2 J5, A R HIEHLELAE Front-End ¥ 11, tH
VP2 TH—K, Front-End X/NERHARIEWNSFE 2 H K.

2.6 Cache Never Block

E— MG, AW FESE S ERRIKE, — MRS RKE. 55— Cache
Controller ff /K ZE, T CH LRI Cache /KL . 1X P2 /K 2R 1 SEELXT T F 2R 44
PIPEREZR CE L, R UKL IR IT Y Cache Jii/KZRAHIR, RZIMA.

1967 4 6 H, 3K I1BM [f] ROBERT MACRO TOMASULO 24 & W] T feJi LLH C4 T
EIE[48], EXANEIERAMTT Alpha AbFEEE, MIPS KbERZE, Power AbFEZE, x86 AbFEAE,
ARM RFIALEESS, B RF 000 HiARRIALHESS N AT BE. 1997 4F Eckert-Mauchly Award 1E
% T TOMASULO 4%, for the ingenious Tomasulo's algorithm, which enabled out-of-order
execution processors to be implemented.

2008 4 H 3 [, TOMASULO SeE kit BT 3AT. mSEEWRE T 28 0ok, RIE
TEEEXT ILP FIARALEE Y Memory Stall Tfi AbS5EARAE, TOMASULO BVEM FEAN I . BAAAGR ST
(W E R AFE Superscalar Fl 000, A758R G 524 5544 e S5 J5 i Hh 2% TOMASULO 5
1£H1 Superscalar ¥ UKIIAE T . NTLIRIE, AR A X IR MR T — B .

IM7E Cache Jii7KZ ", Non-Blocking JL-F-4%[F] T TOMASULO SHUVAAEFR K H AL .
TEIARALEE S, JLF- A Cache Hierarchy 111 1H#8K H T Non-Blocking 5% . Non-Blocking
Cache SEZHA Superscalar AR ESAEALHE— 0 K R IRAL T AT R,

BBEFE— Superscalar AbEEZSHH, —/NEFETFEHARERS R AT n 5485 . XERZACPES
TR E ZAPATIHN, SRR HIFATH. BREIX MO, JERIIREMAE x fragde
BT 59 BWy, BEARR Y 552 i AR 28 OMES:, WS ThRe AR 75 22 4 T A Be sl — X
B, 2 xIhREE 4R 2K T AL 958 1/4.

FE AN BT R A A I SR D RE BB A P o5 BB 7 EEA fye B A2 BWY/fx A
/NT n I, Superscalar AbFE 38 A BEE 78 73 (M FFAT, 5 WA D REFBAF LK ORI . PRI AE il
BRI, @I TR E Z N PATEAR M DRI LIRS BWy 3, URIEH — N
ERRAEN f S8 WA/ fx SEOF A REER B DSESIR, FOAE—ANG e R,
MBI BT EE, & SEE KK B2 6]
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BATTLKG BWy/fx AR R BIAE R IR S84 . R BWs AIRALLE TR AWK L 171
VTR BE, 1M fy NGRS R AT e, A4 HATE BWy/fu AN/ NT n B, fEi#de
Ui 1) B TC A AN 2 BN ALK G2 [ .

ATRA TS, —DNEREAR P FAELS VT AR, AR L, Ri%7E— Superscalar AbEE
W, (A MR TUZ N L1 Cache, 1 L1 Cache HIFE A FI%#iE Cache Pl 4H Rk, I
f8 ] Write Back /7 304715, L1 Cache i@ il L1-L2 Bus &5 L2 Cache i%#%. L2 Cache 5 A7
s R HAEEE . AR AEVT MAEAE ST, H eI L1 Cache 2 JE & L2 Cache, )5
PIE F A S RSt A A] DLk — 29 3 L3 Cache M Z (1) Cache ZIR, (HZEA T
fAfAS L, FRAUNH 8 L1 AT L2 Cache HITE L. FEIXANFIIRC T, AP S Cache AHIK)
FER 57 5, HE 5 Je7E Cache Hierarchy N2 /K FRAL A 1 %6, B BWs 4.

AR AT AP A T RIS, K SR Vi) L1 Cache, BEIHAT Hit 5 Miss BiFIESL. G
N Hit, L1 Cache 4 B L5 A Miss, L1 Cache #7724 — 4> Miss 13K, JH@id L1-12
Bus M L2 Cache H 354

IHH HI T Cache Miss 25| & Cache Block [ Replacement, U1 54% # #:1¥] Cache Block
A Dirty I, 1B 75 0] L1-L2 Bus #2738 Writeback 53K, IHH L1 Cache Controller 17 L2 Cache
RILPIREHETE R, — & Cache Miss Request, —“N& Write Back Request. N | $& 15 Miss
Request AL, 7E48 K 2 48 v 56 1A] L2 Cache 1% Cache Miss Request, Z J&
X% Write Back Request.

H B SCH o AT LUK IR, BWs S804 g i 1] B 1K T H SR AT 2022 JR#EAS Cache
Hierarchy [FJSEZI 7 2. BWs 2405 L1-12 Bus ISEI X, 5275 KH T Non-Blocking Cache
HI T A 5%

TEDUARTUZE A AR /D FE 4k 224 Blocking Cache SZEN 730, [H A2 FRATTHAR 75 B4 b AT
LB FHIX AP AR . 7E18EH Blocking Cache FUTIZEMIH, A Ui M WSRAE L1 Cache
Hit I8, AT DAEHESRGEUE, Aofmis 7K.

{H & 1 Cache Miss i, HI-T Cache Blocking [FJR A, L1-L2 Bus ¥ ##t4i, BHFIMNHLTF
RIS+ RE P PATEAR - H TR X PR L1-12 Bus — AL AT 4b B —~™ L1 Cache Miss,
WRHB LA Cache Miss [ITHHL, XEE Miss 15 K2 —HEBA 45 E— Miss 375 5d5 .
XL E K T BWs S0, MRS | Superscalar AbEE#% A 47 B o

MUL L3t B AT LA 3 Blocking Cache [ 2 ] @2 4 BE Cache Miss B, {8 FH 1 {52 S5 A Y,
L1 Cache i Z AN REALFE— Pending Y Miss 15K . 111 L1-L2 Bus — Xt H REALFE—FpHdi i
R, BHFE Miss 153K, B /& Writeback 153K .

£ 75 %€ Blocking Cache Z Hl, FA1FE EXT BWs ZEE— P 0T BRE—BFERF+
— AT T HeM IRAERE G SR, i H A L1 Cache [ Hit KB T MR Miss KB BT
A VRAGE TN 8 A7 28 17 0] 45 Bypass L1 Cache, fTLAE L1 Cache A7 Hit £ Miss (X2 F1R[1 Ay
A7 207 1) SR A A

FEIACALFRZS H7 L1 Cache B B & F A Ports, 1H N T AL AR, F-AI B 1% ZE L1 Cache
S A —A Port. 1% L1 Cache £ Hit BITEIL T, —> Cycle RIAPREEHE 152, Sty Ab 3R
H AN Hit #4F, L1 Cache —JLFEAET H > Cycle, WIRFTA A7 45V iH AL RE A L1 Cache,
BWs Z 409 1.1HJ2 L1 Cache AR BEKIZ Hit, BILAETH5E BWs ZHU, (A JEE 18 M 4> Cache
Miss F1E .

L1 Cache &b —IK Miss JiT s HII (8] Ty+B, T L1-L2 Bus FEALFE— IR Miss It 75 I [H]
N[Tw+B(1+d)] o HH Ty /&45 L1 Cache K H Miss 153K 2 J&, L2 Cache A] LLFZ AT 2554 Block
fRURT4E; B fi L2 Cache it L1-L2 Bus [A] L1 Cache #2248 —/M¥df Block FIRIH]; d 487 B k4T
Writeback 153K 17 ELA41
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1E Blocking Cache ', HF Hit fll Miss #/EABE/KALEE, [KJk L1 Cache fil L1-L2 Bus
FEALFE H+M IRAFAE 215 SR, — I 7 B (H+M[Ty+B]) 1 Mx[Ty+B(1+d)]4 Cycle. FEIXAE—A
WEFREE A%, BWs Z40CH L1 Cache F1 L1-L2 Bus Frd A 55 (0 /ME, WA 2-5 Fis.

H+M H+M ]_ .n[ 1 1 ]
H+Mx[Tp+B]’ MX[Ty+(1+d)xB]] — 1+mx[Ty+B-1]" mx[Ty+(1+d)xB]

Min[ AR 2-5[49]

HrA m A Miss Ratio, B M/(H+M). HHA T 2-5 ATCURIE, 24 m SN BWs 0K 55
LB . 558 m 2T 0.05, Tw%5T 10, B%T 1, d 5T 0 XAHEARER, BWs 5B
N 0.67. MR fyu ZH05 0.4, BWs 5 fy ZEHIELEDN 1.67. B AT DA H A X S 7Y
N, —A Superscalar ZbFLEAE W EA 2 /00 DUIFATHAT IO, (HR — IR IITE S
ARG 2%, 1 AF % a5 30 5 K O AT, mABHE RN RKL .. X RILE
Superscalar AL 225 54 Cache Blocking [ )5 Al JL-F Joik 4k 22k i .

R 2 R4 = BWs S8 $2 BWs ZEA /N A Rusis, — MRt L
Cache JG 7 %5, WHIHK T 2 im0 Cache M-S . 1B L XA 845 %K, Cache &3
In—ANi 1, T EFER E ORI, 10 H Cache ZFEMUK, XTSI . ZEDCALBEZE
L1 Cache Z AN AR, @il 2-9 flion. A TiE— D42 EIFF1T R, Superscalar AbFEZR 0
AT DU B 22 3 1, HR SR BE 22 i B

LEXT Cost/Performance #417 Trade-Off Z J&, Cache it 5| A\ T Multi-Bank &, —ub
AT SE BAIERT, 5 P4l Multi-Port Cache SEFAHLEE, Multi-Bank 55/ Port 414
TE 25— e f] B T B Bank Conflict (44L& » AT L3R4S 5 i 1) Cost/Performance EL[50].
X173 MBMP(Multi-Banks and Multi-Ports) 45 4 A IUACTMER M) Cache BETHHRE] 1 T2 M
. Opteron [f] L1 Data Cache ffi[H T 8-Banks 2-Ports [{J2H %45 #4[6].

XEERALARIR K23 T Cache Hit Iff¥) Cache 7 %5, 1A 2-5 fun, 115 Cache 1)
ST 8 TR 225 18 Cache Miss I G,  PRILRIEFRA T Hit B 1) Cache i %42 = 2 Infinite,
WIRASRERE DR ATR IR R, D ZHEZE L& 1/ (mx[Tyy+(1+d)xB])IX & 737 9 o

A m M Ty ZHEEAEE /N, T H B AT 1IN, XER T AMERF AN (H RS
AR, BEAEFENLESI AT, Ty SEEHEXHME — BEAAEARR S, TR R
PEIENN, L1 Cache AHXS AT BN, (615 m SHH—Dilkm . XAEAT Miss IHE ] )17 58
ZRVE. e H ARI AR E K 7 20K £ /) Outstanding Cache Miss JRATACHE, (#1524
Miss 7] LA Amortize Ty Z4, MM ZA M3 = BWs Z4L.

1X—HAE4F David Kroft 7 1981 4F IE X #& H T Lockup-Free Cache(Non-Blocking Cache)[51]
XNEBERIME S, Kroft Z UK E —21 MSHR(Miss Information/Status Holding Registers)® {7
Miss 153K . H4E— MSHR 55— Outstanding Miss XS . 24 MSHR /M4y N I, 1%
Cache %5 #4J B[l °y Non-Blocking(N) Cache.Non-Blocking(N) Cache RJ PLFf:4T AL N /) Outstanding
Cache Miss, T HAEALEE Cache Miss ¥ [FI AT LAFFAT AL EE Cache Hit, fZIE T Blocking Cache
FAEMIEZ M R, f§15 Superscalar AbFE 2515 D4k 45,

David Kroft, XAMEEAEERBAT KL URSCER, W VF R 00 ) P AR AN R 1) A2
F, LA LT, B2EJLARBEIZM Fellow F5i. fh{E Retrospective HIXFEIF
W XA

How does one begin to describe the dreams, thoughts and fears that surround a discovery
of a different view of some old concepts or the employment of old accepted methodology to new
avenues? It is probably best to start the account by describing the field of Computer Architecture,
in particular, the area of hierarchical memory design, that was prevalent around and before the
time the ideas came to light.
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As indicated at the beginning, a discovery is just a different look at some old concepts or the
use of some old concepts for new mechanisms. Mine was the latter [52].

MA R} Cache WIAAI B, David Kroft MBS, JLF&— M ANHTTLAAEER],
Ifi7E David Kroft #& HiX M A 44K, Miss Blocking J LT /2 BT R 1), 7T DARRCK 4k,
Cache ] 11 . David Kroft i LARERE & H X AN WCE IR IZ IR G A, 2t B 1a S A 25
Pk ) 5o

O Bt — e ERS U B RIS I R 5 2 4 R 2 i s LA S R4
W, SRS L HF AL B 1 &2 ST . B M8 4500 LU A 2% ST Al S 2 4 3t g A
% YRS TE KN, BTV o XL & — R . RERAR,
TR, R, EERAERER, EY R D R BRI .

MR AR R (13X e 25 10 R LA SE LB SR 1T DL AS Tk, H TR &28wit, J5E N
B Ty 8N 200G — LE BTN BEAIL B AR . S RS X R SR SO AERK . A
ZRRE G, KA 2 EASEAREE R BES, HEAkE TR R, %2
&, FE Tk DR ERN DR, Am A SRS 50 MG,  7E Cache Memory, At
P, HENRE, EEZSUE. AT, KT T

David Kroft $£tH 7 Non-Blocking Cache fJ[EIF}, T/ T ik LB, XA A %A 1
Elite /1A & . 7£ Lockup-Free Cache I J5 AN B N, &8 7 1 V1 24224, {415 CPU Core-L1
Bus, L1-L2 Bus, H 5 Bus Witi#t—0& &tk

David Kroft £ HH I HE R 4 WAUHR, B2 RRFEKED, D2 TIRAEREZX A
3, SEHLH AT A Non-Blocking Cache 2514, XML AFFEEL, David Kroft X4y [ AEVEIE T
AT, ARMETRB I AN, 4GdE5E3E, WIRE R IE T Statically-Scheduled ZE44), 4K
SRIGEH T R HE 2 1% . Ho S Dynamically-Scheduled ZEA4#E— 252433 T Lockup-Free Cache 454 .
X E AR LRI AEHEAT Cache W TTI I 7125

X ¥ Dynamically-Scheduled FJ4b B 2%, Non-Blocking Cache 5 % #1528 /772, Address Stack,
Load Queue, Address-Reorder Buffer B HA 7% . AGEINS28 Address Stack SEHLHLA, 1%
PRI SN B,  HIEAH s it il 2-21 fow

[ L [
[ [
I [
Block Valid Destination J_m Address Physical | Instruction
pit | DlockAddress | gy 7 ValidBit | Address | ID
Comparator LH Comparator Comparator
" 5 MSHRs 16 Entries Address Stack

[#] 2-21 EF Address Stack BJ Non-Blocking Cache[53]

PL_I Non-Blocking Cache [SEHLH, 57 5 4~ MSHRs, Address Stack [ Entries (L H A
16, fEIXFRSEILAT, GnIRGIAEMTE A7 a3 HH B Cache Miss B, 7% B2 S FI W A Yk U5 [ iy
7 BB R 2 15 IEAE R PIEL 2] Cache Block 1, 1% HE FH MSHRs 27 17 2H S AH B 425 i) 12 45 5
s HEER AR T RGE TR, FEAE A WX N 2R ) Pending Cache Miss,
12 HEHH Address Stack A AH N )42 1) 32 i S B

A~ MSHR /044 3 MBS JG, Block Valid Bit, Block Address F11 Destination Bits.
Hrp Block Valid Bit A &£ 7~ ik 4y Block Address HJ Cache Block & 4=id Fetch, A\ IC Design
HIfE &, Cache Block /28 Mk, B XX T A .

*4 Cache Miss I}, Cache JiL/KZ44 B 5347 4K MSHRs #7725 24111 Block Address, I/l
RIKE U5 17 /) Cache Block 72 15 IE7E#Y Fetcho WIERTE MSHRs A7 f7as 4l a1, 48K Cache Miss
B[l Secondary Cache Miss, 73>}y Primary Cache Miss.
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X}F Primary Cache Miss, 5 E1/E MSHRs 77 745 2H 3R 15— 251K Entry, JFIESE R
Block Address, 1% & Block Valid Bit, [F]I [a] H T (A7 i 8% 5 48 K 3% Fetch 153K ; W12R 24 H MSHRs
ZAAF AR AL A 2 N Entry, Z JE THZER AN BEAR L issue 171 4 1 5K, Cache L /K244 4 Stall,
BB A7 K Fetch 153RIR[E], B MSHRs 27 72 2H H1 R0 B Entry o

Secondary Miss FIACFAHNT A E % . MU TFZAA RS OL 1 . ASEERIEE R A T
ANE] ) S AL #E Secondary Miss . 75 Kroft [ 13 1, Cache Block f1)E #4% [ Word 147 754H .
Kt R Secondary Miss 15 1] ] Word J1 5 Pending Miss 1 3K 584 — 8}, Cache Jf/KZA
2> Stall, IXFh MSHRs A FR A Implicitly Addressed MSHRs[54]. 5 5 W AL &8 Explicitly
Addressed MSHRs, KHIXMH N TT, AT LG R —Hubk 2B 47 5 i) I, A2 Stall Cache
TKZR, PRGNS IL[54].

—AMRE SRR, FINERU 512205 Primary Miss F13H: 52 T Secondary Miss &
FHH—A Fetch 13K . (HRZIXF Merge 2 A 21, 75 ZH 21 Buffer SLHL. X Fp 7 =AY
TR IERS, B4 Memory Consistency illi& AN /N BRI o

4 Cache Miss 5| K Fetch 1§ R 2k [m], FEMH T HIfEEEE RS 1 3R1F Cache Block
ZJG. Cache iKE W FHATHL A MSHRs Zi {7454, FF3R4F XTI Destination Bits, F4KithH)
Wr, FTIRTRHIEIRE & K MFE 4 Cache, ##fE Cache, ILRKANE SHELETF ST A4, JAMTE
Dynamically-Scheduled 22441, 5 7 4t Cache Consistency, [r)# 5 N5 7% .

7£ Dynamically-Scheduled Z2#) 7, Hi-T Load Speculation [AFEAE, f7fif # i B lEAE R 2E
FIHIL Mispredicted 362454, B3 Exception B, 75 2P 7 2 i Speculative Load 153K,
BEE AT BLK B Address Stack AbHLIX R I o

Address Stack A Fully-Associative Buffer, Fi Address Valid Bit, Physical Address, Instruction
ID =B B ST RG2S 548 20, B Y61 Physical Address, 54T
# Address Stack, #1525 R Entry. W5 Address Stack % H =R Entry, F 774 Structural
Hazard, CLRUHIfAER RS AW E IR, HEIRE TR Entry; (HREZE R, W EIZ Entry
] Address Valid Bit, 3EH5 Physical Address, Jf 1] H F17AE 8% R Gt Ki% Fetch 13K,

4 Fetch [¥) Cache Block IR [}, <xFF47 74K Address Stack, 15 Match, & [l EdE ¥
HENFHR ) Cache, FIREIEARIELE FANTAEA5 . 1B TM/KE B TTH 7T DLk E 2R3
BEE 84 7E Complete i 7& 175 i J5 1 Commit MY ECRS, 7 B IEREY Address Stack ) Entry. Hff
FIRIBRNEIR, EEBNE R

E—UI#AGR “IEW” BIEDL T, 1R[EIf) Cache Block H:17 &4k Address Stack AT & TU 4
1. {HZ%FE Misprediction ¥l Exception AbFE 2 J5, FATARESHIXFERILE L. ML
KB BLIS , ERDPHTIZERIRAS Y, FTf Speculative Store/Load &2t 75 X4 Ml HT o

{§i ] Address Stack /77 ¥ i Non-Blocking Cache Ff, AbHEIxX 46 75 55 ByEBRAHN. Entry
] Address Valid Bit. %R AN}, K oikfE Address Stack 3K B4 3& 1 Entry. X T 17
ZRELIE R, BIEEASE N Physical Register, X TA7fiies 5ikK, FIBASHIESGA, Dk
o % FRIGTE BT IR o

B DA B4R, v LR ELIXFh Non-Blocking 13 1T EH I i 43 41 i, — & Cache Miss i {4
#J Address Queue, FIALFREHE IR [A14d FH 1) Address Stack. A [F] A ZE 4448 F 1) Non-Blocking
Cache Wit 77k KE/INE, ESZBEE L1 Buffer LI 24> Cache Miss, K /KT,
{12~ Cache Miss 1 3K 24 ] LA Amortize Ty S8, H&Z&H e BWs 4.

Non-Blocking Cache FINESAMEREME, FHEMESLI. SEHARMABIAE, (T151XLL
SEHL AR e . FEBARIZERI Y, FIF Cache [B) HLEXI 2R, KR NE T T ML,
1 Data, Request, Ack 1 Snoop VUZ&F il 284 ik, MI7EX VYT b4k a g, Lh
WD B . XL 1S Non-Blocking Cache Ff 1 8 B 24 AR S 47z
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TE RS LT H I X LA R N T Cache TR Ze )BT HMERE - FATTIE—20 %
J& Cache M2 IREE /M L1, L3 3| EDRAM, i — 525 [EALFLEE RGN CMP, SMP £ ccNUMA,
i —20 % & Memory Consistency A Strict consistency, Sequential Consistency % Weak
Consistency, 35 E&BAMTTARWEETI Cache IZ1THIR, SEREEREN—HAN
MBS A AT At BT TR T B 8 W S

Cache it /KZ& 5N 2%, filk T 4nfalfig ik State-Explosion 1)@, 1X{§i13 Cache
Verification /&R 1 —/NE 1% R, 51K T RRBIPTE. BFE Cache Ji/KEIH T, LHAE
P BT BT RS 4 H RO BT A, FEEHE SR 58 2 R T HE B I L2 BT i1
IRFEE i o

XA ), ARFEUEESRAFACFE A 218 .
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#3E Coherency and Consistency

A& H LA Coherency #& Cache Coherency, Consistency ¥§ Memory Consistency. % 1.
TRIRZH VRIE X LS, A B E W HERAR Memory Consistency HE4. Consistency 5
Coherency Z [B/H—E MR, FroiE RN RHAER

Memory Consistency ] SEH 75 2275 [E AL 4% R 4L Cache Coherency i FH RPN . B T4k
X Cache 241, 7EALTH 2% RGP fEAE ) X Cache HKARS=%F Memory Consistency #7847 4 &
K50 . Memory Consistency Il Cache Coherency i —EMIBL R, (HZIFANEE, XHEY
WA RN A, T DAL RO . A7 2225235\ Cache Coherency /& Memory Consistency
M)—#45r[55], B RHERY /& Memory Coherency [F]— #8747 .

FATE Y45 H Memory Coherency ) 5E X . Memory Coherency 18 AL ¥ 28 2 Gi (R UE X HAF
g T REGVi A Correctness. FRATTHFASIIE X AL FEAS AL AT 25 (0] IAE A B8 V7 ], AN FEIL =
AN IX MG, BRI A OL T 5 X Correctness (KRR A X o

fE—™ Distributed System ™, I:ZEAFMEAS ARG MEAN R E, BT SRk
X Cache WIAFLE, IXEHHE B ICAFAAELAEIA; 1E Distributed System 1, AS[R]AbHH 2815 1)
TAESRT KRG LI R #T, 1878 Memory Coherency /Z1Hi i Correctness 3FANE 5 {RiIF

BAMBBELE— Distributed System & n NMEBEEZE AN P~P,, P S NGRS
B, UMb AR EE AT RERIAEAE 2R U 107 5 (S1+Sa+..4S0)! / (S11 xS, ! x..xS,) FhZH 4 [56].
J9PRAIE Memory Coherency ] Correctness, i 22 4 RESEFRAL I 16 HE A5 3 AL & o 3 AN
FRN Memory Consistency Model, tHR7E T AbERESA7fif 2577 i) [F] Correctness. X NHRILI 75 22
7E Correctness [JRTHE T, CRUEIERAE A LS FE I IRIET , PRIE 2 AL BR S8 A7 At o 17 1) 358 s IR AT o

FEAFERNE LZ R, Correctness [ XIFAMHE, X4~ Correctness & 5. 7E
G AL PR AR IR T, Correctness T8 BRI/ 4 R HRAE BT IR15 1 45 5L & Most Recent 5 A
Hizk . 1E Distributed System i, FAANHZSIAYE T € X Correctness, [FAZ% /NMAbEE S I
RIAFAE A U7 ) T ARMELRUE o FEIXFRERIE T, B E AT 472 Most Recent 1R A X .

TE— Distributed System ', % 57 A F 1) /2 1 H —1> Global Time Scale k& 7 fifi #% i
BT, MW Most Recent, iXF Memory Consistency Model B[l 4y Strict Consistency, 8
HEFR N Atomic Consistency. Global Time Scale AN%¥ 7 LA/ NARH Y SEBL, B 1M =R HCR H 43
— AL PRI Local Time Scale i %€ Most Recent [ /57 154 FX A Sequential Consistency[56].

Lj Sequential Consistency 3R AN [F] Ab 38 83 (1) S HAEXS T B b #2852 — 201 Order A
[d], Causal Consistency 23K H. 5 Inter-Process Order )5 #:4F B A5 — 31 Order, & Sequential
Consistency J—F 5546 3. Processor Consistency #— 554k, ZRKH Fl— M bEEA 1
HEAEEA—E Order BIT] . Slow Memory J2& 5 S5 B, AN B [F]— AN A B2 X [7] —
Mk 1) 5 A E B A — 2 Order[56].

DL X2 Consistency Model &1 X725 it 548 I, A KB RIEHE N R
Model. 1X¥% Model 75 2§ H Synchronization 84, X254 HWHFR N Barrier 684 . 7EIXFh
ALY N, fifg s v 19 $8 2 8% 7 N Data FlI Synchronization 82 % K2% . H ' Synchronization
FEARENE Issue ML BEE4MF /2 2 BT Data 454 PAT 5258, HiAth$5 4 7E Synchronization $54 3K
1T SE EERTANRE#E1T 1ssue o 7E Synchronization 184 2 8] A7l 25 15 0] 75 4K FRAL FE 28 1 2001,
A] LA Reordered 1 A] UL Overlapped.

TEIXFh Model H', Data 5411 Order F-3% A 52 2|5¢E, FraFUILE %] Synchronization
o4 EAER, K= 4E T Weak Consistency, Release Consistency £l Entry Consistency[55][56]
AN FERA X EEBIAEAE R SOt — P A .
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AN FF Network Partitions ] Distributed System, 7] PAZESZE Strict Data Consistency
(I [E) S SR Availability” s 1% T — MK IR Distributed System o1, Network Partitions
e ANk BIAE— N RBL RS, BT R Web RSS2 AR PE R4 C A0 MR fE
A IR Z MY, Network Partitions EL48 2 — /N5,

Consistency, Availability Il Partition-Tolerance =& ANA] #tf4+[57], 1XfHFSF1E—/ Network
Partitions [YJ Distributed System ', WAZi{E Consistency A1 Availability 2 [f]i£1T Trade-Off,
5/ T Eventually Consistent ##[58]. iXFh#x ! Z 55— Weak Consistency Model, 3T —
AL AN 8] N A KA B R e, P Bds Rl A 4 — B k.

Eventually Consistent 7E DNS(Domain Name System) &4t 453 78N 2N, 2
Distributed Storage 453 [ FH ECZ Hh o X EE PN Z57E Cloud i i3 Sk M 2 JE IR BCA I AL, HIAR
A H o AMKIRAHAGAE Cloud AHIGAUIR TAE BN LR AT LAFE AL B 8 A7 0 28 T R A HIFE R
A —BRER3) J), ATRERIEBN ).

XN T AP A, AT EXS Cache Coherency it — DUt M 3L
W AR AT BLUZ L Memory Consistency 7R 22 AN hik BE AT 1O A7 1 25 U7 7] 57 51 ;- Cache
Coherency HLali—u8, JCyF[A]—/ Mk 2 MR & 0 — 8tk . AMERIL Cache Coherency
#& Memory Coherency [13&fil

Cache Coherency Z R SHAE Wi 4] #3225 Cache Coherency I 4 HAb#EAsH, Bl
Write Propagation; [F]if %23k 2 5 Cache Coherency AL 2% BT Al 52 1) (1 6} [7] — AN ik ) 5 #
1€, W2z IRAH R T E4T, B Write Serialization.

Write Propagation A Invalidate-Based F/l Update-Based PFH=CIL%MS. Invalidate-Based
SREBE SIS R 0 — KA it U7 0] 72 15 fE AR H Cache Hit, @15R Hit 177 H 247 Cache Block
IRZEANIT ) Exclusive/Ownership, ANFs ZLA0E— D I#AE; B IEEE 75 Cache Miss i 75 2
SRAG TV ]tk [ Exclusive/Ownershipo LI EAT £2 4% 25 Ui 7] /) CPU [1]23 55 Coherency T
A CPU Xi% RFO(Read for Ownership)/ ##} 3C, X% CPU FHFZWENT RFO R ICIFAE AT .

iR RFO $i S Fr sy iy bk A b 1 A CPU 11 Cache Block, 7 L33t — 2 W 221X 4™ Cache
Block FTAL[FIARAS, UnSIXA> Cache Block A #AEM, MIAT LA E#2 Invalidate; 75 75 21 &
HiE R 1) CPU [ 41 Cache Block F N, fEZEEIL T, #EM Cache Block A A —A>
A EIA . XM ITIEAE Share-Bus FIACEESS RGPS 2 T & 2N, G SRAFAE RS Vs 0 7
ZhfmA A Cache, i) Cache Block £ 4bT Exclusive IRZS, ANTHEAH A RFO 0, Kk
ASHRE [ MBS R G ) & #R1E, &6 Write-Back 77 2.

Update-based TR & 1S HLE & /] Central Directory 4i3" Cache Block ] Ownership, fE
Cache Block Miss I, 755 Write Update H:Athl CPU Cache Block 7 7E R EIAS, A] DIAR X 2% 441 4
S5 RIS BEAT 2 AN RIAS R 5], BVSEn b ey R 1Y) Bus Traffic 475%™ =, i& H 1+ H Directory
AT —BUEBRERI R R GE . W — B2 JE S AH77 v () %528 Race Condition, 58 BUIX Fif
77 B FEAR S

k% T Invalidate Il Update-Based % < #b, Cache Coherency 7] LA{ii /i Read Snarfing H i .
FERX ST A, o DAFE— e F2 B L8 4 FHIX Read # Write-Invalidate [1J Cache Block I,
5 K& Misso 24—~ CPU B —> Data Block I, IXAMEE[RIN R T 75 B R 41X A CPU 2 4h,
7 B H Al cPU WINI Invalidate ) Cache Block. fESEHLAT, HiAth CPU AT LA #23X i3k [A]
R 55 EE S, ESEFRIR Invalidate FIEE # 1[59].

122 RS9 AR, 1 F] Read Snarfing TR & 1] LLIE/L 36~60%H] Bus Traffic. {H &
XFR T A SEIECN S A, H AT A FIE R A S8 75 R A I IXRE B SR 7 2 75 2R A0
3., Wisconsin Multicube # K1 & 24§ i Read Snarfing TR H%[61].

@ Availbility 53 B AR — AN kb P 3% 1355 5 13 5K — 7€ 7T LL3K43 Response.
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Write Serialization H5S2H 7 E /% | Cache Coherent Protocol A1 Bus Transaction. 251U RFO
XFER R S A T] 2 L2 48 F Share Bus F1 Ring-Bus FLZERT, % 55 S 3 Write Serialization.
Directory J7 IUAEXT [A]— Mkl Cache Block 13 & 5 B} 75 228 A 12 85 40 2 ACK Conflict,
XL K £ % B 7E Home Agent/Node .

3.1 Cache Coherency

Cache Coherency P2/E R R — ML HEEE R4, AIEH Cache Il Memory 7] fig H
B E— NI ZA R, EAE — DR AR PR RS H ANELE Coherency [, 4E
#' Cache Coherency {8 7E T IREESE— Cache Block HIIRAS, FHARYE CPU Core LS #
1 Je S 2% AR Transaction, 3 Cache Block FPIRZS, fEHE4EH" Cache Coherency. Cache
Coherency AJ LA FH 44 8538 i 7 sARALE

FEALT 3 7 RgEf iy, cPU 77 Z 42t 4T 2 X ER1F Cache 1454, f4E Cache Block
Copy, Move, Eviction fl Invalidate %5454, ZEUMZEHIERTRE T IXFEMIFE 4, W PowerPC
REFREE VL E ) debt, debf, dcba Z5H54-[43].

FEIF 3 ] LU X S48 4, 4E37 A B 28 R 4L 1) Cache Coherency . EHE1T DMA $:1E 2 A1,
A] U E X 3 5 A7l 2 1B 1 38 2 IR UE Cache Coherency, #E4T DMA #1ERS, A E
filift >k 4E4* Cache Coherency. FEREMIHHL T, A X7 2UnT DU S Bl £ 18 R0

A4k Cache Coherency FIAL R BT A4S /1N, B R AE 250G L T XHPEREAR BOK R,
M HFEEREF RN ZHEDLT Cache Coherency HITELFLEY". N[A] )AL FE 2848 F AN [A]
f] Cache Coherency Protocol SZ¥jl Cache Coherency. iX& Protocol 4Ef— /N BRARZSHL
FSM(Finite State Machine), HR#Ef7 #5155 T5 2 B Bus Transaction, HEATIRZSIT A FIAH M
f] Cache Block 1, FazU{#iF Cache Coherency, ANFEEFEFE RIS

Hi4 Cache Coherency Protocol 43" Cache Block JRZAS 7 iEIANE], AbHH 25 AT LAH A Bus
Snooping Fll Directory iX W KA IX FISEHLH 1) 3 EE X HILET Directory ML 4 R —&
HA[F] Cache FMRAS; TM7E Bus Snooping #LiIH, %5/~ Cache 7% ¥ H & Cache Block [
R#A, @I Interconnection FETANA Cache [AIFFPIRAS [F25

To1e K IR AL, Coherency Protocol FIT 3K ) Cache Block #/E#5 7] LAIE L Invalidate,
Update B%# Read Snarfing Sl 52 . Update 11 Read Snarfing Sl 75 B8 58 £ [ S £k 0, X
e FZEIR #4518 KR, 22 %0 Cache Coherency Protocol % F] T Invalidate 55H& .

e N2 L) S8 2 WS I B Write-Once[60] H James Goodman T+ 1983 4F42H, JZ7F x86,
ARM F1 Power A3 2% H1 k47 HiE ) MESI Protocol(H.FY Illinois Protocol) ) {ij & Al —Fh A5 14,
B Y — Pl B ARSI

Write-Once Protocol [ SZHIOCHEAE T- AL H IR RE#R 1) Cache RIS ML, I Write Once.
Write-Once #& Write-Back Il Write-Through H%5 & . 44 FIX FiALHIEF, XF— Cache Block
AT — RSN, KH Write-Through SEBE A E 4 [F]INf [ 5 2] Cache MEAFMERS, ZJEH
E¥AERH Write-Back, R [FI'5 % Cache AN F] S 2 A7 it #5 -

XA F)T7E 7 55 Al Coherency Protocol [ 24 FE 2 [A] BN #3317 . Write-Back #1 ]
REWE A AT A 8, (HR T HAF a8 v R WA S AR | A, H9h0 7 489 Cache
Coherency 144 . Write-Through MIAH& . ¢ Write-Back il Write-Through IFI1£4H{5 2. 0]
AR S8 [ LA (1) JE 2R 315

B2 AR A LR L, EAEfT—Fh Cache Coherency Protocol H', 44> Cache Block
A H O — RS T B M4EY" Cache Coherency I TE T-4E97 551> Cache Block PR ZA
3. Cache Controller I8 ¥ i F — MMIRASHLR4ET X LRSI
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{§ H Write-Once [P 5Ll 528 Cache Coherency i, &f—“> CPU Core H1[{] Cache Block
TERE 4 RS, FH LR Z2AET Cache Block PIRAS, AT IXERIRZSH Cache Block 7EUL
FIAFEMEING, BHITIRESE®, PARIE Cache Coherency
® Invalid fif. FKNZ4HT Cache Block IN&r A %8, /&AL Cache Block.
® Valid f7. FK/xXHl Cache Block HIE#E i, 1EFfEfas PG 1% Cache Block
HIEHERIA . 7E Eviction N AT 2 [0 5 F A7 2% . HAh CPU Core [#) Cache AT RER
1% Cache Block [FJ%#f. 1EiX™ Cache Block H )%k I BE 5 HoAth CPU Core H1IH
Cache L, FANILZHIRRIARE NBHE, S/ FD . BT
FE#EJE, Cache Block A] B T R4S
® Reserved £/ 3 %1% Cache Block H %2 Sl 1), 75 E A7l 48 P44 1% Cache
Block HIE#EREIA . 7£ Eviction N AT Z 05 F 4744 A% . HAR CPU Core [ Cache
ANRE B % Cache Block [RHHf o 1X 2 B 55— XONZBE 1#E47 5 #24F rik 2IPIRES
e 1] LR #L[E]4Z write-once IS [RIHLH) .

® Dirty fi. F7~1% Cache Block 1% & #1911 H A 1% Cache Block il 1X 4>
BOFTHERRIA, 1 HS FAEE8AF D . EAAAES8 AR CPU Core [ Cache
A XN EAREIA . X R8s I AT SR E A BIRPRAS, B T L
YK IA11Z, Write-Once [R5 ALH .

M4 DA EIX JUFIRES, FRATTTETEL 0 #r2& T Write-Once 143 f#) Cache Coherency Protocol,
H Fsm iR 3-1 Fow, A BRI Write-Once PR HE 38 RGURE Kl 1E1Z4
HEBRAFT S AWML, mHAHE 2 Cache, 73724 Co Al c1, Wi tE L& T AE
FAF AT R

BRIBW .~ W 1 FAWrite-Once Ems () 4b 51135 5 %
PR/BR
PRIPW
Processor-based Transition ———» 3 i PO P1 i
. o | | co c1
Bus-induced Transition =~ ---------------1 > BW | AN I I s
PRIPW ' 3 BR/'" I BR/BW
S -Memory
PR

[%#] 3-1 Write-Once Transition Diagram®

TE 5 3] HEF Write-Once ZEM%[¥) Cache Coherency Protocol I, 75 ZRERR MR 5 Ab#E
HBIR AT E . #E Write-Once ARENLH EHIUARE, 70508 Invalid, Valid, Dirty
F1 Reserved. Cache Block #b T IX S IRZSHT, 0] LLEASC R DUFR4m A1 3K o

X U Fhddin N SR AN FI AL FE2S ) Cache Controller AT H2I 2 DU 32 5 4, BIDIRSHL
NS S, L35 5L 2k 152 BR(Bus Read), A 285 BW(Bus Write), Ab ¥ 25152 PR(Processor Read)
FIAL P25 S PW(Processor Write). 24 Cache Controller W0 2I|%F F-4~ Cache Block HIHERAE I
i, BARPE 28T Cache Block HPIRASHEATIERS

SVETE BR 7R Cache Controller Wil 2] 1 Rk H S A EEHRAE o 3R 4 IR PR 2 Ab 3
AT G A FAH) Cache W, 5 E B F AR AR 8E HARAL AR Cache. WIIR I
I 53 7h— N b FEER () Cache & A AR SR IRIA, ZALFEZR () Cache Controller #424k1X
MNEGHTEIA, B Data Refill, 4iZE¥mEIAN Dirty I, 75Z20 AR 1S 2 EA/70644%, FH00K

© % 3-1 3k & Error! Reference source not found.Yale N. Patt [t ¥ .
49



H & HPAREST R N valid, FKRIXANM IR Z > Cache FEE.

M2 BW KR HE/S CPU ) Cache Block 75 2[5 A7 fdy . WHR LS BW & —IK
X} Cache Block AT SH#AER ™42, LIS (172 Write-Through &, 11 A& Write-Backs
Rl E B )&, Cache Block [ Replacement 1 [F] 5 2| = A7 i g8 i AN 2774 M2 'S BW.

WRFEAN AL FEER ] Cache Controller Wil 3] 25 BW, Jf HAEH & Cache H & Hidf
H—/NEIA . % Cache Block 4t Valid, Reserved B{# Dirty IR, B 567 E A KL s
25 FIAL PRSP AL S s,  RIEAT Data Refill #:1E, ZJ& Invalidate 1X 4™ Cache Block Hf{]
BIA, FERPRAT AR Invalid.

AEFRERTE PR & AbFH AR HUA L Cache I 72 A2 [#) Transaction . WIER A< Hi Cache A fr
BF AL T Invalidate JRA, H4i#Id Data Refill #AESRAGAH RN EAE, UL 1% Cache Controller
e R R 2% BR, AHAL CPU Core ] Cache IR EHERIA, ZJaRRZEE 2 valid. 4
W ILHS Cache Block Ay Valid, Reserved 53 Dirty IRZSHS A Cache fiv Y, 4EFFFURSAZE.

AEFRERE PW R ALFE B A Cache 5 B i P2 A2 Transaction. 7F Write-Once S fi
FEVRFER IS LS, G R A PRS2 58 — UOMZBR AT 5 #;:1F, 1% Cache Block IRAHKFIT
# N Reserved, FHHH A 2T Cache Block Fl 317 fifi 2 A B da F A .

KIS Cache Controller #4454k S BW Invalidate HiAth AL BEES 1 i BE Rl A . Gn SR 2 xf
ZHIEN RS, WS E Cache, MIMAMRAITH N Dirty, R 21T AH Cache
A GEIRRIA, A A BWAE TS SAMTREE RN, WA B R Oy 5 5
W B e B F AR 2%, 25 R IREEN Cache I, X M S HAE AT T 55—k, M4 T4k
X [E]— /N 13T Y Cache Coherency & #

K 7 M Cache Controller [ FE X SARAS T AL 241, 3B AT LA AL BEES (1) £ BE AR
Write-Once HL il Ab¥E 23517 Cache Bf, ] &2 H B Read Miss, Read Hit, Write Miss Fll Write
Hit X PUBRE O FRAT 7 i 13X DA .

R &A= Read Hit, v [1) Cache Block —E4LT Valid, Reserved 5(# Dirty JR%& . Read
Hit N2 248 1% Cache Block FR#A . W K& 4 Read Miss, % Cache Block H 24 B IRAS B
#& Invalid B ANFEAH Cache 1. LI Cache Controller 27742 —/N 28332 BR, M H A AL P
#3[1) Cache SRAF TR HIEARE, ZEAE 2 BN AEAE T EAAAE R T L4 Cache Block R
TN Valid, FRINILES Cache Block H & HE fl E /74428 — 2, IF HHAWALFEZR B Cache ]
Red A ZEER R4

R KA Write Hit, R ZSHAE R —IRIE2 G 8E, KRRE5 0T 2] Reserved
B Dirty R B2 58— X S #4E, #E1T Write-Through #4E B[R] 1272 24E U2k 'S BW,
PLORIEAH Cache T EIUHE &2 B A7 2% Z A ME— IR A . an SRR AE Wrrite Miss, 1% Cache
Block FI4BNIRAS B & Invalid B ANEAM Cache 1, XIKGH#E—EEE RS, Kt
¥ IEFE N Reserved.

Write-Once WX 1) S I02E mi 7E T35 — IR S #E K H Write-Through, 3£i#id Write-Through
FEARIEZES BW, Invalidate HAALFE2E Cache P AUAR N BdE @A, fiiAH Cache 7%
BN T A g CAAMME— RIS, M 4Ed Cache Coherency.

MESI Protocol, H# %A lllinois Protocol[65], & K% %I SMP 4b# 45 4E4 Cache Coherency
KA, HIH Write-Once Protocol K[F/N, HIRIXFH Protocol HIAF AT,
AR JHEZRM . HATERAIALEERS, W1 x86, Power, MIPS Fl ARM ALFHAS, Ifl
FH25 MESI B3 4EH Cache Coherency.

MESI Protocol f15 44 35T iZ % FI Y] Modified, Exclusive, Shared A Invalid iX P4-/™ R
A, XERAKT N Write-Once 3 f#i FH f] Dirty, Reserved, Valid, Invalid TUAMIRZS, Fr i)
T AR EAEE], HZTRE LN . bRAER) MESI Protocol i —S845F¢, 411 MOESI
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A MESIF &5 — R 51 Hp 3L
EAF AN T )72, —A Cache Block [ 1 Z 8 FH MESI X B FEARFPIRAS 7 2 4b, A7
Y Z 5 BIPIRAS AL, JE[F4ES Cache Coherency . 75 [E. 2 2% Cache [H] X R H145-Ff Race Condition
HIALEETE &L, MESI Protocol FSEIL LEAR st VF 2 o 7EARTEE Hlinois Protocol H3E XL T LAF
PUMURAS -
®  M(Exclusive-Modified) & 7~ 241 Cache Block "L & HIHHE 5 E A # A —5L,
1M HAXAE 2411 Cache PR IEMf ORI A
®  E(Exclusive-Unmodified)§ 23K/~ 24|l Cache Block HFJEHE7E 2l Cache N T A7fif
2Eth—3, M Al EIREH LR Exclusive JRES, —A> Dirty, — Clean.
®  S(Shared-Unmodified)H (3 7~ 2 Cache Block "4 22/ 1E 24 H Cache J2 E 47
g AR, EHANAEEZE Cache AT RES A IEA I EIA .
® |(Invalid): 477 Cache Block L&, NEHBEHE .
llinois protocol 1 Write-Once WX (¥ KA FIZE T [ S AL lllinois Protocol 1£%5
I S HE R Write-Back, 1 Write-Once X 7355 —IR'E MG 45 . £ Write-Once #X
i, 55— IR GH KA Write-Through SRS IEH B 2, 1R 5 — X Write-Through 7= 4 [ 5
4’5 BW Invalidate H At @A T 4ES Cache Coherency.
TEA# F Write-Back &1 lllinois Protocol H1, —NMbEEES3E1T Cache BH#E/ERT, ¥ 5]
] #&—~ Invalidate Transaction, t#%Fr’A RFO(Request For Ownership). lllinois Protocol R
Write Miss 5 Write Hit P L, % Write-Once WXE KR 2k 'S BW, 43 fi# N BRI(Bus Read
with Invalidate)#l! BI(Bus Invalidate Observed)®% Invalidate {55 . T EoWOIRSHIH S
BRI A1 BI AHSEHPIRZSIERS, H AT AT Write-Once B HIALFREE 24, Illinois Protocol )
FSM $iR 4l 3-2 Fiow .

BRI/Supply Data PR

BIBRIBW

Processor-based Transition ——

Bus-induced Transition =~ ---------—----—- > PW/BRI iBR/SuppIy Data

BRI/Supply Data\\\

IERRARHBIE, WPWI/BRI -
PR Modified BR/Supply Data
PRIPW (\ i

3-2 Illinois Protocol Transition Diagram®

24 Cache Block 4#bF Invalid JRZ&SHES, #15: Cache Controller Y3k B R HI{E S, W0
BR, BRI 1 Bl, 5 LRFFFRZSAAS; 4k Cache Controller Y AL FE 2SS PW T, B Write
Miss, I} Cache Controller 2/ #—™ BRI{E 5, I~ s 22 N IHABALBRZS st BUZE A, i3t
1T Data Refill, 3§ H. Invalidate JABFT A RIA, X2 ZEAEWAFR A Bus Read with Invalidate
MR, 2 J51% Cache Block HIRAS IS A Modified, R ME— & R4

*4 Cache Block 4bT- Shared IR, WRILEILEES PWES, = H 1 BIES,
FoRAH Cache H ECHT EIA, HRATERAT S EAERT R 2 Invalidate HAEIA, Z J51% Cache
Block HPIRZAKITAE N Modified. HIH4LT Shared JIRZSH Cache Block K H &2k BRI
&% Bl Transaction i, ¥ Invalidate A<}l Cache BIIAs, F HARZIEFEN Invalid; a3 =

© [ 3-2 3k & Error! Reference source not found.Yale N. Patt [t ¥ .
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LRI BRI 75 22 1117 SR B AR i B 1 B A LA Data Refill

Y Cache Block 4T Exclusive IRZESH, EACFESE RS KA Cache 1 R G AHh Cache
FHEEHEEIA, KA TR Rk B B 2R r7E R Bl WilRIREIk B B 287K BRI, 752
SR O7 BRAAEZ B B A< LA Data Refill, FF HIEHZE Invalid IRZ .

24 Cache Block 4T Modified IRFSES, 7EALPRES RSt HIFTA Cache H H A AL Cache
FHEHREIA, KA REIEIR B B 2R TE R Bl WUk Bk B B 28175 K BRI, 5%
I SR 7 P02 E R 1B A L Data Refill, 3 HIE £ Invalid IRZS.

MESI T — AN EE (A5 F, El MOESI. DEC Alpha21264, AMD x86, RMI Raza %414t
FHZE, ARM Cortex A5 1 SUN UltraSPARC AL BRI 11X M. T MOESI BT FSM H
RN 3-3 Fron, ZBALIE T AMD ACEEZRAE A (1) MOESI Wi AN A AL 388 7E 523 MOES
PCF, ARZSHLA 46 L BE SR, (HRAEALEE HATS A 4B X ]

Probe Write Hit

Reset
INVD, WBINVD

Read Hit
Probe Read Hit

Read Hit
Write Hit

Write Hit

Read Hit
Probe Read Hit

[%] 3-3 MOESI Protocol Transition Diagram[62]

MOESI I N T —A> O(Owned)IRFS, H-7E MESI Brs LA b, 347 T EFE LT S
ARZS, T E, M AT IRZSFN MESH PRSI XS ROIRZSH A o
® 0 1.0 ik 1 KARTEYHT Cache 17 AL HIEE 2 U i1 AL BE 2% R G ok 1 EE 5
U, T HAEHA cPU Hr AT RE LA 1% Cache 1TIUEIAS, LIS HAD CPU 1 Cache 174K
BN S. WR TS MBIELEZ A CPU [ Cache HESEARIAR, 5 HAE 4
CPU [f Cache 17IRZA N 0, HAh CPU [ Cache fTIRA R AEN So 5 MESI BRI S
RERFE, REH 0 1 Cache 17 H EHE 5 F A2 10 EHE 7T LIA—SL.
® Sfi. 7E MOESI Hhil 1, SAREKAE TH/NE. 4 Cache Block IRA& N S I, HAL
TBIE A — B S — 8 AEEIRAES N 0 BIRIAET, Cache Block 7%k
P 54— B0 RS 0 BIRIART, Cache Block H %L 5 7 it ds AN —EL
7E MOESI #5451, Probe Read F7r 315 % MIA CPU H 3R B R VL) B 10 T i
HUEL A s Probe Write 37 1 & 4 M HHAth CPU FRR IR+ DL H 2 8 T 5 AN %¥i ; Read Hit
F1 Write Hit 78 4 HT 17 M 7EAHL Cache RS HIRFIA; Read Miss £l Write Miss 7~ 24 |1
ViRV A EAHL Cache H3RTFHURFEIAS; Probe Read Hit 1 Probe Write Hit 7 41 15 Ml 7E
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HAth CPU 1) Cache IR EIHEIA .

FTHAZRAE 3-3 17 FSM, BHREHEK 3-1 A1 3-2 hiddik, T—okg— A
BR/BW FI PR/PW 5%, MESI Protocol | iz Bus-Snooping 4ith, CMP [d][f] Cache
Coherency 7 f# | Directory Protocol.

5 Bus-Snooping #HLt, Directory Protocol fiT 77 K1) Latency #::, {H & Bus Traffic /0,
N2 EEHLT Stanford FLASH 1 DASH[63][64] 25 15 51X ¥4 I %¥. Intel Sandy Bridge EP
RYVEPRAS AT T IXFEE, HETRA AT E4ESEHL. AMD 1) Magny-Cours Hitif§ ] T
X Fh 77 04T Cache Coherency, {HZHEAH AT f#i ) Bulldozer ALFELARIISEHL . IH —A
&5 Ring-Bus 1] Token Protocol {H73kvE, #E#& NP5, HAETER k.

3.2 Memory Consistency 1

3.3 Memory Consistency 2

3.4 Memory Consistency 3

3.5 Memory Consistency 4
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$AE Cache W E KRG

PR — IR B AAAE AUX AN RUE/E_ LU ER, IS OB 8, 2454
i) @R H A A sy, HaEmE, 0 KN Memory Wall. 7EIX 88 ] @iV A 15 3
k2 7T, FTHMIKEZ X, JCHE RS /E— CMP F11¥) CPU Core £ H JLT- %A XK
B BRARRBTE TR 2 RAE S H RS . fEBek 2 f R A AUR A+, f£—4 cMmp
HER AL 2 AN PR A8 AR AR ME SRR, G T AR B SRR 2% . IX 5IRZ A
Ky TRATAZLR IR 2 W] 25 fift X e e @, 75 17 A2 AL ) fE R e T K

4.1 Cache EREHWHIGI

Raw Stk RERBRIEAESE T RAEGENRIIE, S2BAKE. 1
BATHTAL X AR, X AR, EARBHRBLE — L8 AL . XS S IRAT 2 /T T T2
ISR — SR & S AR T AT o 1K B AR A S AR () 5 i T 4 2

1975 4, Moor ¥ H B HAE IE N A A H & 18 H 3 In—£f%, MRt it m—f 7.
AN EFEAELERE 7 AR K — Bo B (O IE R 2 5 380 KRR eIt R s s — 1 b,
it Z g N R S Ui 3 ANMEFE S — E e RIA AL B AR IR 2 MIRLR, AHE 2
Ao T2 (AR B FAIE B HE IEAEASWE R “18 /N H MERESE M — 15 AWiE K AEHS %

e R A B A 18 AN H N 1 A HIE R T AT AR kAR Intel [ Tick-Tick T1%1%% 77
Y BE R e A B (AT, BEIE R R R 45 . RT3 U E, BRIERE
SRR R M G 122528, IR K I [ B F ik EXTE00 K . B e A B a1
—BHE T . X B E R T Intel F1E SRR RSEIFIS H .

TEANEIKG SR, AHIE1 Die TN d A 4 H R A BRI . TER G C B, XKk
PR BRATXAFEAIRUL, KA WA RIS . B R eI RO R, XA SRR
Xt H il 2z SETE R B 25 AT I TP A R

LGB LI 2 AR A0 45 3 7821 SR AR BT ) St AT R AR BRI SE BT S
AR H, AF 2 ) SR BHIR Y AR R S B R AN AT TR A% AR E B8 A ] AR
[ — L KA FRIRAT, A 4E0E WA A T vT LAAE BRE 2 b B 28 I A% 7] Intel R ek
. FRABFBATULLAAHFIY Die, Intel AT LASERCE 2 ABFEUAC AR A%, HERK 256, 512 B
B Z AR LA Intel #IAE AN KIIMERE . HORAFIIXFART) B FI7E, RZ R
BERBKIE 4 N 8 MAZIITERE.

BS503R 1) 3L, FRA 1B ThRE ) A, A5 1R 22 V7 22 T RR I8 3 M b e BASK
ERER MRS, EIXTIUFEHEIT 28 Mb . 1R 2 TARIRCE MO 5, 208 7 —SurE HoAth 458
AR R, HE AT EEE.

LN X Y R 4 TR BTSSR KRR o TEARER AR, SE R — R T RE 2
AMESS AL, &P TIFET B H R SR TE e X FE R, RBEH R AMMESIPATIE
F2, WEGEE MR TE.

MIXAN B, IERMIZE Misprediction I, 7742 1) 55 82 $hAT B AT /2 B K O ThARE K,
EHIEZMESPATERES, 50T S PAT IR REB A I 8 &5, X Le# e BRI
dni. FloeE B AERINFERAL, G2 FEMERSB N T, TEHEZMARSS.
FOR 2 NI EAE LA K, AbFE 83 B0 TH 0 H R S8 N T RERS MR U 5 2 (8 A
A A H £ Feature RMHLR T

54



XA R AL ER AR AR 1 55— R AR, I FARIES CARONIER . AEEEE K FHAH
IR FH AT I R 5 i 2 R i NSOt 0 B B IR HE SN 77 o AR AT n] B AN AT K
AR A TG RR AT, A L3RR () A S TR [ X — ATUEEE Ml . BRI 7= A T JE A
ABRES, (HACPRASSINIRE, SN .

PR RS IR X AR A Intel 277 AF X Fhod A AL 2 258 1) f S B RN e e K1) T
o T H BT R AEFIIEAE R AE 1) 1E 2 IR X FiE AL C 220 48, 175 W Memory Wall,
TIFE R = AN T I (1 1) 8 22 i S 388 FH b B 48 2 713 B8 A 482 % Je (1) 2k

R 2 R AT T R O IR AR 5, AR IR — M A B AR AN T 4k 2 E FH 1
H9 . BZHAUIREEZERET B CRER, AHTEeSEKitiEHAIEES. Ay, WA
A BELZRANAE N — N IEARH SR, B 2 R 1 G X AN 1) 5 1) 12 4

REBRERURAE R G T IR R ASE K, PRE K S R E R, S5 BSAN AL, (15—
S H -2 i R S B AR — 2P B S R IR B T 0. Jobs FRUCREINER G R
i 7 — G, fF MP3 BAR MP3, FEIG AR TS, FAREACTR . SEREIEIIE T Jobs i
e R e JE PO A RN A A S N N ALl T S G G B o
EARAH, ZRHER BRI, ARARE, AR 2 A # R R R R 15

FEREZ R/, ARAT—3CH 72877 R B e B E A B K32 2 7oKk B A BEES U 2R . VR
2%, BE RTINS BRI TCIESE T AN Z 8 T N s ) ve it 3% A 1% B
Sy U R AT, Bk BB AR BRES AU AL e A . R AR S A, IR R & 2
CUE B 51 N8 FH AR BE 28 A 5 3R A T BRI o IX M D AR SEMPRE B B T W, {5
Z N Ty IS0 E B AU b BT 5 IR R RV

X L[ A B S e P T AR AR IS o L B AN S il A © 28 HH e 38 FH A B 25450
BWorh,  Henge ins EaEsSE I AT & 512, HT ESAEEER GPU 555, I I
HZMINE S, St iaiE AR . T DASOIX RS AL RDE R 2k I, I8
FH A B 28 BT 78 25 130 [ 2Bl k)

M AFE Fi, Intel ZEATEIHFENERELL A L ARM (1) Cortex RANALHLES, 12
SUIE A AP S H A 2 S RN, AR SRR A S niE A e AR, DLES 2 N
Hi#E L Memory Wall SEINZEAN AT Wall, 082 LT I E#S SR . 05 ARM ZER)AS 2 i3 —
2 R IS FH FIER 23 (8], 2R 38 A 736 25 e A X e N R 5 3688 FH A B2 1 1 £ PR S5 44 dar B 77 22

TEIEH AL PR, ARM A I RS D)o — AN SR BRR] . FE RIS G, I
SRR AETH ARM VFZ N, ARM FRZRAAS R an A8 R IR e B, FRATTRT DL ] B 471 %%
HAEATH ARM R B2 5 K LS B 7= i, LR — N 2 R B alifdi ) ARM B2 44T
K. ARM AFEI Sz AR R EN A, HIAGH S LA Ecosystem AT Y,
FOoTE T E AR, ARM RZERIAN I & — AN AR

0 e A R AL B AR AR PR P S B & o P TIESR A, e il DAdE A
WP ER VA A M KPR, XMt T, @RS NSRS GOy M. B
RGOS 95% 1) € il 5 5% A IE AR S . XA B TR A7t Wall FIDIFE R R, 7E1X P
TEOLT, ABEARIG A AR Y] v EA7Ed, BTG 2 7E 5%E %A B, A .0 IhFE
)@, RN A 5% HIRE .

KRR 45 ARG AR FL ] 7 e fbiB 7 . A AMBOR Z 40, FOHEH
T ACBEZS B SR L B A, 2 T EE A @ A T R A T i 2 BN TR R AEAE AR U I,
I T AT EL) TIFE WL B FH ) ) e B AN A T 508l A s, vkt S AN TH FERE &
{HJE BE SR 1 Pz i B 1) 2 e TS L 2 9« B FEALBESS R A EMEE RS, BN
LA AP T A . MGEFHPERI S &, x86 AbFE A8 F1 Windows /E 8 T — 2=k, HE2—4
TEAC BRI, — MEBRIE RGSUR KA Sab T [ — S
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TEAA RV HIUE H TS FIRE RS, XMMERRSESBRIERS,
1 Windows 1 Linux, XEEHRAE RS E TAERCNZRAL, HAEAWEG, Linux FEAZF] 2.6
Wi G, BRSLiARtl, XZEAEERgGATmlE R — AN 8. 57— NS ElE 290k
5iehloe, WP HEEERS, XEEIERGEH AR Z I,

BNz, BRI EFIRIRARE AT E, At Afetn it < )y 768 F AR FE 28 1
Cache . PRIAMRILZ AAT AT K . 18 ALBES R AR5 TR 2 SRS 4, 768 1| B
PR IIIAR, ASRE RS IE AL PR AR A% O o 18 AL AU IR 2 AR L) X Cache (1T RELAR
Wiz 75. Cache HII% O RHHR LM RSN, EERIERTE, EHEIEA & REL, KEH
BN MY, T, BN AR BB .

158 FH 5 i) 2 2% fifp i FH A P 2808 20 1 % SO, A2 W RR . A0 2% 002 B AN AE I 1)
AN AR SR R B WA AE [P 51 388 FH A B 25 A0l PR A v 7 V2 2 I NTE 2 9003 1) Cache. £
A BRER i — 20 kA 13 2 2 Cache [H] AL S5 #5744

TERALFEER RS0, Cache Memory HHZ AN Z IR AL, IXELE A B CHR, AHHARSE,
MAZR AW o JECHB A7 255 SMBAAAE 2R AL K IR &, H %28 Cache F1#- 28 H
THERN) Buffer, TERURE FIRT o XSS R AW B IE L S PR K X 4%, Blbn B R
—HD, FNRR, RITRFR, SEIESL TR, BREH L, BURRE L BeE . /£ ccNUMA
AEHLZE R Gid, B Cache Memory EIREEF NI 4-1 FTR .

Processor Processor Processor Processor
Register Register Register Register
files files files | files |
LSU LSU LSU LSU
LC C

FLC L

[ FLC Interconnect ] FLC Interconnect

[ MLCs Interconnect ]

ctrl LLC LLC ctrl

! !

\ Global Interconnect

4-1 Cache Memory BB R Z54[66]

AN 3 11 0 25 A7 2% 25 B 7 BB KA Cache JikZ> Miss Rate, f#iFl—ME KA L1 Cache
TAEMATIXA TAE, EARMHERRAAELKR, Ui R BAEZ g, dE— Bk T 47K
AR ZE R . M —2) Cache oV R IX AN ZEFE . $21 Cache BV M ER itk — D4 K5 &
s&— Trade-Off. 1fij H. Cache Z¥ &K, 17 il ZE AT K o

XEEPURAE R IR B A RS 5] N2 2% Cache N AR - TEBEA MWARAS L A7k
BT RGAFAERIX LB, Cache iz b4, HATKZH T &mb B # O e
7 L3 cache, RMFEHL{EH] L4 Cache FEAEREA ] A,

56



£ Cache Memory JZIRZE 14 1 B T b A T 2R AL A0 35 1 R G ar A7 4 A1 %525 Buffer, 15
Data Cache E#211) LSQ F15 Instruction Cache #E#2[1 I-Cache Line Filling &4+ ) Buffer.
FLC(First-Level Cache) 55 Tl 4Lt B 2E AT 2 Cache. FEVFZTUZEMIH, FLC 5 L1 Cache,
MAEA LR, #E L1 Cache Z b, f74E—4% LO Cache, ILIFIX™ LO Cache ElIJY FLC.

LLC $BEACEEAS R 5 A7 as ELFEAHIE N Cache. EAR MR R4, LLC Frfs
X RS, A AL S L2 Cache HEFE T A74# 4% ILIN L2 Cache 4 LLC: H {8 ] L3 Cache,
UL L3 Cache 4y LLC. FALEALERES R4, {8 L1 Cache 3EHIL BTN, [RINHERILT
I EA7H A%, UERT L1 Cache A FLC FIEIRS 2 LLC.

MLC JL B FLC AHIE, HT 5 LLC M. fE—MEARIALEES RS, Cache Memory
JE &R LO~L3 Cache A1 EDRAM ZH A%, H:H LO Cache STMZEM ELHAHIE, T EDRAM 5
1i4k 85 M0% . A LO Cache S FLC, EDRAM A LLC, ifii L1~L3 Cache A MLCs.

TELBEER R G, AFEZO Cache Bl A BB H R FF A K [E] . BF—2 Cache #0A %
HWFEEAES, FARMBNEESENPIILE SR, R — MEERSETSH L1 A L2
P2 Cache. Z¥FR 7 ELA I Temporal 1 Spatial Locality {73 L1 Cache [¥] Hit Rate JE% /5,
BI§ L1 Cache R 4KB Bl 32KB. XfHfF1E L2 Cache JRMIFASFH Fid £ 1) Miss[70], X
15 L2 Cache ZTHIILALE fFEARILEL A B 5 ZER, 1 H. L1 Cache [#] Miss Rate #&1{[X, L2
Cache [ 3E i O IS K 2E[70]

IXAFISAELE R 2 H G, X T L1 Cache MIARAL L yE T2 5 Hit Time, 7EIRALEEZS
T HSE R 3~5 A Cycle 2 [A], 4 7 B AEIX A Critical Path b iz SRR 36 (9 F8Y, 1R 2700
ZEHE, 1 Cortex A8/9 #ll Opteron, FEL#%f§1H] I Virtual Cache. 7 L2 Cache JZ[fi, H Cycle 5
BEIAT L1 Cache KX RIEUAE . XEETHT71%{§7F Cache Hierarchy (M #iHE S BT H
—% Cache [1J#4K Miss Ratio 52U, #2751 Hit Time IX N EZ IS4,

EAFRIEEF, L1 5 L2 Cache IR FR AT LLAE Inclusive AT LLJE Exclusive B HoAth
KM, an R A& Exclusive % R, 115 L2 Cache A A & 7 2 211 L1 Cache HI% & .7 L2 Cache
FEmH, BEAHEZRRE, w] PASZILEE £ 1) Way Associatively it —25 [#{Ik Miss Ratio.

EIARAE S, 3X A L1 AT L2 Cache 3@ H ZFAE . LLC LI TR EH B 2 AZILZ M
W), BT 4RZEICTE Hit Time, Miss Ratio fil Miss Penalty iX SEJE AR S H 2 4b, FHEEEH S%E
HI+2 Scalability, HZZALEELE 5] K 1] Bus Traffic 55— R 41 1) @,

E— N RIS RGe, AEFSEHT Cache 75 Ei# i Cache Coherent Networking #3417
R, A NE 241 ceNUMA L EESS 2248, 1X 4> Cache Coherent Networking RJ DASK FH £ F
I GER, TS A MESH, n-Cube, AT DI fjERIRIRZE 18, M5 . %4 ccNUMA
WP R4, X Cache Coherent Networking HI#5 2 55 B 4%

XA Networking BEXESEIR /& Cache [AIFY—EU WML, X AN— Bt SFmg vT LA H 46
g, ] DU B Message 77 A SEH . Cache BEZ 5] AN—2, 1XAN—FCPE WSk S
ROMESSIE. HIAPREGE R R BT ERECLBH T2 AMER.

Cache Hierarchy I8 5 A7l a3 A1 SR RN & 0 R, ZER 507 5 2 P& R KE T 8. 75
EAEBZ JG R DFEIMER BV T . fE RS2 P2 dMBfrEEds 248, 1H5 SSD(Solid
State Disk), WAFEREHIFIHAMMCEALAERRA . SNERAFif 28 RABI I8 B AMEBE R NAH
XK FE T k55, 17 HIX MG AT AT 500 & A8 BER B Rl At w RLsev oz i i
Cache JZIR&EMMT I 2855k . a0 ESCHR AL LIRS A1 Clock-Pro DU THI & #ebid. FEIXA
S A 2 BRI, A B B 5 RS TG .

FEVHRIX L . s T 2 /T, AT EMNTEINIEARR N TG, 752 A48 5 18
AHHATIERE, ERMEER A LSU 34 /& Cache Hierarchy it 1 il . 1F 2 5Ufi2e
FyH, LSU, AGU AT ALU Bl TAESCIAE a5 1R 2 H RS 54T .
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4.2 R EE SRS 5T

7E CPU Core H, —2kfifikasta 2 E LG HUE, B9, Dispatch % — R¥IHEAEfE, %
JEFIA LSU(Load/Store Unit)&fif. LSU 4T LAERfE N AE 2R T RAM R &2, B iEd
f1%5 Load Queue 5 Store Queue . H Load Queue 5 Store Queue X [A] 5 & I I AR R,
Rl VF 22 A B8 RS0 H B FRA LSQ. 7R 2B S AGas T R4, LSU 2Tz,
ARSI /KEL 5 Cache JR/KZR L & 15

LSU AR 48 K& 1 — NPT, H EBICR B CPU A E#RTE 4, H N ERE
s T RS, HELIRREKRE CPU MIAEEE R KL BIFEER T R4, B HT
TR T RA NN EHARFE S . 288, SINT AGU THEA &bl DU # A7 %
FHRAIPAT, T ALU BB IR EE LSU H % . 1 MZEEDIRE L E, AGU I ALU
Frfi i) TAEMC SR & T LSU.

E—DNIARAL S RS, LSU FFSEEL DhRE BN A LSU 4 B 2 EEAR A Ab 3 2%
FR G EK I Memory Consistency B i€ Ordering, WA FT— 2% M AR PAT B ERAE AR 2 5
YRR 4 [EAFAAE Ordering MR &R, 2 ATHE 2 A 138% Schedule, LI Stall $5 2 R/KZL,
MR AR B RG] LSU F7 ZEABRAEAE 248 2 R MO OC &, Wit [R]— /N4 B b
W 2 R 5 Vs in], HEEXHX R Race Condition BEATHRFIAMLAL; LSU 75 ZHE4% Cache Hierarchy
{ER FIhhl, R R TR AR S bk A e, A HLIE 4RI L1 Cache FRELSRCKEH:
43 iE N Tag AR SRS

L1 Cache JZ[ 7 Z X 73 e as IEAFE A 5184 LRI IL 2 5152 7l
LSU AR BN E I . Nbakimta, N SCHE RUOGEAA G IR S AT . fF etk
YESRIS Y b J5 K146 4T Cache Block FPRESHL A, /& Miss I/ Hit, 412R Cache Hit, NIt
ITEAEVIIR, LIRS T R B IS BOBTE LSU H IR B

WIHTE L1 Cache H Miss, TSR 2 —2 . FEBRAL LSS R4, Non-Blocking Cache
HA RN IRRI TR, NIE T ESE MSHR H LR Entry, 2 J5IEIT L1 Cache
Controller [7]H:~ Memory Hierarchy 1% Probe 13K .

1E L1 Cache Controller #1, KZffiF Split Transaction & %X 4™ Probe 153K, Z 54—
RINE I EAE, XA AEW K2 1% 2 B/ Cache —EUME, ANFEI—ZCHE PO LR AL B
JAHE . EIRBUGRAHAR 2 )5, B3k Reply VH 2. LSU FEULEX A Reply ¥ 25 #4 £ d 4 14
ZHTRA IR S, FERETI MSHR H[RIXFRE Entry.

PL_E X e v DLIEAT AT, 0 Virtual Cache J5 2UR) LB B4 H e L bk, BT
HEAT M SEHULE R4, BT DK U W) 5 Tag BEASERFE S, A — R TUNNLHIE— D650
5 cache Vi 1Al [FIERT o

ka5 R FEBAT B TR E 24 —25, 1F L1 Cache Hit i), 2 TRUAREA FIIEHR M7k
— &5 Bus Traffic; W1 H7F L1 Cache Miss, T4 S B X 17 7] £45 1Y) Ownership 23 Exclusive..
3843 Ownership D IR 547452315 KA Miss B 23401, (B2 H a5 5 Commitment i,
A ReN R | IE S A2 Cache H1.

FERUSER TR, 46 H Cache [R5 1) & N 5 42 /5145 9 22 Cache Yt /KB TH B — AN K E T
o IXELTERUAT DL I 18, RS RS AAS i Ja B A Al o (H RS X e 1 1
XTA ceNUMA Wb B8 2 2 Cache Wit IR ZREER, BAMLEEILT].

3L AMD ) Opteron fBEH 9, #t— P ULIALA 48 15 AT IS 2 . FRATTA Cache
Hit I ] Load-Use Latency X NEE S i H 4G, #E—20 14 Cache Hierarchy 4 BEf 1T
WbnitE, 5 fa R4 Opteron THALHAH LSU S 44 B TAF R 2 o
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TE 2 B ZE M B F- M Load-Use Latency A THE & TR 2 HE N LSU 2 JG HF 4R T,
PLFE4 M Cache Hierarchy H3R1GF i A BHBIE NG R . fEAFERI S, W R Cache Hit B
# Miss i, AT 2/ Load-Use Latency Z 3 AH [ .

1E Cache Hit I5f, AMD Opteron flZEH4 %% Virtual Cache, f##5H: L1 Cache 1] Load-Use
Latency N 3 /> Cycle[6], iXA&—MIEFRIISLIL. 7E Intel ITHAK AT Sandy Bridge H, L1
Cache 1] Load-Use Latency tH{X A 4 4~ Cycle[69]. X NS EABETE & IE — NS RS
1 Cache Hierarchy [FJ#44K Hit Time SEURIAF-fifi s T X215 W] i) 8], i@ A ge AU IX — NS H15 H
Opteron [¥] Cache Hierarchy £5#4fiL-T- Sandy Bridge At 14514 .

MVFZ Benchmark [Jf5#5 7, Sandy Bridge 424 7E Cache Hierarchy H 1) iz T
Opteron, Virginia STREAM HJilliX 45 SR %0 Opteron 1E Copy, Scale, And F Traid #lli{#5 45 I
fItF Pentium4, #1985 T1# ] Nehalem Xeon [1] Apple Mac Pro 2009, 1% 4-1 fiT/R~.

%% 4-1 STREAM "standard" results[71]

Data Machine ID ncpus COPY SCALE ADD TRAID
2000.12.23 | Generic_Pentium4-1400 1 1437.2 1431.6 1587.7 1575.4
2005.02.04 AMD_Opteron_848 1 4456.0 4503.6 4326.3 4401.4
2009.10.23 | Apple_Mac_Pro_2009 1 8427.6 8054.4 8817.4 8953.4

Copy, Scale, And il Traid /& Virginia STREAM J& X ] 4 MMAF . o Copy #:4E 5 a(i) = b(i)
235 Scale 55 a(i) = gxb(i)Z 2% Add 5 a(i) = b(i) + c(i)&3%; 1M Traid 5 a(i) = b(i) + gxc(i) &2
B L E3AERT LUK I, STREAM BN Z: AN AN Cache JZIREEIASS, T H -5 FAAE 1
i FF O B RE TG X — MHAFE AR FEABEAE N Opteron #I1 Nehalem 14844 Cache JZ 1R 4
NS TR . SRR INRAE K H) 57— T H A2 Imbench, N4

1X 46 Benchmark F2JFIEAHSFEE LT Cache FIfffitids T R4 MTERE. HEE—
BRI E BB RIR RBEE NS o AT IXAN T, Sl 48R — € B & 1 R R T
BRI R2 AKX UERSE, RV 2 N 5 R EREE, BE AR Z MM
WFB (BRI E T ATAER, REMERNNHET, BE2MAR N RATLE.

7E Intel [f] Nehalem #1 Sandy Bridge e, FLC Vil ZERT 240 4 > Cycle[12][69], —
N[ BEMI R IR, Intel x86 ALFEZSAE Pentium IV JoJF7% A KM VIPT(Virtually Indexed and
Physically Tagged) /7 :[12][68]2H41 L1 Cache, 12K I PIPT(Physically Indexed and Physically
Tagged) 772" . Opteron T ZE K48 F VIPT 77 2%, 97 A L1 Cache I 7] LA B 4244 FH Virtual Address,
M AT LA — AN B {H /2 Opteron S 264740 R A28 64 L. AMD ##71f) Bulldozer
AR, KRR B N 128b J5, Load-Use Latency #2150 4.

e A7l o U5 I TR T 75 25 Hit Time 302 41, IE 75 E % [E Miss Penalty
¥, Virtual Cache JFANBEME VR ITA A #E . 24 L1 Cache Miss I}, Opteron f 22415 7] PIPT 4544
[ L2 Cache i, AR AL TLB, TLB PRADILFE AR L4

K- H Virtual Cache i£2:75 3K Cache Synonym/Alias |7/, 7 B B RTB(Reverse Translation
Buffer)fift tix — Inl @, {4 FHIXFh 7 RR T B FHAOMOREAEBLR, T HAEZ ARG TIETI A
7 TLB Consistency [ ] @ . 75— MEZERIHIETTH, Virtual Cache 1 Physical Cache [A]f#73E+#E
IR —> Trade-Off.

TEPOIF Virtual Cache WL 5, FRATEVEFIT R LSU #44. AR Racd, N T H#2
R BRI S TR 2 IIPATR0E, — MUZEE I E 2/ LSU Fi i, XL LSU A2 T IR X)
HFRFR, M2AMHERHBR R,

O M AT R VEYN ORI B Sandy Bridge [¥] L1 Cache & VIPT i& /2 PIPT.
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TR EERTSE AR Y TE— MR R I E T 24 D5e—80 P HATI LSU 4. A T ARIE
ALHZR 2248 Memory Consistency Model [ 1E #1217, X8 70 E & EAEIB AT I Ao Bt
ITIEZDALEE, MR TERI R AR E I o X AR A K IX oo S5 50 vh ml DL fp X 2
[F 25 A, IR AEX 45 2 Ab 2

TEZHNZER R, 2 LSU S 1a00E 7 2 %% w] H IR, FRAEE X145 . Opteron ZEMIT)
LSU F#F2 R ) T AEX 2 FI AN LSU HBF . FENFIXEN B2/, FATFE T f# Opteron
AR I AR H R PR K & &, W 4-2 B,

——| Fetch H Branch prediction

L1

instructicn +
[~ cache Scarval
12 (84 Kbytes) AT e
cache — Fastpath | Microcode engine
(1 Mbyte)
B EEEE RN

Micro-sb_s"""—*—*—*—"'

Instruction control unit (72 entries) |

s |

|| data cache ¥ ¥ ¥
(64 Kbytes)
System ] * 1] * * 1
request Integer decode Floating-point decode
queue and rename and rename

!

Memory Load/store
controller queue
(44-entry)

Crossbar

Hyper-
Transport

bt

Integer

[+ [ 2 [ e ]« s e[ 7] ] [wl]ul:me
Fetch1  Fetch2 Pick Decode 1 Decode 2 Pack Pack/ | Dispatch Schedule AGU/ DC DC
decoda ALU access rosponse
Floating-point
—-| 8 | g ‘ 10 | 11 | 12 ‘ 13 | 14 | 15 ‘ 18 | 17 ‘
Dispatch Stack Repgister Schedule Schadule Register  FXO X1 X2 FX3
rename rfemams  wiite read
L2 cache pipeline
+| 13 | 14 ‘ 15 | 18 | 17 ‘ 18 | 19 ‘
L2 tag L2 data Routa/ Write DC and
multiplex’ECC  forward data
DRAM pipeline
Lol 6 [ s [ 8 [ m [ e ] 0] ]2 |=2]=n
Address  Clock System request GART and Crossbar Coherence/ Memory controller
to SRQ  crossing queue (SRQ) address decode order check (MCT)
\——lz“lﬁ\%lﬂl---l [ T [ ]
MCT Reguest DRAM acceoss DRAM Route Clock Routa/ Write DC and
to DRAM to MCT crossing  multiplex’ECC  forward data
pins

&l 4-2 Opteron fZRIDHYE AL R A5 FNHE S Ik £k [72]

7E Opteron LM, {76t #5485 218 1d Fetch, decode, Dispatch [ B, 3:7EfiF Operands
W%t 28 )5, 42t Scheduler launch 2% B FIHAT B4 _E A Res #4447 A Reservation
Station, 1X /& Scheduler ff)— A~ B B H AR . L P A7 #3152 5 15 2 75 £ H Integer Scheduler,
FEIXA Scheduler F1ELE —> AGU Al—/> ALU.

Opteron 444 S5 A-fif 2 T8 2 AT AH S F B Integer Scheduler, Load/Store Queue,
L1 Cache F1H: N f7-fik o8 T R Gi4H % - Load/Store Queue B[l iy _F 302 VR M 1) LSQ, /& Opteron
LSU 41 ) E B4 i 40 o 7E LSU SR rhBR 1 HAA LSQ 24k, A V2 7 B AR iz
58 A TR AT AR A e B I8 S, & — MR A T R AW ARG ., 2
FE TR 2 10 e R s o
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1 x86 MbIR2E R Girh, TE6ik 3454 KAKTT LL2r N F(reg, reg)”s F(reg, mem)Al F(mem, reg)
=R, XSRS, 25 1A Operand S HARERIER o] LUAYRHERAESL, 26 2 4> Operand
REe AR EE. 5 LSU 4 EFEAH G482 4 Fireg, mem) Al F(mem, reg). Ja—2K¥54 M
AEFRARX OB AR, ZRIR L T B AT AR 485, AT IEMIE E G, BT3RS
Bl Read-Modify-Write pop. £ Opteron f§ZEFI T, ¥ mUF SSE F5 4 (K7 fif 4 052 5 IR A 75 2
il Integer $82UK, AWML, N XA ITRTF SR SSE FE 2 G a5 4

— SR ATAE AR A IPAT TH B AGU, ALU I LSU = K##F. AGU, ALU KFI LSU Hift
I RGKAEN, A TER—IRAA a5 4/E . L1 Cache [1) Load-Use Latency 4 IITHE &
MAEfE#R TR 2 HEN LsQ A THE . N T SEEFR 2K M K midie i, 78 AGU Fil ALU 14
HEZBKEN .. fAEafe 1Rl ALU, AGU 5 LSU #4 it F2 R A EAH BAK I R &R
Nk 4-3 Fior.

When all operands available

‘ Schedule AGU pop Tags appears on AGU result bus
Is the oldest LS1 entry
‘ Execute AGU pop \ Schedule LSU pop
Virtual address
‘ TLB/Cache Access #1 Tags appears on LSU result bus
‘ TLB/Cache Access #2 Load data ‘ Schedule ALU pop ‘
Calculated data ‘ Execute ALU pop ‘

(Read-Modify-Write ops only)
‘ Write data to LS2 / Send data to

future file and ROB
(Read-Modify-Write ops only)

Completed (no longer speculative)
A

‘ Write data to Cache ‘

AGU pipeline LSU pipeline ALU pipeline

& 4-3 AGU/ALU 5 LSU 7k &8 8Kk iix &

A543 3 F(reg, mem)F8 21 F(mem, reg)fa 4 AT L 2 . £ RS(Reservation Station)
SEFEIN) F(reg, mem)fi4, AT 75 1K) Operands Available J& B 4% Launch 3] AGU ¥4, FF7EHE
bk E RIS, REE ROIER) LU FT . AERAF ARV IR pop 2 [FIN B#E AN F] AGU 1 LSU B
E), R LSU SRR AGU HYTHELZ IR

£ LSU i WA 2+ RGh ARG I AR 2 J5, FHIELS ALY, FER 28 RidE 2 1
1T+ F(mem, reg)ta 2 MIPATIEFE S HAHIT, R 2T ELE LSQ PAEMIRERITHE, 2 1 K2
SEFE ALU THEINEE B, 5 2 IRZE 4T Store pop M) commit #4545 i X 5 N\ Cache. F(mem, reg)
AT A AR T 4 E 5 Freg, mem)—EL.

AGU 1 ALU Pipeline FUHATIIF2EL ) AR, AKX A — 2P 1) B . Opteron LSU
R tHd ] Tag Fil Data =12k 250773 Scheduler 7E5WT Result Bus B, A ILXT N Tag
A R RIA] 3l LSU AT ALU 1) pop, AN L%54F Data 2k, 150 T Tag bus b HHHE LT
Result Bus —“ cycle, LA Overlap ANFIHIE/KI B 7E Opteron 22k, 1/~ Cycle, A LA
Launch —~/> ALU Fl—/> AGU T#efE. il 4-3 Fos, XM EAERAR A XK R o

I BHEIN Flreg, reg)li TR TAE (245 4.
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LSU S0 513 15 5 F I 3 T RS AT RO, 2 4-3 R = Kb ke i 5
Jlfy—AAE. {5 Opteron UK, LSU P MEFEALL, MBI LS1 A1 LS2. Lt Lst
& 12 4 Entry, 1S2 A 324> Entry, 3% 44 4 Entry[6].

LS1 Al LS2 th# 53 7 #K A Pre-Cache Fil Post-Cache Load/Store Unit, iK% AN<i\A LS1
FA-F- il L1 Cache, ifii LS2 FI-F-1j il L2 Cache. iX—ii:i6 1 AMD AR AL T3], iX
AP — AU %, ARSI B SR SR . X DR AR IR ANERG, 722 R
R FHEERARET . Opteron LSU MI45H) 7/~ = 4k 4-4 Fios .

Re-Order Buffer  Bus Interface Unit (BUI) —_
[&] 4-4 Opteron B9 LSU BI~E[E (6]

1E Opteron THZEMH, — &7 28 5 F8 2 7E 4 Dispatch #| Integer Scheduler [¥][5] i,
454 Dispatch % LS1 HIAHNE Entry H454F. LS1 JEId T AGU ) Tag M ZRIRTF L ELII(E B
Ja, FFREIEE S ERHAT . XENERE BAFE, LS1 PR EM il 2 R se ~—inf
280 AT B —A AGU AR itk o LS1 {5 F Tag S ZE101E S EARANEEH T+ L1 Cache 1) Probe
BeE, AR LLSZHL AGU A LSU A K HMAT .

Opteron {2253 & Tag Al Data &2k M IR /KT NI B9 E.T, # AGU IIHAT 7 i
RPN, D KAk AGU 5 LSU Jit /KB4 []1¥] Overlap. B T AGU ¥R B3 1Y) Tag F1 Data
B2, LSU AT ALU kAT T IR R R

7£ LS1 R A 7E F—HIM Data S8R kb 53047, H ESCHTIR, Opteron #i4E44)
[ L1 Cache HA WA T, 24 B 18] ) 25808 (B AN R AE P R ATHR T, LS1 RS b P B S gk N
FAFI T SR A7 s T 548 %, IR HEE 5245 L1 Cache Controller fifiift — 2 4b 2

Tt A7k s Bl R A 2 S5 #:1E, L1 Cache Controller #R75 BL gy S HE4T Probe #21F.
BEHAE AEEHY) Cache Read Probe #4545 [MI50dE . S44E KAL) Cache Probe #:/F, tHAEHK
Z N Probe-before-Write. #£4TiX /™ Probe #1F 2 B, 75 2 #E £ Uf£F 5 i) Cache Block, Probe
AR B 22t Bl s, T2 HACS R 4 5 18 205 I &40 BT Commit #:4E 2
Ja, AReMBIEEIES AN, HTEANREIREZ HUG I AGE 53— 5681 Cache Block,
IS 75 EEH Probe 545717 [ 245 2547 Merge 54T 5 ANH84E .
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EEAERI SN L ORI R E 1 2 . BIEIRAIILES 15 Store Ordering A
1% % Fl Memory Consistency M & F1%-25 Cache Write %%, % % FETE Cache Write Hit
i7 45 FH Y] Write-Through, Write-Back /1 Write-Once %l , %A % € Cache Write Miss i {i FH
H Write-Allocate, Write-Validate 1 Write-Around $RH% .

BTATE LB EAERAT Write Probe 4 2 i, 7£ Cache /K Z#E 5 1F— MR FH K Cache
Block, E|MAFifids+ RGIAFEIE J5 F 15 ANEHE B IX BLAERT o FRATT & 26 o0y 1% A W Wi E
&I () Cache Block 7E SIS F FPIRASAE B, P MOESIF 1 ) LA IR A ER TG I itk L I 1)
iX %k Cache Block FTAb IR ES .

MOESIF X EARAAL{LIE Cache Controller BT (1)1 B A5 AN e -F- ] S (PR S AL, A2 —
/> Stable IR%, & Cache Block i#f 2 IR H—/N 4. — Cache Block H'i& & HARARZS AL,
NS Z: P 4L PE Race Condition ] Transient K717 . 7 Cache 5 Cache [A][FS 28 H AL & 1
% Coherence Message 1725 Bus Transaction. WIRIE—PHE L Cache HIAH LW )5,
Cache Controller FSM fi FH RPRZS AL AR REIE R 1 2 J4F2 EEA AU ML o

HIRBA T B B it SV EE S5 & Commitment B BT SR LERS o U0 B SCRTE,
WERAFAH AR TR 2 W UT 1Rl S5 78 LSQ H i I, Fl 28R fF AN 2 13 B L1 B3 8 1y )2 IR ) Cache,
T A5 R T IXANRERS o X ANZERS 7] DA R ) 5 ob— M ab, BT RS d s 2]
A 75 LR HUM [F] (1) Cache Block, SEA tHZL 147 Probe Cache $54F - fEIX AN IERS 1, IX 4 Probe
BRAEVTCLEIE, MIMAE— e L IRK T 2411 Traffic. XUERALTF-BIE M T /A iBes i 545
LR, WAk TR ARG B IRE.

£ Opteron LS1 A7 23l # SHAE, WA L 58, Bl e a5 2% H
S HiEAT Commitment, H4 S EUFAE 8 SR CIELE LS 58,  BRAMITRAAE AR LA
7E L1 Cache "y H B vk S I SE RS, IXEEAE LST H (4R 2 FKE N LS2, AT A G B A7
fiti g Ta 2 PR 25 A] . XL EE A] LA T 22 AT BEAE L1 Cache Hit A7 23R/ E FF K47 . X
AN FES AT LLR I LS1 FEEH T Cache Hit IIALEE

1E LS2 HII T A At 12 5 84, f4FE Load, Store il Load-Store $54- ¥4 4# £ 15T Cache
Probe 455, k4 Cache Miss I, 75BN A7f 43 15 515 K % K 45 BUI(Bus Interface Unit)
HAT BUI EBARAAR T 75 22 M\ L2 Cache B F A7 # IR I & 245 . B LS2 I T-4b 7 Cache
Miss I}, 75 LA (A A a8 e 515 4.

1E Opteron TiZE#H, KH T Non-Blocking Cache FISEEL 73, NEE—2% Miss A7fif 251
SRININ T —~ MAB Tag(Missed Address Buffer Tag)Z Ji Ff &K% 25 BUI #B4F, RN AIXEE Miss
T RAE LS2 Hi%E 1 Fill Tag. 24 Probe #EAERIEHE M L2 Cache Controller iz [HIf, H MAB Tag
¥ 51E LS2 W Fill Tag AT ELAL, i —BHAEEE— SA R I L2 hINfE s 1a 2 IR
A Miss BHHT A Hito

Store R HTE LS2 B K AUNT (8], BEBENZIRS WRUKLEFIZTIR )G, 4 58K
BEENBNFMES T RS . 4 KkK4E Misprediction B3 Exception, THZEF ] PAEFRAE LS2
BB A7) Store 64 . R E Store 154 H BT LSU, # ] LAEFE, HIRIXFhE T2 %11,
HARMEEF.

7E Opteron 122+, L1 A1 L2 Cache Controller 5 LSU 34 [F] 58 i — IR AFAt a1 5 e E o
£ L1 A1 L2 Controller 154 #%-2K Buffer, FIIZERZX LS Buffer FIIEEE . —RAFiBARVIMTE 4,
EIELIEAHKE, KEeRE LsU, JE LSuU KHIE R & 2 L1 Al L2 Cache Controller,
F X Cache Controller 58 AFEI 43 1 T AE.

Cache Controller 75 27E{f1IF Memory Consistency FIRTHE T, EFEE B L4 LSU, 58
B AP a1 B At 2 . 7E—MlZEAH, Cache Controller f& —MNMECNR =R ThRE, H
HAE ) Cache FL/K L2 BN TUEEAI ARG
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4.3 Cache Controller HJE:Z<2H i &84

E—MEBEE RG T, AT RGNS, Hk BB NAAE R L 5iR 4
IG5 25 KA DMA #1Efil R . BARTEAABA T RGP H LS 3, DMA #AEARIR AL
OB FEZETET, — MRS DMA #RERSEE B LG, ZJE1E T HAR Cache i
17— 8E . WAL FLEE RGN0 LLC 5 28K i Je Ab FRIX B8 DMA 1

bEE AL B AR AN T 2 (R RE MR A, R BB R DA HES SRR R4t
] Cache Coherency H, XEev £ 1] LLE B 0 JF R 8 T A BE S R A A28 T RS, it
R 44 52 Graphic Controller. A\ Sandy Bridge 12244 FUf, x86 ALFRES N SEE AL T Graphic
Controller, Graphic Controller 1] LA 5 AbEEZRILZ LA 28 T R G IX[H 15 Nvidia Lk 425
EANWHEE R, DRIV 2 M &) DL AR sy, SOTe SOt 5% ARM BEE .

ARSI X e AN A ) Cache — 501, AR S DMA #RVE A =) 48
A, RUOGER BB R UK A AR TR 2 AT, DL RAEIX S A7 4348 2 AT i R,
I3 Cache Controller 5 BT AT HIXS M AFAE o

MEZIRHI S B, AR — N BESS RGN HBAR Set, EHax e w22 v i)
TR A . P 5 Cache Controller AR IIEEE, Hdis 2% b A2 il 2 45 /2 i 822
VA RS, 2 A P 2% 2R 48 ) B o % 1) F- 44k

XL Cache Controller [ H AR 2 it m AN iz, Hl— MR CMP R4,
1M J5 X Le CMP 3B I 5 FAR PN H Rt — D%, TR IR ccNUMA JEPREE R 45, Wl 4-1
e ARFTE S JGERZE, £ CMP LB RS2 NIF) Cache Controller ZHi% 55 4514,
FEHHA2H ccNUMA AbBEEES RS B 7 5.

1E—> ccNUMA ALFE2E 245, Cache Controller 1 FLC/MLCs/LLC Cache Controller, DMA
Controller 1 Directory Controller, J:[FZHi%. HH' FLC Cache Controller 5 LSU Fl1$5 4t 7K £k
BEME, EHE 1 RO ERES 5% Cache; MLCs Cache Controller I REH £ 2% MLC
Controller ZHj%, _#2 FLC 4% LLC Controller, & ¥[8 /2K Cache. TEZ %L CMP AbFEES
H1, FLC 5 MLCs Controller #E—> CPU Core Z. W, J& T-FAfS Cache, JFH 5 CMP ALBEZR
) H A AL FE 2 H FLC/MLCs {235 — 3.

LLC Controller &2 CMP AbFE 2% (155 J5—2ZK Cache. 7E—> CMP ALEEZRH1, LLC B HZ
A~ CPU Core L=, HAH Rl gh#m] LR EE 3L 22, ] L4 i# 9 £ A~ Distributed LLC. Directory
Controller /& 5ZH ccNUMA 257 i) B LAY, 1% Controller 18 1% & /£ Home Agent/Node 1,
It 5 AR a1 d BLROCIERAE — 2 24— DN IURTE KAE LLC H Miss &5 , ¥4 2135 Home Agent,
Z G EBHAT RN E 24 1K) CMP [E][¥] Cache Coherency/Memory Consistency AbFE

AT AT E—A CMP REN, FLC, MLCs, LLC RN INGR, B Cache i@ H.
BEER . RN, 72 S RV E KSR 2 Throughput fll Latency, [FJH SZE AL PR
28 RGBT 5 i) Memory Consistency 157 ,

fE—~ CPU Core N, FLC KZ N Private Cache, 4SRTRA 7 H 2 0% SMT 1X 2 iy fy L =2
FLC IR N 454 . MLCs T LI 2/ CPU Core Share, tHH] LLK Private. WITE Intel A Nehalem
TEEF[12] 0 Sandy Bridge T ZE449[69], MLCs A Private. ##¥] Power R FIALFH 2% % CPU
Core F:% MLCs 156 44, Powerd il Power5 #8% 11X #4244 [751[76], 1 o HE ELH) Power6
F1 Power?7 J¥F | Share MLCs iIXFh 773X, KM T Private MLCs #1757 X[77][78].

AMD T Bulldozer fHA4 R A T # 4~ CPU Core FEZE—AN MLC(L2 Cache)ff1 /520, i
HHAERHIEH T NI/NE (Non-inclusive and Non-Exclusive) 1 Write-Through ZH %45 #J[74],
52 A4 Cache B RIT AR L, ME—BRKRH R A VIPT.
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TEA £ CMP H1, LLC A Z A Core FL =2, A5 #55 CMP 4 LLC {E°A Victim Cache, U1 Power6
F1 Power7[771[78]. NN LLC #7556 A1 Scalability, —2& CMP S F T Distributed LLC J5 3.
BATHE A CPU Core 5 LLC Z M HEH R R, fE—1 CMP R4tH, £~ CPU Core 5 LLC
i@ % {81 Share Bus, Ring B{# Crossbar = Fh 5 iFATiER:, WA 4-5 Fios.

Share bus
Pl Sw( \6:9 2
P P P P o8 LLC 8|0
FLC FLC FLC FLC
| Z LLC < | m
MLCs MLCs MLCs MLCs P (l_) 5(}:’) |<):>5 g P

v ﬁ ﬁ ﬁ ﬁ Memory

Controller
T T T T T [k e
oo 5
MLCs MLCs MLCs MLCs Memory Q ’T‘ 516
FLC FLC FLC FLC Controller
P P 2} p ul SC:’) LLC | ; m o
. I i \‘\\
Ring bus -7 Ring Node
P P P 2} p p P 5
e FLe LLC

Crossbar Switch

e \ Crossbar Switch

I 1

4-5 CPU Core 5 Cache Hierarchy HZE BB

Hrp Share Bus Z5 M i N B, 7EALFE Memory Consistency I i (8 HE, FTAFALERT A
B 21T 25 I, Bl Share Bus Ft REHE AL 1 f R i A PR, 1R MEH: 2 211 CPU Core. 21> CPU
Core TE4H Rl — 2 V2RI, MUK T HRGH %8, WiE—B KT Latency.

HAETYFZ CMP ALFRERAEH T Ring Bus MUZHRAE ), 4T Intel 1) Sandy Bridge([69], 1BM [¥]
Power4[75], Power5[76], Cell Zb¥%2%[79]#1 XLP832[80]. L Share Bus A#HEL, Ring Bus AEfLHE
BERHE TE AR, AbHE Memory Consistency AN AT 5

241 ] Ring Bus I, 55—~ CPU Core i@ id Ring Node 5 Ring Bus H.3%, 1M %F—™ Ring Node
5 HABAI A Node K A2 s 7720 7E— 328 Ring Bus 1] L2 5w i), ]
PLIEXUAI ). BT Coherency FIZE3R, Ring Bus % 1™ Sub-Ring ZHLE%, 7074t FEHETK
Y5 Coherent Message #1 3 o Hi it 5 3= ZAEFFZE Ring Bus [X] Ordering 4b ¥l Ring-Based
] Token Coherence &/ . & FEFhFEE i, Share Bus 5 Ring Bus 72—/, JLHZTE Snoop
Message AL ZRH .

Lj Share Bus #il Ring Bus Wifii&4z 7 XAHEL, {#FH Crossbar Switch 753X AT A$R ALK )
YIEATTE, T H AT LASRAS /M Latency, #R1MI7E Memory Consistency J2 [ 75 2445 H 55K
57, fEAH AT RS S, BES{EH T Crossbar A1 Ring 45%4. U1 Powerd {8 i} Crossbar iZEH:
/™ L1 Cache #1 L2 Cache, TMif#i [ Ring i%F% L2 Cache, L3 Cache, L3 Directory FIf7fifi #545 ill 25
[75]. K Crossbar Switch ff]— N5 ZE 4L #4) /& UltraSPARC R FIALEESS, H AT UltraSPARC T1
F1 T2(Niagara F1 Niagara 2)[81]°Kk ] T iXF¢5#). 1E Niagara 2 4b#Z5 4 8 4~ CPU Core,
&F— Core & A 8 /) Thread.
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T2 THZEFIHY Crossbar K Non-Blocking, Pipelined £5#, % 8 4~ L1 Cache, 45 84>
Bank ] L2 Cache #Hi%, W] LA 4bFE 8 /> Load/Store %45 i% K1 8 /> Data Return 13K L1
Cache S Write-Through /73X, L2 Cache % Write-Back, Write-Allocate 77 2. {# i Crossbar
77 FFA Zy b BE Cache Coherent, T2 TZEM & [ 1% E T L2 Directory[81], 5 T # % 1) Die
Size, PLET T2 W52 J5 ) SPARC64 ViIIifx(Venus) L3 Cache IR &5/, XX} BLAS 1At
TR LI A KK . K Venus THZERIE) K Computer ££/% T 68,544 1> CPU
Core, LINPACK [ %% Benchmark &5 51X %] T 8.162 petaflops, k& TOP500 4 #4852 #(82].

XL CMP LbERES AT At — Pl B 4, RN 44 ceNUMA L8 R4,
NE 1] Supercomputer AbFEES 2255, U K Computer, Tianhe-1A, Jaguar F Roadrunner 4.
SRR R B B LA AR EERR S 2 A1, X2 Infiniband, QPI AT HT 1X i 4277 i A e Hi.
%z F 77/ PE(Processor Element)ft] Interconnection 4 AT . iX£E Interconnection fT{#
MRS, WA CRRSHLE R T —~3F B & M.

%f Performance, Performance, Performance 5 {#i#%+ Supercomputer 1511 7C AT A H
Htlo B—NFoir R mE, BN E BRI RGEAR T Stability. 1
X} Scalability FITCBRIBRFE I K T KRG ERE . X—VIKEK T Supercomputer
] Programmability .

R RO TG E A LA cMP, A% 28, 4S i8S ARG HERGE KK, IXiKiE
BB EEERA A CMP N ER# FI Y Cache Hierarchy i x R E 24 1 HiX teidE i@
1S Cache Hierarchy it H)—#5%>, 1E FLC, MLCs Al LLC 2 [AIEFEAE -251K) Buffer. 205
ZHLE, RICHELND LSU, FLCS5 MLCs ZIRI{Z/EN] Buffer, Wi 4-6 fiin.

[ — bypass
Out-of-order s
CPU U
lLoad Q yStoreQ
FLC Tag Array = > =} FLC Data Array ‘
T iWB buffer T
RSHR > Fill buffer
MSHR A
Store through Q i T
MLCs Tag Array MLCs Data Array
RSHR Snoop Q WB buffer Fill buffer
MSHR >
System address and response bus System data bus
4-6 CPU 547 Cache HIEEX R
X5k BIKIRANE S Bt CPU 5 H T Cache Hierarchy [A][R R, —MSEPRIY CPU Core 53

NIRRT R GR] B R A AN E I AL PR 2R S8 HAR M8 T R A 0 S A BRI
Zle HRXN T — MEER T RAEM S, P 470 32 2 SRR .

17 81 RGBT BT 5520 By Il 8 28 FH % 2% Cache, #3055 2% CPU Core
A ) — Rz, BRI TEARLE 34— AME S 2l F G 0d B ML) A B I S A0 AH OC 1)
REEE, 5 Cache ) Tag, MSHR FIHAME ZIRA(E B 5o AT RE /2 75 EAHPER)
&, ST Ao T EEEA RS H# 1 Consistency Model #1 Coherence Protocol.
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E— MR T RGT, WRFELETHRT RE HPE T KRG X HEE R o
5 Data Array FIAH>K Buffer, Cache il d8 FIIEHIB K IX — K. XN TFRASH B
AL 7 R GeE N %28 Buffer BEATIER:E, WA 7 58 il #8 1 REEH = KAIE55 .

et &2 k$E K 1sQ fl MSHR, 11 4-6 H1[1] RSHR(Request Status Handling Register)
5 MSHR FFANEE[R], MSHR (3 ZD)BE R AL B R H CPU Core U5 iH 51 K& [ Cache Miss 15K,
1M RSHR £ EALPE R H A a4 1l 231 Coherence 153K . TEA SflZe#) F H ¥ W B RSHR,
MR T HAh BB A S B o

Fill Buffer fl MSHR il TAE B /72K HH F Cache Hierarchy I%di, 7 H A algE HARATF
7% Cache Block; Store through Queue =% F-T Defer Write fll Write Combining i&K.
Writeback Buffer % 7 Evicted Cache Line, 3= % H []/Z Defer Writeback iX > &£k Transaction,
FRAEFH Y Cache Hierarchy A RIS AL BE Cache Miss 13K o

= 3CHR K1) Buffer 449F FLC/MLCs Controller 8 FH ¥ 4> Buffer, i85 11 % Buffer 55 Cache
FIFEE, Cache Block F B HUIRZS, LI Cache Read/Write/Evict Policy #H5<. 7N[a] AR 4K
F 7 AN A ) SE ISR o 51X SEAN [F] 1) SE IS NE v BT OV I B Rk R /2 Bandwidth,  Latency
H1 Consistency.

HEILLL _EAE S, Cache Controller 75 ZEANEE J LR REHR G SKAH &, . 1 5642 Data Transfer
WK, BB TEER RS, HIKJE Data Transfer Replies, XN Reply #1 3¢ w] LUH BiCHE an 47
it A BL1E SRAE I BB ST, AT AN E s 2 J5 /& State Inquiry/Update Requests #il State
Inquiry/Update Replies, %4 3N PRIEEE 22 v 18] (1R 7515 S Consistency .

E—N LB AL EL S R Girh, i —2F B Z YL Cache Controller FIAME R, XJLK
KEAREREHE P ABEZ TR, U4 Cache L SIREN IEF 1817 . A[F
I FEES RS AR Cache PRMSIRAENL, A 7 ARIKH RS, #—HKT
Cache Controller i THHMERE . 7£ ccNUMA AL EE R4+, %1% 5 Coherence #H2K M Data
H Message. XEEHN 25 Cache Memory [R5 618 A BCIRASHLAH

TN A S HE A BOCIRSHLE R S/ 72 Cache Block JR#&, MOESIF R g =i
HIRES, IWHWZ H T Cache JZIREEMI Hi%E, FT Consistency JZTH ) Base KA, H—
1 Transient K23 T-4b7 Cache Block RS 4ei B Race Condition 2644«

TE/N[EFF) Cache Controller H, %1 FLC/MLCs/LLC FlI Directory Cache Controller, iXZEIR 7
RUE AR, How SUHKORA B 22 37t o IR SRS AL 2 [BAH BOCHEARAH B, dE—D3m 7
Cache Controller 1% 1R &,

FA 1B ZHE Cache Controller fff HHABARGAL,  H fi 0yF Hih — MO FFR IR
37, Inclusion Property[83].Inclusion Property 1% B3 Wen-Hann Wang e 5 G T Intel,
5210 T Intel M P6 B %] Sandy Bridge flZEf4 i) £ 2} Cache Hierarchy %it. Wen-Hann J&4: [
X — K WA§43 2 2% Cache Hierarchy [A]FIZH A5 H4F% T Inclusive, Exclusive Z 4k, % 1 54—
AN NI/NE Z51

4.4 To be inclusive or not to be

T MR REM P EELIE TN Inclusive. IX 1SR BT H Al ) EEV AR A1 T AREIRAR 2D
H Exclusive F1 NI/NE Cache &, BFEJUERMIE D, —HEE Rk AL /M LE
I e 2 b o FRRATT R 2 843& T Inclusice IXFf Cache Hierarchy 4544, 1A°A CPU Core
VilA] L1 Cache H' Miss J& 24K L2 Cache, L2 Cache Miss /& 4k £ Xk H T HIJZ K. 1HAL cmP
MPRERTEZ 2 Cache BT B2 HIM# & Exclusive B3 NI/NE FUZ5M), 2EFERT Inclusive
SEMTERA 3 EE LB Cache B HAZ L.
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FEAT T, FATTIN Inner F1 Outer Cache %7 . Inner Cache & 48 7E 1444 Z N ¥ Cache,
111 Sandy Bridge T4 545 L1 A1 L2 PiZk Cache, 1fii Outer Cache $57ETMZEH 2 41 Cache,
Ul LLC. 7B SLfj B i ZEM s, Inner Cache R 45 —%2%, Bl L1 Cache, Outer Cache i@ 1%
AMEER AL, ZHUE LT A — 2.

TEA LA RS H, Inner Cache HEZANZ IR, W1 Sandy Bridge /i Z2# 4, B4 L1
F L2 Cache, X2 Cache #iJ& T FAH Cache, Bl Inner Cache. LK Inclusive 1 Exclusive 1
D E S ILAE Inner Cache H1, ZJ5 7 /& Inner Cache #1 Outer Cache Z [A][FJBE R . o T-Hi
fift, MRATIZIE Inner Cache F1 Outer Cache H A5 —%%.

Inclusive Cache [t & i N E I, tHIR2E 5 PR, RAZXMEEHIET, Inner Cache /& Outer
Cache ffJ—~F4E, 7E Inner Cache 1 FILf#] Cache Block 7£ Outer Cache H'—E BARIA; XK
H Exclusive Cache Z5#4I, 1 Inner Cache H'HiHIf#) Cache Block 7t Outer Cache H1—E ¥ H
A, NI/NE 2—F4rd 538, Inner Cache #ll Outer Cache [8]3%H HE0HE, B 1E SZHLRT
7B E SRR RS AL R I % B IR

Inclusive Cache JZ IR &5/ N BT, FF7E 5. CPU Core HIM IR SR T 2N H . H/2
TEZ 1A, T Inner Cache Fll Outer Cache [BIfETEY Inclusive Bk, fi 5K F £ 2 Cache
JRIREE R AL BEER AR AME AT XA 7 200 W SRAE — MBS R b, B2 Cache #IE AL E
H I cache IUEIA, AMUE—Fh=ZERSE, BN T Cache Coherency R 244 .

BRI H % 5E 2 2% Cache 4544, T™H& [ Inclusive tEANEE 55 SiBl. AL L, AR BEAE
—A~ CMP F & B P CPU Core. fERE—™ Core H1, L1 24 Inner Cache, [ L2 4 Outer Cache,
Inner Cache Fl Outer Cache i | Write-Back %%, Core [Af# F] MESI B st4T — U PEALBE,

FATE 46T L1 Cache Block, 7E1X )™ Cache Block H1 %2 /> 75 215 B Modified, Exclusive,
Shared il Invalid iX 4 Ff Stable JRZS . H1 T Strict Inclusive ¥ JR K], &5 3 A EA 45 T L2 Cache
Block. L2 Cache Block B | MESI iXEARZEA7 2 41, 7 RFEFHI L1 Cache Z [A] Inclusive, it
R LEIAMFIRZS, U Shared with L1 Cache, Owned by L2 Cache, L1 Modified and L2 stale
&—L 5 |1 Cache MRIPIRES

WRE—D cMP H1, (UEHWH Cache, IEHNPIRASSALLE /] B2 FIVE I, {HR2 U
RFEFEF 13 Cache HIFFAE, L3 Cache B 1 H 5 7 ZHPIRESZHb, I£52 2] Inclusive ) L1 A1 L2
Cache 520, 52 Cache AHEL, i R I EE 2 415, 2 I W1 L1 Modified, L2 Unchanged
and Shared with L3 IXFEII R Z2H 5 .

B NFEERH Inclusive 45#4, IR %% 1132 1) Cache T, [FINTE A7 AE I A /£
NEARIA, WMRY 7876, FENRE S5 ERERZ > Trade-Off, fEX:LLls
FN R EE SO ANR Y, AR E R

B N A Outer Cache HIZA & /NT Inner Cache 1) 4 58 8 15, R IK R A &
B, UK Exclusive Cache JLT- A —HIER: . 124 Outer Cache 5 KH, “KH Inclusive
Cache MY B E 4 LRI, 1X4™ Inclusive Outer Cache i 1] LLE A Snoop Filer, . AKB#K T
4T Cache Coherency i}, X Inner Cache B4 V5 7] T4

KH Inclusive Cache )5 — ML AR LLKAE Inner Cache H1 R4 245 ) Cache Block
Fi$% Silent Eviction. IX£E/2 Inclusive Cache LA (HRMNEITHIAE EF, KM Inclusive
Cache 545 TR i B¢ K B PR 2562 ™ k% FE) Inclusive 5] Cache Hierarchy 8] ('S 884, X Lo
HEm I Cache JZIREEMIEIREL .

4t & Outer Cache K Eviction ITFE, T Inner Cache FIRES B HIGEI A, HFibtiFE
BT RIPALEE . R Backward Invalidation 7] DA #L b fi# HIX /N )@, FHF Snoop Filter f)
TELE, APAFIX —4AE R . At A TKIRE TS [RAR Z 4077 i) &, R UIFE Inner Cache
FIEIA 2 C S ), fE Invalidation R 75 B THHE IS .
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AN AN T 5 ST (2 7E Inclusive Cache it FHAE7EN] Race Condition. TCif /&K
F T Fh Cache 45 H4) , iX BEIIf Fi 26440 5 B b AT RE | AL , {H /& 7E Inclusive Cache 1, Inner Cache
L5 Outer Cache IR EERE G IR T IX 2L Race Condition HMFIRAESE .

AT e e J LM ML YY) Race Condition. (% Outer Cache Hi-F—7> CPU Core f7fifi%s
EEVEIF) Cache Miss M 75 Z23E4T Outer Cache [ Eviction #1E. H1T Inclusive [IJEIA, BRI 75
% Backward Invalidate H:Afl CPU Core Inner Cache Block, TM7ELLIARS, X4~ CPU Core IETEEX
5 [F]—™ Cache Block. [FIEE{R15—> CPU Core IE{EEX'SE — Inner Cache Block, Tfj 554k —4>
CPU Core 1ETEM Outer Cache Block HH S HUFIFE LR, oK i3I Race Conditions

IX %L Race Condition FEAEANTTARRE, FRATA] AR IE HHAR 2 B AL X 6 i) i, 1K et
TYSZEL A R 55 /2 7E Inner Cache A1 Outer Cache Y 2k VE R 1B B —LL[F] 20 55, FEAE Cache
Block H1i% B — L4 EIRAS, XEVEINK T Cache Hierarchy TS SOIRZSHLAOSEILAMERE . fif
PUX LA Race Condition [M]#, tHVFFHANHEME, HU&iE 2 M SN 1 ks 58 5E 1
Ja— MR, Wi — P E CMP 8] Cache H—FMEK & R AL N T ERA .

IXHANIE Inclusive Cache 7 2K B B A 1A o XA Bl &5 [F)AE HH BIAE Exclusive A1 NI/NE 544
[] Cache JZIRZER LT, A B R ARAEA BRAS 10 22 R R A — N I DXl o TG ™= it 1) (1) 5 2
Tofth, R4 L&,

Inclusive Cache #idE—Jo &Ab, Wl b 3CHE K1) Snoop Filter, Inclusive LLC /& — N KIAM]
Snoop Filter, RATEIXZE LLC HFHHH XA CMP F1 T Cache HIEUIEEIAS, fEscHlh H R E
7E LLC Hhn N —4UIR A F BRI AT SEEX A Filter, A5 EAIANEIR, Nehalem FZEMfEH T
A 77 A [12].

TE YR PR, 8 48R 17 Inclusive Cache Y, FH-T Outer Cache ¥ Inner Cache i
G, IEAE CPU Core #EATTHUIRZSES, Inner Cache JL°F 1] B4 &R AR IIFRIRES
AN HEP RSB R, AT EX H A BT Snoop #:1E . 1X &K NI/NE Al Exclusive Cache TG
EH AT .

K H Exclusive Cache #& Pure Inclusive Cache 1) — M, MiTHSCIBIAE &, K
IR ERN GG . {EIXFP Cache R ZE#H, 1 4 Cache Block 7] LA77E T Inner Cache t 1]
PAfFAET Outer Cache H, H 2 A BEIRIIAF/E T X P F Cache 2 H'. 5 Inclusive Cache fH L,
Inner A Outer Cache < [A]3& % |” Cache Block B &M= EMIR %%, M CPU Core WA E L,
K H Exclusive Cache Z5#4#H 2 T4t T — M KK Cache, FEFEFMIEE LR T Cache
Hierarchy %44 Hit Ratio.

E—NIT SR, Cache (1) Hit Ratio FIVF 2 I ZAHIC . B Fe M i 78 73 KA4AE
% ] Temporal Locality 1 Spatial Locality, X 5H4Lta i & A BB R 10K Fh
ST, X TR, SRS E K Cache, B T42H Cache [ Hit Ratio.

H ESCH R IRATRT AR 5 K, AR AR R SRR B RT3~ A Exclusive Cache 4
F AT LLIRTS B KK Cache 25 &, LT Cache HIH R & /& Inner Cache+Outer Cache. 1X/&%
A Inclusive Cache B3 NI/NE ToiEM 2K, & Exclusive Cache G5 KL A . XN E2H
SEf—EB

R AE— MUZE T, AW Cache, 4372 Inner Fl Outer, KM Exclusive Z514 .
BB — IR AFAE 25 BL1E SR TE Inner Miss H7E Outer Hit B, 7E Inner A1 Outer F1f#) Cache Block ¥
A H A2, BT Inner Cache H Evict HJ Cache Block 5 H] Outer Cache Hit ] Cache Block, 1fif Outer
Cache Hit f#J Cache Block # 5 FH| Inner Cache Evict f] Cache Block.

W R AFAE 835215 SR E Inner A1 Outer Cache H14%E Miss I, >k H H T Memory Hierarchy
IR B3N Inner Cache. [AI°A Exclusive FJJER, K E T Memory Hierarchy HE
A2 [F S 3E N3] Outer Cache.
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TEXALFEH, Inner Cache HJAEZ: K4 Cache Block ) Eviction #1E, LEHS Eviction
Cache Block Hi Outer Cache #2U%, IEHS Outer Cache A &4k 4 HH B Eviction #fE . X LA
4 Inner B Outer Cache ] Eviction #1117 YK ] Cache Block, t##5 A4 Victim Cache Block
8¢ # Victim Cache Line.

1K H Exclusive Cache [KITZE R 1, 75 %2 15 46 7% 1§ Victim Cache Block 143 . 2 CPU Core
HEAT WARAERS, W 53AE Inner Cache H Miss, 75 %2 M Outer Cache 53 H: R 1) Memory Hierarchy
RIS EE, X ANEE BB NF Inner Cache. ILHY Inner Cache 75 i1 5GiEAT Eviction
&, WEA Cache Block Ik, XA Victim Cache Block 75 B3 78 3| AN B g2 . AT DL
Outer Cache £} Victim Cache. B V&K 7] Cache Block i N\ Outer Cache, 24%A K H X 512,
Al REARLL 5] & Outer Cache [ Eviction #:1E, MM S BOEH SN

15K H Exclusive Cache ZEMIIIALEEZS R4+, Outer Cache 42 Hit f¥) Cache Block /&
Inner Cache £t % Evict [)] Cache Block[84].1X 5 Wen-Hann 5 5% NI/NE Cache £5#4) ] Accidentally
Inclusive 251 —2L, fE NI/NE Cache £, H4A Inner Cache 55 Outer Cache i IS T
1B, {HRMIESIHELETE], 7€ Inner Cache A Hit [¥] Cache Block tH477ET Outer Cache.
AR FE, M2 Accident, Wen-Hann ¥ HFR N Accidentally Hit[85].

[841F11[85] [ 45 H 7 X} [ — I R I AN A [5] £ B2 %%, IX — LA HH Inner Cache #1 Outer
Cache fJAH H.S2BES] /& o XFT1# ] Exclusive Cache 454, 7554 338 2P 4704 IK [ Cache
Block, Ul Victim Replication[88], Adaptive Selective Replication[84]55— &% 73\, HIRFEIL
FUEA R 2 1A B XN RN R T AT, AR AR E S, AU
24 AMD K7 Z%1/(1) Athlon F1 Duron f 28K 1 S8l 5 2.

1E Athlon f 22, L1 Cache H K /)N A 128KB, 43 %1) 4 64KB Data £l 64KB Instruction Cache,
1BATHI# 5 CPU Core Clock #H[7], £ Hit i f#) Load-Use Latency A 3 ™ Clock Cycle. L2 Cache
K/INA 512KB, J&4T AR A CPU Core Clock [1—[86]". L1 &5 L2 Cache Z [HI{ILLIE A 4, X
#1453 Exclusive Cache &5H4 N PR IFIE SR . 7E L1 Cache 5 L2 Cache 2 [f], Athlon fiiZEH 1% &
T & ) Buffer, 47 M L1 Cache H1¥& K ) Cache Block, X 4™ Buffer B4 Fx 2 A Victim Buffer.
L1 Cache, L2 Cache 5 Victim Buffer FZH S5 # Ul AT 7~ o

Victim

Buffer
i L2
Cache
CPU L1 Cache

A

A

Main
BIU Memory
(DRAM)

4-7 L1 Cache, L2 Cache 5 Victim Buffer AJ4H B 454#9[89]2

7 Athlon 142, Victim Buffer 1 8 /) 64B K/NHJ Entry 2H . 1] L1 Cache, Victim Buffer
H L2 Cache Z [A] A2 ™ #5 (] Exclusive & 5. 7E Athlon flZ2H9 AT 44K, L1 Cache &K
128KB & — /MR KM T, EMEFIHEN S RWIFAN . XE1F CPU Core VIl 1) 2 K845
7E L1 Cache H i, L1 Cache F1 L2 Cache [H] i) S 2R FEANEAT:, Victim Buffer # /7] Cache Block
A LAZE 2K Idle INF 5 L2 Cache #E4T [R5 . Victim Buffer 1R/>2x KN T4 #R Entry % 5 FH 1 A%,
NERGHF[86].

Y RIS Athlon AbFE 3% FA ¥ L2 Cache 4 Full-Speed On-Die L2 Cache.
C REk A8, HAFTNE. EHIFANFZIE B A%, X5 HZE.
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21 CPU Core 3HX %8 7E L1 Cache Miss, I {E Victim Buffer Hit i, Z(d&44 M Victim Buffer
Hr{& 325 CPU Core Al L1 Cache, M L1 Cache H Evict ] Cache Block #4i% % Victim Cache, G
75 L2 Cache N2 5. RMEEHE USRI 7E L1 Cache I Victim Buffer 4= Miss [, Athlon 484
L2 Cache 1] Load-Use Latency ¥4 11 /™ Clock Cycle, .3 L1 Miss AT f I 3 4 Cycle.

1E Victim Buffer i, CPU Core Vi H FI#E1E L1 Cache ' Miss H.AE L2 Cache ' Hit [
51, Victim Buffer 2 7711 Cache Block 75 241 F 8 4™ Cycle Fill 31 £ L2 Cache H1; 2 J5 L2 Cache
5B 2 /) Cycles f) Turnaround J& #K5-4iy H 1Y) Cache Block $23245 L1 Cache, [A]F K 7E L1 Cache
1 Evict ) Cache Block i%4E Victim Buffer; # )5 L2 Cache &5 %2 2 N4 Turnaround & 31
SEREENEEE . R L2 Cache ) Load-Use Latency H4Y A 20 4™ Cycle.

Athlon #2844 [#) Cache Hierarchy S5 #4755 it [ AL BRER R B BRAS 1 Jebl. AE 2
BN s, AR e 8 s s So K A2 /E Cache Hierarchy 1. 15 1) K8 T4ty it — 2B AL
f£. 7 Cache Hierarchy Z5#4.

AMD 7 Magny Cours 484471, L3 Cache /£ L2 Cache ] Victim[87]. AMD X} Exclusive
Cache 1HA e, JET K7, K8 Fl K10 ) — RAIHMEEHIAMEA 11X —451. 78240 AMD A
¥ Cache Hierarchy 25 #)_ X S5 S AT 2, sk 1 P s B XOE TR FETAX. Intel
H 2 Nehalem T 28H 2 J5 A4 BB B T AMD, U5 7E Cache Hierarchy 85 [ — GG 4ah .

AMD 151 Bulldozer filZEf47E Cache Hierarchy /Z [ _F At T BRI MGE, SEIRAE
L1 Cache ZMHKARMEM vIPT 7R, K/NN 16KB, EIEAFIRFF 2 AIMZER) 3 4 Cycle [
Load-to-use Latency, Ti/&H KF| 44 Cycle. Latency [ E1#75 Bulldozer 7£ L1 Cache /2T
Sl 128 e 2y Be oA AT RE, B T At v .

L2 Cache HHH > CPU Core 5%, % KHA[IA 2MB, iXf##5 Exclusive Cache M4 7 Uk
RN, AHES Bulldozer TEEMIRA T NI/NE 70, B NEAMPZIZMALH L2 Cache
] Load-to-use Latency iA%] ] 18~20 /™ Cycle, %] Nehalem #I Sandy Bridge TZ2#41#) 10
/™ Cycle[74][12][69]. 1H/Z 5 Nehalem #1 Sandy Bridge #lEl, Bulldozer fZEMIHR & T Al 3K
Y Outstanding Cache Miss &1 Zk1% 3K, L1 Cache Miss 1 1] Jf: & 281 K N 8 4™, L2 Cache Miss
B A] R SR TE RN 23 A~

Bulldozer 4R 41X Le i TH M A 423 1 /X [ Qualitative Research Al Quantitative Analysis,
TERA PFAFFE TR Re s < 7, Joikdt— 4R Bulldozer TUZEMIIMIIL S . F L ERIEAR
FERIXLLEAE, AR UL 2 /0 n) . X e IR SR R A TR AT, IR 2L T
AR — AN TSR . N TTLLIEE &, AMD HARAWRTiEEER, £ L2 %/5 Intel 1
HEH AR TSR AL, XANA FMELS AL

Bulldozer TZEHAH 3T | Exclusive Cache 454 W0 i T VR 2 IR B 18 o RV & Jd ik fi
FIEEE 2 HT, Exclusive Cache H3f:4E5E 3 . Exclusive Cache #& Pure Inclusive Cache 573 — Mk
UM T730, Inner Cache &5 Outer Cache [AK R EREG IR RAE —ilS, Xi& k1 %2 Cache [H
ARE I BEE RS 4, I H S Inner Cache A1 Victim Cache 22 18] A5 7 55% . 7 CMP ZH % ) ccNUMA
Ab P 2§ F G0 Hh X PR R B 0t .

T JGTE Outer Cache fEN Inner Cache f) Victim B, Outer Cache 1575 % 4% & 7] Inner
Cache ] Request 1 Reply Z5{5 &, JNK T Outer Cache Controller ¥t HEE . HAIRE
CMP 4bHEZ: R4t , FN CPU Core KECH) Snooping #AE, WAZiEE[H] K} Probe HiAth CPU Core
[ Outer Cache Tag I Inner Cache Tag.

X} Inner Cache Tag ] Probe #21E ¥4 5210 24 /il CPU Core X Inner Cache M1 in] ZERT, T
XA ZERT G HEAS CPU Core WiH FTEL SOV NS, Ab T 08EERAE . USRAFIK Probe #1E
AE BT L1 Cache Y Tag, K541 CPU Core X L1 Cache FV5in], T HES: Stall 521 /KZk
BIPAT, 7RG I RS
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W IEOLT, AERES o] LA A R X K . — AN % E % 1) Snoop Filter,
AbFE Sk H HoAth CPU 1) Snoop Transaction, V&bt Inner Cache A~ Eif] Probe, X-T Exclusive
Cache ¥ & Snoop Filter 75 E44MKAIZ 4, 1M Inclusive Cache %% 5 528 Snoop Filter. 3 —Ff 7
%25 Inner Cache ¥ Tag, SZHIL CPU Core 17717 Inner Cache Tag 15 Snoop [IFFAT#1E

XA AR 2 R BN RE AT RS, IR T Cache Controller [P THMERE . MY
ik, 7E Cache Hierarchy ¥ AN —A™ Buffer #ZE4HEL % FE& Memory Consistency JZ
[ 1R R, -2 5 2 1 Race Condition ALFHA H A7 K ¥ Transient State. X — VA& 4
W N E A% Cache Controller, FEIIMEPL¥ T .

NI/NE Cache #& Exclusive Cache 5 Inclusive Cache 37 % . Intel M P6 AbFEESTFUA— EH 3
H 5 &8 ¥) Sandy Bridge AbFHE 2%, — B {8 FIX PP 458 . Intel t % £ 24480 Exclusive F Inclusive
Cache 4ift), HZAURFFIEFE T NI/NE 454, tHIF4G T Intel x86 /£ Memory Hierarchy 4535 i1 43
P o AHRBATAREMK AT NI/NE S50 2 iU E5 1), WAREN NIZA G2 — MR Z 1)
BT ROZE IR, fERA 1SR BO A B S R AT, IR H PR B AW, BE A
X g A AN GE A M E H 25

7E43 B NI/NE Cache 45#JI5), Inner Cache 5 Outer Cache [/ N A E S, 5 Inclusive
ZEHAHEL, Cache &I ZEAH X &, (HRIRA K Exclusive Cache £5#), A4 Accidentally
Hit IR IA, NI/NE Cache & F|HZ 5 Inclusive Cache #iLt, IREAB NEIR. BEai)xA
I, ARSI A NI/NE Cache 544 158 K5 7).

LA K NI/NE Cache 77 3, 75 Outer Cache HANRIEEL 7 Inner Cache H 42355 &,
[X] 1t HoAth CPU Core 1) Snoop Transaction 1594 7 £ Probe Inner Cache, 1X{#i#3 NI/NE Cache J5
AR EEH Inner Cache Tag, B A — Snoop Filer.

MEL_ BT 508, FRAVBHMELS AR NI/NE Z5F1IPE 5. NI/NE Cache [ HEE AR
2= [ FPix sk, A1 H#E IR 22 NI/NE Cache I A . NI/NE Cache 7] LAFE Outer Cache
BN 1B(Inclusive Bit) ! CD(Clean/Dirty)f7, B A] 58 A Inclusive F1 Exclusive Cache £71E []i& £
J AR 20 55, UnVH UK Outer Cache 1Y Conflict Miss, 7843 Al Inner Cache 5 Outer Cache
[8] =L 2k 717 %, Write Allocate on Inner Cache without Outer Cache interaction, &li/> A2
RFO(Read for ownership)#{FE 4%

PRI R BIX LT SEAFAE A A, AER BN oQ O I AR s AT T SR o A— AN AR £
F %, NI/NE Cache 7 R B KL s 53 T 46 T Cache Hierarchy %11 . 58 A Inclusive
F Exclusive Cache &5t AL, K IXFhT7 X Afi45 Inner Cache 1 Outer Cache [H] FI#E A EE1S 2]
TRORHIFEAG, WK T Cache Hierarchy B THYESS o

BB IS A BT Inner A1 Outer Cache Controller ¥ it B RAE — TR FII& H N
IXFh A BN 45 AN T Cache Controller [IRCR, BB B[R4 m 1 it A RK
TARRAEE . (HRAXFS BN RE—EREE LR, Inner /& Outer Cache [1) Inner IX 4> 55 5K
tR7E 1 Inner Cache 1 Outer Cache o1l Rl A 7 kAT HIER, ARIRAFAE RIS L .

NI/NE Cache Z5#FF A Intel x86 AL A 4. Intel ITHIA A Nehalem F1 Sandy
Bridge AbFH 2%, FE{#H NI/NE Cache HI[EEFS, tH4#H T Inclusive Cache. Nehalem EP 4bF 2%
“H 4> CPU Core, J:H1%F—/> CPU Core & A MSLHY L1 Al L2 Cache, Hirr L1 F L2 Cache
"N Inner Cache; T fiT 5 CPU L= [F]—™ L3 Cache, iX ™ L3 Cache tH#FR M LLC B # Outer Cache.

Hrp L1 Cache HI 32KB HJ#5 4 Cache 5 32KB B4 Cache 41 1%, X F NI/NE 4544 L2 Cache
IR/ 256KB, K FH NI/NE 4544 L3 Cache IR /INA 8MB, KA Inclusive 4544, B[li% Cache
HAL & BT CPU Core L1 1 L2 Cache A REIA . Inclusive LLC & — N RIRHT Snoop filter.
fE LLC 5 —A> Cache Block & #H —ANH 4 L4 Valid Vector 7B, FIRFER LLC
FRAELE B AS R S AEAE T 4 /) CPU Core 1 Inner Cache #7[12].
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4 valid Vector[il~ 1 i, -5 i 4> CPU Core I Inner Cache F A fEE 4 LLC T Cache
Block B4, K2 NI/NE Z5 #1125, Valid Vector[il A 1 F-AMFRIIE Inner Cache H12& L1 I8 42 L2
Cache M EHHARREIA, VIRFEI ) Probe #1E; 4 Valid Vector[ily 0 IFF &R, 26 i
/> CPU Core ] Inner Cache F'—E A& LLC Hf] Cache Block E]4<[12].

LLC fJ Valid Vector 7Bt 7] LA k. FH Nehalem EP/EX AbEE 2% ZH A [¥) ccNUMA AbHEZS R G5
i) Cache Coherency. XA LLC A] AL —/ Nehalem EP/EX AbFRESHH BT A Cache, 4IHAth
Socket 1T Snoop Cache i, X5 5eviinl LLC B AT, WiA0hEE— KA TS 2 Probe FTAH Inner
F1 Outer Cache, MIIfEj{L T Cache Hierarchy %11

Sandy Bridge ZbPEZ5[¥) Snoop Filter (15115 Nehalem EP/EX AbFEZRRAL, HE&#—2P"
J& T Nehalem EP/EX AbEE2S (1) Valid Vector 7B, PASCHFPFIEE AT GPU[69]. K H Exclusive
Cache #5#J/¥) Magny Cours 7E 6MB [ L3 Cache H &I/ T 1MB ¥] Probe Filter Directory 1EN
Snoop filter[87], T H#&/% T Cache Controller FI1¥ 11 E 74

AMD 7EH T Z %5 T Intel, 7EA[F Die Size H AL H /D BARE R H B H T, i
FHUAR K Probe Filter Directory T2/ CMP £ 4:[A] Cache —#MER LI, JCHAE 4 Pk
F L Socket 1375, (HAZRERAEXANHET, AMD {X{KHE Probe Filter Directory F/4~ &
LUE Intel. Sandy Bridge 7£ LLC JZ I SEHL L PP R T, AMUIZATHE Clock Frequency,
1M H. 3 Load-Use Latency {4 26~31 > Cycles[69].

BRIt 4 Sandy Bridge 7E LLC [FSEHLHR ST T Distributed 7750, & —A> LLC i N %
A Slice, HA%E—4> CPU Core XF . — Slice, CPU Core 23 Hash 45 5:1J7 17 % [ Y Slice.
X Partitioning Cache Slice [£{X 7 Cache Coherency [ BTHHMESE, #F—DHEmE T LLC [ R 2%
HivE, #7517 LLC 1Y Scalability, &40 T ¥EAEMY) Cache Contention[69]. AMD [f] Magny Cours
W FRIX R Cache ZHZA 77 20[87]. FRILZ 4k, NI/NE with Inclusive Cache & 7] L — S8 Bt
H—BAhAk, an[eo]H /441 TLA(Temporal Locality Aware) &% .

T Intel S H 1) NI/NE Inner Cache Jill Inclusive Outer Cache [I45#, &5 AMD FH
f] Exclusive Cache Z5#4”, 7E Cache Hierarchy it . HA RS IEE MM EARKIX A
RN ZH PR AE LS, XK E RS AR ARSIt

IR Z s, — D REERMETHEE DTG, XM EwE R EES, Ak
Tt B T BRI m, (HEIR A Z i T RIBA Qs g . — 5838 /E 8 25
BRI & n] LA A — AN, GlE H— D X =N E T ek &0t X AR R, A
Algkz, AnTES], SEREEMEENERE. XFENTEEARS R —HIER, X1
TEEELET.

AN FEHEAAON 58 56 AN [RA R A A5 1 S Bl U R A AR R i RRAR . X S8 SR AN FT 2 5
S, AN RBRTHE L 2B T XA AR AR ERESE, BT 28T
% o AFAFZEMINAE BT i, 5 REEHEARJZ M, A BT B RER, JEAPRER,
XHATAF —MLF I BERITAE IR, 0 W0 ESE, i 7R 2 A A K A 1)
W IR, XS R AR R . A e R R kX b )

4.5 Beyond MOESIF

FX A 5 Cache Coherency A% [#) MOESIF IR, EIREIMAT AL . MOESIF X £k
BAALEAE, e NAE. 72 CMP A HES R G R K2 2% Cache JZ IR E5HFT CMP [E] )
Cache Coherency, ™MZF T MOEIF iX SRS R IR A

© Magny Cours B4 F 3/ 2 4% 72 SLI¥) Exclusive Cache, L3 Cache T2 True Sharing JIR7#[87].
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E—/NMHZA CMP A5 ccNUMA AbEEES 25 H, Cache Coherency L8 I J7 T N 2,
B4/ Intra-CMP Coherence, 7K/ Inter-CMP Coherence. ' Intra-CMP Coherence ¥&—
™~ CMP B Cache Coherency, Tfj Inter-CMP Coherence $& CMP [f] ] Cache Coherency, i
F AR Z A 4-8 s

SEEE g () (e
EREa ey " AT
! 1
\ Interconnect \ :\\ /,:
i s v s
A . GO R G

[ / N
CMP Node | Intra-CMP/Coherence Inter-CM\IE’\ Coherence

[£] 4-8 Intra-CMP Coherence #1 Inter-CMP Coherence Z [8]A5% £ [91]

TE—> ccNUMA AbHEZS K457, Intra-CMP Coherence 5 2 5 Inter-CMP Coherence /1iff
TAE, 5% Cache [1J4J5) Coherency. A~[FIfF) CMP 4bEE 2% KA T A [EIfF Intra-CMP Coherence
KM%, W LAsE Share Bus, Ring Bus Z{# Directory, XEETEHE -7 F|H. Inter-CMP Coherence
FRT LB A E# Message H77 L, A T HEm A H Programmability, 2% %
GAEF T AR SEIIX LS Message 38Ht. 7E—/> ceNUMA ALBEEE R g 1 evp iR i 4 A
i, 2§ Directory 4544,

TEAT BB RIFT BRI RKEHA T, ccNUMA ZhEE 23 %4 DL . Coherence Message
BT Packet [ AT, £ JAE Internet F B Router, NI(Networking Interface),
Flow Control, QoS, Routing Algorithm 252 . 7 ccNUMA Kb P 2% 2 4t H i FH 11 Interconnection
AMEALE Internet 4 5.1 HEZ 42152 . K Computer {§ 1) 6D Mesh/Torus Interconnect[92]4%
M H AT ICH T Internet AT RE

r = /[ﬁ;: §7>\ (xy.2)=(0,0,0) (xy2)=(1,00) (xy.2)=(2,00)
‘ egnet (| \ L”ﬁ,lj, &
( \ / (ke ) > b=2 b=2 b=2 b=2

e | [ \ /(@B

/0 bus i 2 ™ o

o 4 = (m\%bm L 37 Somer b=1 b=1 ] b=1
i s / \ k[‘—/’ nodes
‘ engine3 | Coka)<—> a=1 a=1 a=1
‘5% / \ m.m}f > b=0 b=0 f b=0 f b=0 f
Communiction |/ \ |[(nke=] < > ‘\, =0 ‘\’ a=0 <\> a=0

| engine4 \L—]"ﬂ,)li 9, c=0 o =0 - c=0 et

Interconnect controller

4-9 6D Mesh/Torus Interconnect[92]

Supercomputer i H ] Interconnect i Hi T A4 (111875 ], {H 2 Cache ] Coherency
JZTHEAT 7047, Inter-CMP Coherence 13 117% & % T Intra-CMP Coherence, Cache Coherency
WRIRFZBEFLIT CPU Core 5 2%, Cache [A] () HIBC S 2B 2 45T CPU Core IR 7% . XA
A1 4H Intra-CMP Coherence 1 Z 5 A,

Intra-CMP Coherence [ R EEE T W)= AR . Hrh &% Cache Z AR R, K
T AR BX LS R AT H Y Cache Block ARAFLS L WS HAE 2% AUE H A 4 1) Cache
Coherency Protocol 4% | FFEAFH L THE S 4 felH M2t T /iR, XANEF R
SLICC(Specification Language for Implementing Cache Coherence), iX/ME S A & TIRN T fift
Cache Coherency Protocol T 75 22 | fif H JE A AR o
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WHFZHNIME, %> Cache Coherency Protocol #i¢fif ) T. E.+2 Simulator A48 ] sLICC
HE DS RIXEYEA ., BRERDM IR 2 (L, (R R EBAR AR A R,
TRHMEA NAEVRIF I /L. ARG AL T IX AR 2% 2] Cache Coherency Protocol.
5 CMP AbHEZE A 5C (R ES £ B SESC, Simics, M5 Hil GEMS. Simics ] H Virtutech
. I Virtutech F1TCERRIE 22 A0 PEES EiEAT 17— 28514, BIR Simics &rlk™
it WATUREE WS IRE LT 2 License. WIEREF . Intel J5RUE T Virtutech.
M5 Al GEMS EZ T Hr SR, &Mt A AT Haas . M5 i #E cpu
Model, ISAs %55 1H; GEMS 5 B £ 14 s fF /& Cache Coherency Protocol il Ruby Memory
Hierarchy. M5 il GEMS EA 1R BEAT B AME, HIEZ B NXANEE, IXPS Simulator 1% 25 il
&N GEMS Simulator[93] .
GEMS 238 H O RGN, HIAIAE 5 55 KR BRI RSt GEMS T4 T M5 Hl GEMS
B 3 B4 25, SCHRF Alpha, ARM, SPARC Al x86 AbHE#%, 7 #F Functional I Timing Simulation,
PR FS(Full-System) Al SE(Syscall Emulation) P #1177 3o B{E /2 Android XA & 2 1 R Gt v] LA
JB4TTE GEMS Simulator 2 b, 7£ GEMS Simulator L& % N2, AT i SSEE A sLice
15 SLHLY Cache Coherence Protocol
GEMS5 Simulator FJEACHS 0] £F http://www.gemb5.org/Download F1 R % . £ X ey ARG H,
AT EE 59 /sre/mem/protocol H . IXANHZE S GEMS HFHIFTA Cache Coherence
Protocol, 7§ MI_example, MOESI_hammer, MOESI_CMP_token, MOESI_CMP_directory I
MESI_CMP_directory, Hi.slicc fll.sm PIZECAFH . HH xyz.slice A2 SEEL xyz protocol
P& TR sm U, TAE.sm UL S % 2% Cache Controller B EAR S
TER—Asm XX, B985 —1 machine(L1Cache, "MSI Directory L1 Cache CMP"),
FHLA$E H 24 7i Cache Controller (¥4 FR AR FH B8 - H J5 72 H Network Ports, States, Events,
Ruby Structure, Trigger Events, Actions Al Transitions ZH i [ 3 A5t
® Network Ports i@t MessageBuffer Jiifi & X, #fiik Cache I “From” 1 “to”
BARIEE, 8 A virtual_network 47 555 — R 5(E B

® States $i Cache Block ff FHIFIRZ A7, H Base I Transient States ZH A%, XEARFS L
Cache Coherence Protocol #H%, ik | F 1 MOESIF IX£&{RE&A. 24 Cache |2
AR T 7 MOESIF iX SR AR A AL LB R IE K

® Events 5] Cache Block HPIRAILHE, F14E Load, Ifetch, ACK, NAK %5—R%I5
o X 2% Event A LA AR AT LA A AR

® Ruby Structures F T %€ X Y HTFEF N #5448 F /Y Variables, Structures Al Functions,
W A] PL5] 248182 7 2 ZMP) Ruby Structures.

® Trigger Events & X Input A1 Output %t [ o & — i FDBE AT — > MessageBuffer 47 5€ o
Input ¥ 0] DA% B HATACHS, 2487 Components Wakeup I, 1% BEACHD K 1 0 k6 &
Ui I R 5 H Message, A S peek BAEHAF R — D WA & in_msg 1,
ZJa T IAHZAS in_msg BEAT 08, FRAHRLHERE, 40 Trigger 52/ Event.

®  Actions f#iik Cache Block AT ARASITFE I it 75 234 T B34 , 40 enqueue 1 dequeue
BRESESE.

® Transitions [ Starting State, Triggering Event, Final State ZH J%F1— % %] Actions ZHJ%
R EA Final State %0, 1 H 5K Actions J&5, Fi{5 B 7E Starting State.

X+ J—A~ HAR ) Cache Coherence Protocol 1M 5, iX%%.sm S/ BIN7E—EHIHFAL .
Hrh 2 44 #) MOESI_CMP_directory Protocol, H &AL tHIYA 5,565 17, HigiX L sm A4
AHH ORI, A EAKHE, 75 B i e BRI 2 Cache W23 1@ %, Cache [H]J 28 194528 Transaction,
FEAP) Cache —EU ALY, CPU ) LSU SRR AR 2 548 R 45 R AH R I SRl AR
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http://www.gem5.org/Download

TEHR S Cache AHRIIERNEIIR Z 5, ()5 I R AR IX SR AR AN 22 N R K I R o
WL M 8] HL 1) MI_example Protocol 47 B 21|45 8 &2 2% ) MOESI_CMP_directory Protocol.
N CK R S HE GEMS [ MOESI_CMP_directory protocol, FRIFANEEPREE GEMS H i XE ]
Protocol, Tfi+& GEMS HIMul$gfit 7 —2LH A ] State Transition ) FSM(Finite-State Machine)
K, AETE T,

FATE 5% H MOESI_CMP_directory protocol {3 F )] Coherence Messages, iX &5 Messages
FH P 2k, — AN )& Coherence Request, %—#547 & Coherence Response, HiFE4H iR un

% 42 5% 43 s

%% 4-2 MOESI_CMP_directory protocol {§ Fi#Y Coherence Request[94]

Message Description

GETX Request for exclusive access.

GETS Request for shared permissions to satisfy a CPU's load or IFetch.

PUTX Request for writeback of cache block.

PUTO Request for writeback of cache block in owned state.

PUTO_SHARERS | Request for writeback of cache block in owned state but other sharers of the
block exist.

PUTS Request for writeback of cache block in shared state.

WB_ACK Positive writeback ack

WB_ACK_DATA | Positive writeback ack with data

WB_NACK Negative writeback ack

INV Invalidation request. This can be triggered by the coherence protocol itself, or
by the next cache level/directory to enforce inclusion or to trigger a
writeback for a DMA access so that the latest copy of data is obtained.

DMA_READ DMA Read Request

DMA_WRITE DMA Write Request

1E GETX, GETS, PUTO SfEAEAL & —Uerrgt, Hrb L1_mi4iF6KRE L1 Cache HIIER, 1
Fwd_RT 25458k 3 HoAh cMP (I35 SR, 1 Own_RTZEFE K H 2407 CMP [i5 3K . 1X L8 Request b
BIHEA, FTEINEFEM.

%< 4-3 MOESI_CMP _directory protocol {£F#YJ Coherence Response[94]

Message Description
ACK Acknowledgment, responder doesn't have a copy
DATA Acknowledgment, responder has a data copy
DATA_EXCLUSIVE Data, no processor has a copy
UNBLOCK Message to unblock next cache level/directory for blocking

protocols.

UNBLOCK_EXCLUSIVE

Unblock, we're in E/M

WRITEBACK_CLEAN_DATA

Clean writeback with data

WRITEBACK_CLEAN_ACK

Clean writeback without data

WRITEBACK_DIRTY_DATA

Dirty writeback with data

DMA_ACK

Ack that a DMA write completed
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AN[A]fF) Cache Controller {# AN [F] ) Coherence Request #1 Response Message. X T L1
Cache H LHIIERKH CPU Core, tHH{FKN Sequencer, FHH[¥iERA % L2 Controller,
Response 1] LK H CPU Core 1] BLj& L2 Controller. L1 Cache Controller it 75 Z AN K H CPU
Core ) Load, Store fll IFetch &K, PRt #MH AL AT BE =4 L1_Replacement 153K .

15 JR 34 T N 45 5 24 I 21X 6 Request F11 Response 8 ] T /N[ Virtual Network, K24
Request Il Response 2 [] 1] [A] 22 1] F= 4= i) Race Condition FE AN Zy ME LA . X W IRE T 1E
L1 87 L2 Cache Block H3f:AN 2 H A MOESIF X FEE FRIPIRES, &— Cache Controller #B i
FAFE AN A PR AL X EOIRES AT LI H L T — AR FSM BB HARTE £ 1 FSM.

1E MOESI_CMP_directory Protocol [ L1 Cache Controller {7 1 7 /4 Stable KIARZSAL o

® |, 47if Cache Block A& A A &HHE . S51&%iE A .

So 4Hi Cache Block /1T 1 M EiE Z M HIRRIA, S51L40& XM [F. Read_Only.

O. 4Hif Cache Block & A %%ds, Stgim X 0 IRSALAHF . Read_Only.

M. & 241l Cache Block & H A %ids, S&gi= LI EREAAHIA . Read_Only.

M_W. & 24 i Cache Block 7 A 234, 5% 4t = W) EJRZS A2 4H [F] - Cache Block

AETFAZARASHS, 2511 Replacement A1 DMA X H 5 1], 485 — B e 5, B H 3

iy MOIRES . Store:Hit I, ZRARTFEH] MM_W IRZS. Read_Only.

MM. &G X M ARESAIAHIA . Read_Write.

®  MM_W.54&4: 52 L) M ARZSALAH A - Cache Block 4T 1ZRZS T, 25 11 Replacement
A DMA Ui, 2l —BREN f5, ¥ 3 3SR MMOIRES . Read_Write.

FH X LR A4 A FSM P 4-10 Bl o

Load : hit, Ifetch : hit, Store : hit
Fwd DMA : dma
Load : hit

C
K s
Ifetch : hit _ N
Fw Ill\l\ dma <= Mnr»:l[h

y _WD

Store : hit _—~

x Data

/ Load : hit . Ifetch : hit '™
/\; Fwd DMA : dma
% V4 == Fw (I(II\ nm ~ /
\\ / FwdGETSThata_ | ya

N

\/ Store? CETX | ;
X / > / /
. / \ / /
Timeout \ / / Stord: GETX
Replacd, : PUTX /i .\ny\/-: GETX
Fwd GETX : Ex Data / 7 Load :hit
y \ A eteh : hit
= / N Replace| : PUTO /S iy
y L/ FWdGHIX: ExDaa / / L 77\
e \. / / g J y
Nzl L \ oA .
o Load™GETS : ExData  \_ / /" Load: GETS+Data }1 v DA
EECH SR Ifetch : GETS2Ex Data  \ / un ch L GETS : Data gmtr
g P Fwd GETS
?, Replace l'l’lﬁ Data
}\ NV~

4-10 L1 Cache Controller #J FSM[95]

EAEENZE MM_W 2] MM, M_W 2| M_W RESFERE . MM_W R H Store:GETX
A Store:Hit fiikz, H1'S, I, OF M_W AREIERZIK, Tyl DMA #AEXT Cache ARAHLAY
SO, (RN T B SRR PR e it 205 #Y Cache Block, FSM iR ¢t 245 i) Cache Block 7
MM_W ARE&AF B — B Al E , A ReiE AN MM OIRE . /£ M_W X E ) Timeout /2 [/ —ME

7 MOESI_CMP_directory Protocol 7, L2 Cache Controller [ it MEEESEINE 4%, R Ni%
Controller 75 Z3fJiji L1 Cache Controller A1 ] Directory Controller. L2 Cache Controller 3%
WHE | 14 /> Stable IRZ, 4 CMP_directory Protocol. IXULIRZEILS N 4 H, HE X5
LY 4-4 iR,
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%% 4-4 L2 Cache Controller /Y Stable JR75[95]

Intra-Chip | Inter-Chip | State Description
Inclusion Exclusion

Not in any May be NP/l | The cache block at this chip is invalid.
L1 or L2(1) present

Not in L2, May be ILS The cache block is not present at L2 on this chip. It is shared

but in L1 | presentat locally by L1 nodes in this chip.
or  more other ILO The cache block is not present at L2 on this chip. Some L1
L1s(2) chips node in this chip is an owner of this cache block.

ILOS | The cache block is not present at L2 on this chip. Some L1
node in this chip is an owner of this cache block. There are
also L1 sharers of this cache block in this chip.

Not ILX The cache block is not present at L2 on this chip. It is held in
present at exclusive mode by some L1 node in this chip.

any other | ILOX | The cache block is not present at L2 on this chip. It is held
chip exclusively by this chip and some L1 node in this chip is an
owner of the block.

ILOSX | The cache block is not present at L2 on this chip. It is held
exclusively by this chip. Some L1 node in this chip is an
owner of the block. There are also L1 sharers of this cache
block in this chip.

In L2, but May be S The cache block is not present at L1 on this chip. It is held in
not in any | present shared mode at L2 on this chip and is also potentially shared
L1(3) across chips.

0] The cache block is not present at L1 on this chip. It is held in

owned mode at L2 on this chip. It is also potentially shared
across chips.

Not M The cache block is not present at L1 on this chip. It is present
present at L2 on this chip and is potentially modified.
Both in L2, May be SLS The cache block is present at L2 in shared mode on this chip.
and 1 or | present There exist local L1 sharers of the block on this chip. It is also
more potentially shared across chips.
L1s(4) OLS The cache block is present at L2 in owned mode on this chip.

There exist local L1 sharers of the block on this chip. It is also

potentially shared across chips.

Not OLSX | The cache block is present at L2 in owned mode on this chip.

present There exist local L1 sharers of the block on this chip. It is

held exclusively by this chip.

X LG Stable RASHL AP KI5, 4 AN/, —#0H T =B L2 Cache 1) Coherence IR
&, BT cMP WERIZAN L1 Cache.
® 1 4EINP I}, BIREA CMP T Cache Block 524, Al i HAth cMP B EidE B A< .
® I 2 ZJE{ILX, ILOX, ILOSX, ILS, ILO, ILOS}. H:H{ILX, ILOX, ILOSX}fi /€ 24 H CMP A& 5 X
—™ Cache Block F. A5 HEth ] Ownership, B[l Exclusive Ownership, HAth CMP A&
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BHEEIA, HRIX FFARIUE 24T CMP 34> CPU Core 1 B £ 1X il Exclusive Ownership;
{ILS, ILO, ILOS}, FRAEAE4FT CMP H1f#) L2 Cache A HHERAIZA, {HZE IEAFAEHAD
CMP B HHREIA .

® 34 M(S, 0, M}, XELIRAREXST L2 Cache IE, 1£4iH0S, O Al MRS, b
24 HT CMP FF ) L1 Cache AN & A B B A

® i 4 ZHA{SLS, OLS, OLSX}5 5 3 ZH AL, HAR7E 4TI CMP [ L1 Cache FAA1EE A,

51,3 A1 4 RS AL A AT FSM, Bl Intra-Chip Inclusion FSM W1 4-11 flis.

LLPUTS -
Fwd DMA : dmas(

L1_PUTS only Fwd DMA : dma
1.2 Replace : PUTO_Sharers o End GETS : Ex Data

Fwd GETX: PN Fwd GETX : Ex Data
Iny, Ex Data %4 ag L2 Replace : PUTX
Fwd GETS : Data > -

L1_GETS : Data L1_PUTO T @ Ve
L1_PUTS ETPUTX -~ ~._ L2 Replace

Fwd DMA ¢
dma_v_ &

L1_GETS: Data
L1 PUTS

’ R
Y i > 59
: 1 -
1 ¢ LLpuUTS
! L2 Replace: H
i PUTO Sharers I
L1_PLTO : L POTX ] . iy S_only
LIPUTX H LIPUTO
. 1 LI_PUTO . LIPUIX | .
L1_GETS |~ L1 GETS ! L1 GETS : Data
:Datg | FWIGHIS:? : Data H
| FwdRet | ;
| Ex Daty 1 g :
i
- L1/GETS : GETS, _-~

K T Daty -~
L1_PUTS only L1 GETX? [GEIN, a* 4 L1_PUTS only
EX Dot Q
v Fwd GETS : Data b7 B ¢
L1_GETS : GETS,
Fwd DMA : dma ExDaa / FWOGELNT ) peplace
Fwd GETX : Ex Dati Fugittq, NV INV
2 ace * 2 Data
P GETN: 12 Replace : PUTO
Inv, Ex Data
v

[#] 4-11 Intra-Chip Inclusion FSM[95]

{ILX, ILOX, ILOSX, ILS, ILO, ILOS}HX E4R #5547 J& T L2 Cache Block, %15 L1 Cache 5 B2 HIHk
o HIXEARASH AL FSM WK 4-12 FR

Fwd DAMA - dma
L1 GETS : Fwid Reg

{ E Fad GETS : Fyvd Reg, Daia
L1 PUTS
» L2 Replace

LL-PUTS oaly -

FodGETS :
LI GETS : Fwid Reg Fwd Req., Daia

/ - \ . L1 GETS : Fwd Reg
Fuad DMA : dma — LLGEIX: Gl 3 1.2 Replace
L2 Replace ", : Ex Diafa Y r

Fud GETS ¢ Fwel Rep, Dala . \
L1 GETX: GETX L1_GEFX : GETX ™

Fud GETS : : Ex Data - L EX Duta
Ful Resp, Data . ~ala \
Fwid GETS : LN
T Fwd Reg. Data L1 GETS : < P DMA £ dma
Pl DMA - dima Freil By LUGETS = P Rey
LI Replace x LI PUTS
T | L PUTS el AN L2 Replace
L1 GETX : B, Vol Ry L1_GETY s Ans, Fywd Req '

.¢‘ L1_GETS Fud Req : Daia

Fwal IDMA 2 dlm
LI GETX :Fwd Rey
L1 GETS @ Fwal e : Ex Daa

1.2 Replace

4-12 5 L1 Cache Block #2855 #J FSM[95]
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7E5 L1 Cache Block FHZEHPRASALAT, {ILX, ILOX, ILOSXPIRASAL AT LA B 4T CMP 2 75
Exclusive Owned Cache Block, It #EATIRAITAZN, AH A CMP Directory &Ki% GETX 153K .
%K Cache Block 4T M, OLSX i}, AT E[q] CMP Directory Ki1% GETX i K; 73 &R 75 2L
K% GETX W3R o WAl SEPLIX AN GETX i 3K 5 CMP Ab I35 ()4 FH (14 9 2 P4 S5 F AH O, AT RA
&, WAL R E B CMP.
T AW —FpFh cMP TR —20E, 7E Directory Controller it {# B FRIRZS AL ESAS X
L1 5k# L2 Cache Controller H 4%, 7E CMP_directory Protocol H[/] Directory Controller % & T
4 MRS, WRFR.
® M R IR Cache Block (X 7E 47T CMP FH B BEHEEIA, "RES L7t
A=, mrge—8, RIESIESRN E,

® O fi AR Cache Block 7E 41T CMP " EAHREIERIA, i HAEHAh cmp
HEARIERIA . BRI EAEEA

® S5 RIF K IR Cache Block 752417 CMP FF B A R8BI A, 1M HAEHAh cmp R
CTHERRIA . BURRIAS ISR —H, MAaTRA 3.

® | A3/ Cache Block L&KL

FHIX SR AL ZH ) FSM 7] Be A i i FRLIK,  anf&] 4-13 P .

GETX : Fwd Req
GETS : Fwd Req : Ex Unblock
DMA Read : Fwd Req

7N\

7

pE—
o RN \'\\
GETX AAWd Req, INV_~ i “\_GETX: Mem Read

N
/ / > \
/ v \)\ \
/ I s PUTO~Sharers: '\
// GETS8" Fwd Req : | Mem Write | \
iblock ~

\
AN L2

FN | e
7N M\
GETS : Fwd Reqf \< PUTO : | Mem Write | | DMA Read
DMA Read : Fwd Req PUTO_Sharers : | Mem Writd | s /  GETS : Mem Read
Dy P,
- \ CETX : Mem Read P |
\ PETS : Mem Read: ~
\ Ex Unblock” /
\ PUTO : | Mem Write /
X PUTX : | Mem Wrife A /
DMA Write ? GETS: Mem '_‘"""/:' DMA Write : INV, Mem Write
Fwd Req. INV, Mem Write A Unblock
T | -
~— \7”7“ -
3 ) DMA Read : Mem Read
7 \__/ DMA Write : Mem Write

/

4-13 Directory Controller 8 F§ A% FSM[95]

H—HWH A Cache Controller ] FSM R A & 4-10, 1K 4-11, K& 4-12 ME 4-13 fioR
N A IXRE T 5 A LRt FRATRIME 2 5] A—2% Cache &M tHIF A KE IR, KA
AAAE AT BE 18 B f#FE S Cache Hierarchy AT RE.

FHL BAEE 4-10 1, O AREEFGTH R 1 £ 4-11 T O NREEIEITM R I, /£ 4-12
i, IL0 ANREE BRI £ 4-13 4, O WANREE TR E 1. 7E#E1 Cache Hierarchy
It A 3A RUE PR A Memory Consistency 5| /& ) Race Condition THIUHZ, W5
Tt ZHIFTE “Safe State”, 1X %6 Safe State #FX N Transient State. FATLLE 4-10 H ] .3
ANREFF T | 2] MM_W BPIRASIER U X L Transient State (I/EH

L1 Cache 5 Sequencer B #%AHIE, 4 CPU Core 31T —IRA7Mik 2% Store #1E, K5l k— &K
HIA2 2% i BRAE, IX B8 HEAEAMY 5 S I ) Cache Coherence Protocol #5%, 5% F ] Write Policy
Fd FH A Memory Consistency AUt A B iR R NRAEN, FATI%EH Weekly Ordered
Memory Model, Write Policy &) Write-Back Write-Allocate, Coherence Protocol JN4s1 fT 2 15
iR MOESI_CMP_directory.
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B X FE L T, FAKIA S B LA, 24K ZHORES(E B4 K 2508
£ Transaction, {115 Store #AEH [ — PR BIG N . AT LAIE—NECD FIRIEA
TERMERIEAI VLI, 45 T XX E 7 WA MR I — D10 R

£ CPU Core H1, — Store #4E, 5| &I 45 5 7 IR , IX 4> Store #:4F B S BJik L1 Cache
Controller, ZJ5M—/ Stable State ¥ A\ Z|—~ Safe State, < /J5 % HHT CMP ALFEES R4t
[ L2/Directory Cache Controller, FliAF1IX/™ Store #EAEA I HAL cmMP b2 RS )E,
B A )24 HT CMP AL FEZ$(4 L1 Cache Controller J&, FHAHEANF]H—A Safe State, %
sy B M 5 R BN AT S5 E N B 5 21 Stable State. XfT- MOESI_CMP_directory, |JRZS
HRE MM_WIRES, TEZLT IM, OM B> Transient State K7, Fid 2l 4-14 Fivg.

transition(l, Store, IM) { transition(OM, All_acks, MM_W) {

transition(IM, {Exclusive_Data, Data}, OM) {

ii_allocateL1DCacheBlock; u writeDataToCache: transition(OM, Ack) { hh_store_hit;

i_allocateTBE; —~ Y X m_decrementNumberOfMessages; gg_sendUnblockExclusive;
. N m_decrementNumberOfMessages; . X

b_issueGETX; o checkForCompletion: 0_checkForCompletion; s_deallocateTBE;

I uu_profileMiss; — P ! n_popResponseQueue; 0_scheduleUseTimeout;

k_popMandatoryQueue; n_popResponseQueue;

j_popTriggerQueue;
} }

& 4-14 RS 1 E MM_W BT 1252

AR Store #AEIR 12, IATEH Miss I, 15 1FH —ANIREA A | BIAH Cache Block,
EAIEOE R LLLE Cache W Hit B 403 . B8 DIRASKEIER 2 MRS, ETBIEE S,
e Cache Block [J73C, K1k GETX #4F, 3K45 47 Cache Block FF%H| AL

TE IMORZSHE, WSR2 Exclusive_Data 8435 Data J&5, T3 oM IRZE, L&t
e, W7 HEE Merge 75 A Cache Block 3.y 7 4k Store [¥] Global View )% —, I
I AR C 45 A\ 21 Cache Block, (KIRANAEIBEAN CPU Core 47 Store #AETEM, WINE
LF5 CMP AEBEER RS AT CPU Core i ACK. — IR GETX #E{E TR RE S 2424 ACK. 41l
FFHTH ACK J5, L1 Cache Controller ¥ Trigger All_acks 1X /> # E ] Message.

GEMS Simulator {KAATEAL T IMOIRZSHIALEE,  [K°4 Data/Exclusive_Data A1 ACK AJ g /& 57
By, RIEYLS) T BT ) ACK, Data/Exclusive_Data A4 ik, [KI4 ACK 5 Data [F4&i# 7]
Rl T AR 1% . BN E B 22 A4 Y All_acks, AN[EIf Protocol SR 7L A .

Intel f£J MESIF Protocol[96]5] N\ T — F(Forward)IRZS. £E ccNUMA ALFRESE R 4irh, A e
TEZ ML FEER ) Cache HAFEMF M EHRRIA, EXEHIERAIAH, A1 Cache Block
PR N F, HAth cache Block FPIRZES M S.

YNGR T B BUX AN E R B AR, RAIRE N F B Cache 17, AT LR Rl A
RESHHERTERTT RSN S 1) Cache ANFEHE KB FI A B8 75 K J7 WARZSALA F 1) Cache
Block HUi 2 ACK J&, BN T BT ACK. XFh 75127 LK/ Bus Traffic, FiAfl ccNUMA
AL F 2% 2 K HoAth 77 v 38 G X Bl Bus Traffic, 1RAS B2 RIIA I

1 OM RS R All_acks J&, fZ&EFEE] MM_W ARZS, BB B 5GIE %1 CPU Core Store
BREPATE e, SRJA A 41T Cache Block AbT Exclusive IRZS, Z )5 H Timeout, 7E4HT
—BIER Z )5, MM_W IR B 3T 2 MM OIRE .

7E MOESI_CMP_directory Protocol ff] L1 Cache Controller *1 5 IM il OM 2L Transient
State i/ SM, 1S, SI, OI, MIFl1l, HLit 8 4 L2 Cache Controller H1 47 50 MNIXAE R L :
Directory Controller F1/4 15 MNMXFEMI ALK . FTE X EARES BARTE— B TE AT FSM AR 2
77 AT HA, BT 3 4.

I w B 2 4k Fsm #ik MESI_CMP_directory Protocol, )i & B JCI3R B R ~F 43 1)
45K . L4 F PDA(Pushdown Automation) & — AR HIARYE, A B ) 3R 2 HE47 1X 77 1 1 2%
o A NAIRE AT Quantum IS AR N ZE, AR B 73K, 1R 3R HEE T QFA(Quantum

Finite Automata).
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IXLE SLICC HiR AT LLJT b4y HTML SO, 3l sl BRARAEAT I State 2 [AJ AT
#%, U http://www.cis.upenn.edu/~arraghav/protocols/VI directory/L1Cache.html fi7~, Hi2&
TERASIL Z 0, PRI EHFATTE,

L2 PRSI T Cache Coherence Protocol ¥ 1HE 4% /%, BI{# & GEMS s El thif:
ARG e aEg . FIREDZEEE T GEMS, A MAE IR FATEMIEGE, AT
I B B A A AT 14432 « GEMS5 A2 Cache Hierarchy []4=#E, ¥ /7& Cache Coherence Protocol
(4. GEM A LI IEAN atomic #:4E, A S Memory Barrier, A i%E4: Cache
(] 1) Buffer, tHI%A 52 1) Cache J2IRZEM, WIL3 Cache, WA KZMISLILANT.

GEMS FF3% A A4 2L Verification HEl& . TIEREFIE X i, Cache Verification [/
J L 255 Design. fYIJECHEUEMIIH A2 ¢ [ B Cache Coherence Protocol tHFFAN & tnAH % h
il 5, AMYAET Verification I RE Y, 218 2 4= R EE R T LK J LA B 5, IE4E T Verification
HIEA S T84

Design Al Verification [AIfF/E BB R, fAEE 218, IXMAE— PRI Cache
Hierarchy WitHh, HUE@URARME. FEVRITATA K2 Hik$E, TR — N E G2, £
/RTH BT tH7% 5 114 Formal Proof Methods.

TEN R 2R R AT PR AR IX AR FLED NP Hard FIHTHE T, AT R 7835 5 A 2L
HEHE A ONDZA ) T35 28 IX L FLI Il B — B A5 A 5 A FUBIAR 12 o AR R S8 ] RN
I IG T B AR THEHLR XA A 2R X—UIERER T AR E, SR -
iR K Computer ANHLE 671§ 2 BN EMB A 84 AT SEH Quantitative Approach. fEiX
L8 Approach 1, #ELIGIUE T AT A ) Models, Theories 1 hypotheses.

THENRI AR A TR g8 . JFRA NFAEERR T M. AL I RA A
4%, RUOREA NS &8l . XEF XA B BRI Elite, H IS H—4 L M0&Y, &
FEAENIIAE S o A NIREIZ M7V, B2 B YUHE FESE HGE

Stay Hungry, Stay Foolish.

4.6 Cache Write Policy

WRAETTRE, RIBRBGHER Write #:/E, Write BEA SR T Raibidt TS, M2
4 Read LT Jite o /N HUEEF— H.,  J& Cache Hierarchy Bt a7 MEf) R IR, #F
H#ETE Cache Block HEiASHIX A LIRS, KA KR 24 Memory Consistency 7,

REZ NHAEREGHAE, XIFAREIHES B RS e . BRZHNMIREE#IE, AR
BEM TS S EERRCR, 5ERAEF TR, HARDEEE FHRAR, RE5K
T, #k T2 RWERHEE KK ARTFSEIEMH Ccache IUEN L, HIJLTE
HET R MBI — S MR SEERIHFERE, NHEOAEE.

IXf§#31E Cache Hierarchy &it i ARG R T XA FF. BRMBIRZE T2, HR
% || R A, B Critical B2 WIATH2 5 Load-Use Latency; X T5, HEARLG KFIRELHT
C.& 2%, Cache Bus 1] Bandwidth 8/ F st /b H i, BEFEAIK— &4 Bus Traffic 5 — s, 5K
TEAREDH S B & A FH I3 5 o M e 521 /1 FE L&, Load L Store HE 2 —1k,
TERFAT Cache AL, BE 2 [ A RO EIIRICE

E— MR AT LR AT BEAE F Write #:4F . WA ZELRIE Memory Consistency [1]
AR T, A UEME Write #:/EX] Performance 520,  4a[9§(2)> Write Traffic, J& Wi HIEH
ZH, E—NEEERAY, Write HAETRZEA GO AT, — A2 Write Hit, 53—
AN Write Miss. Write Hit $87E—{X Write #{E7EHE1T Probe I FEH7E 24 HT CMP [ Cache

Hierarchy FiirH, 1M Write Miss 8 7% 45 iy 4
82
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FATE 18 Write Hit, MES EF Write Hit IXECAR S, 50 HIH BME & )1
SPJ2 R - Write Hit I 55 B B AT 773545 A, — > J& Write Through, % —>J& Write Back”,
AEAS 4R B # FIX PR 735 Write Through 73R HEAT S HRVERS, H¥E RIS iE N
1l Cache, M T)—Z% Cache B /2 A7 A% Write Back JiEfR#HAT SRR, HdlE
P EH S N YHT Cache, TIASgkEAE, 2K Cache Block Replace I, #7ed5 HI%dE 74
2 HH B H R ) Cache B EAEME 2

1R Z NN N Write-Back 7E %Ik Write Traffic L4t T Write-Though &, /& Write-Back
HISEILHET Write-Though, BT DA SeAKm AL PR 2344 F T Write-Though TRl , 28 mumAb 2 2%
K Write-Back ZR

XYL T RE A TE A B, O 51 KT8 o A 22— M2 i A
i FEBRA XXM AT KRG S i 2, ARG L H B iZE A Write-Through
B & Write-Back SB[ 2510 . RIMEZ | 1 jrd SOk}, HEAT 18U R SEH) Qualitative Research
Al Quantitative Analysis 2 J&, RELRHMERS A Uik 14518

EHAT AP S AL B2S, SUN [ Niagara 1 Niagara 2 flZE#Jf¥) L1 Cache f#iHH
Write-Through KM%[81], AMD #H¢Hi) Bulldozer MZEMIELE L1 Cache F{#iH Write-Through
K& [74]. Intel ] Nehalem FI Sandy Bridge f(Z2#41# F§ Write-Back #H%. Write-Through /1
Write-Back SHE & HA AL, AMABIRAEDLIE -

Norman P. Jouppi 511%% | Write-Through &[] 3 KA, —2&F FITFEm CPU Core 2
L1 Cache MR ¥E; A Store FRE ] LAERAEFR /KL H; — A& Error-Tolerance [97].
KR E R R 1993 4F, AHRAEKH 7 FIIRMKIRZ Cache Write Policies [FI5:A, (324 .

HAPFTP 2548 S & XS Direct Mapped 73, AEARTIHIE T, SE AT SH[9713K15 4075 .
| %] Cache R — LK IR R R T A Z4F, EF Hit Time. W B XX @ dritidn, b
¥ Cache ZEMIIEGHN, Hit Time WEE 2 38 K. 1M Cache 1R MEMBIAHRT AR, IXfH1FIEF Direct
Mapped 5 = 7 ZBkfi% John FI David 1] 2:1 Cache Rule of Thumb, HTRITEZALEHEE RS
HREBANSEA# FH Direct Mapped 773K,

XFIX 4 Rule of Thumb ARk s 3 — B i 5l » 78 55 7 T B AR IS AR 550, B 552 Challenge
HItG R Z T H) Rule of Thumb. FEHMEFEI TN, MHEE&E R aeXodnt, @Ex— A 51at
FRRERHFH T, Ao REIER S,

FE IR RZ AN, SRERIERE, KR, 32154 Stay Hungry Stay Foolish
P RN % o &) LT Tl i “ 8 AR, A Rers, BuAGeEE. BEXR
N2, SR NZIEAL, TR KIE. /&, SRz, AMFE, MITHE”, JLTH
MHEEMRE S IR 2T .

2 L i B BRATT 4R 2R 8 Norman P. Jouppi $72 2% FA 4 FH Write-Through SR I ) 2
=ML, Error-Tolerance. CMOS L ZEEAW T AW FMIR, #4550 1 T IHIERS,
BINT A IR, 15 R AR I Hard Failures fil Soft Errors A8 15 HE NI E . X
— VI T SRAM Cells HIfz e P, FEERT SRAM Cells [ Cache Memory ', Hard I Soft
Defects A7 ZHM

KH Write-Back &) Cache 1R HEZK L .57 Single Bit [1) Defects, #%i8iI A& 441 ECC
Be9:; 18 Write-Though THg&, Cache RN 4 B A FIAAE R FF 0 Parity Bit. 5 ECC
AHEL, Parity Bit ATy K1) Overhead /o IX AN &K H ECC REIR A A H0 i) f, 7E— AN i,
N T kb Overhead, 75 %% /D4F 32 Arel# B 2 A2 5774 —Ik ECC 45 . 1X 4% Overhead
B> AT TS Byte, Word [ Store #R1F, PUATERHATIXSEHRAERT, 7521 2675 2
32 (L EE A ECC KE5%, 2 Jio I Merge and Write 37 FIEUE 75 N ECC REGH

A —FhR b0 K ) Write Once, Write Once #& Write Through Fl Write Back HIBEA SEH .
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BRIt 2 #MEH Write-Though SR AT LK K F£1IK Cache Coherence [ISEILME S, A Dirty
P43 2 E T oA . (B R ARRMEBARLE— D ccoNUMA b BEES R4, Cache KITHJZ
IREERFE A Write-Though SEl& . HH L7 >R 1) %525 Bus Traffic i S5 H 0

KF Write-Though TR B& 5 KB & 25 HoAth Cache JZ R K10 Write Traffic, X154
FE{E—> Cache Hierarchy Wil idferf, & B M. AT KX L Write Traffic, JL-FAT
HKH Write-Though Sl [ iy i Ab BEAR &R H T WCC(Write Coalescing Cache) ki # HoAt 2 7Y
[] Store-Though Queue, ASTi{Y37E WCC.

R MRZERI P L1 Cache SR Write-Through J5 7. WCC FI1E F /& 25 i 8% Coalescing
K H L1 Cache ] Store #4F, LAJk/b %} L2 Cache ) Write Traffic. £E1# ] WCC I}, >R H L1 Cache
[1] Store #A R St A wee Hog 5 & 5 H A [F (1) Entry, 054 N EERE S5 6 Entry
AR AT Coalescings WIARIAT Store 45 R4 A7\ WCC (1125 Entry H1; W wee H1i%
A 7 Entry NIEAT Write Through £:1F. WCC 11 K/NRE T Write Traffic i/ IR . WCC
5] Nk 7 — &%) Memory Consistency [ il

K H Write-Back SRI&IE /i T Cache Coherency Wit XEfE, WA ZIE(K T Write Traffic, &
% | — %51 Write-Through BT RE A @ . T 3L GEMS H1 ) MOESI_CMP_directory 15 ]
%L Write-Back HEB& [ S J7V2:

13 Write Hit ) Cache Block 4b-T- Exclusive IR 25, $idfs il LAELEE 5 N, F38 %0 CPU Core
Write #:/E5E . Write Hit [] Cache Block 4T Shared E{3% Owner (RIS H AL EE A 2% .
RIfE 2K Write-Through 5%, XFHEHLIMEIKIR BN E 2, H it Cache [A] R F ik
WARTT AR Z o AN Afid T Shared ARASIXFHE Lo

1E L1 Cache JZ i, IX > Write Hit 7] Cache Block, HURZEW 2 M S IRZSTEFEE MM_W
R, 2 5 it — BAE I TR 2 MM IR ZS « 7 MOESI_CMP_directory Protocol 1, #15 L2 Cache
Block [FIRZS N ILS, 1LO, ILOS, SLS, OLS Al OLSX I}, L1 Cache Hbh%E &3 XM HPIRAS A S
' Block. FH T Accidentally Inclusive ] J5i[X], L1 Cache Block % (i {5 7% L2 Cache ' EL A HI A,
(R I 20222 |8 L1 Cache Block HEATRASIT AL X L2 Cache Controller f 540 o AN U HIE 77
BL¥ & CMP [d] Cache Coherency 1% 1] ) Directory.

FATE S E L1 Cache Block [P\ S FFUGHPRAIT I FE. 24 CPU Core ) Cache Hit %
FEAIRAAL S 1 L1 Cache Block JE TR 7 —IRKIEHRTT . 7EIX4 Clock Block ] S IRAIGLE
i SM, OM, & F|iE MM_W Al MM OIRZS, WA 4-15 Fios.

transition(S, Store, SM) {

i_allocateTBE;
b_issueGETX;

transition(SM, {Data, Exclusive_Data}, OM) {
/I v_writeDataToCacheVerify;
m_decrementNumberOfMessages;
0_checkForCompletion;
n_popResponseQueue;

transition(SM, Ack) {
m_decrementNumberOfMessages;
N . 0_checkForCompletion;
/I uu_profileMiss;

k_popMandatoryQueue; n_popResponseQueue;

} }

4-15 S KASFEBE MM_W RESHIRAE

CPU Core #1T Store #4F, Cache Hit —MRZN S 1 Block i, & Jei# 3| sSM IR,
Z JEEWN | Data B3 Exclusive Data < J5#E A\ 3| OM JRZS, OM RS E] MM_W RS FEF L
25 K 4-14 FIE RS0 AT B 5 907 b_issueGETX 18 3K , 1X M SR #% N Read for Exclusive.

E— ccNUMA ALFEZS R4, b_issueGETX 1R BARE KRG WA &, B 4LAE
Intra-CMP 7124 313k 15 %117 17] Cache Block ) Exclusive B PR . 405 %45 3545 Exclusive AR,
MR IXANE K ¥4 K45 Directory Controller, 71 Home Agent/Node £ H1 CMP [8] [ HLEX X 4% &
L5 HA cMP B33k 1E Exclusive BLFR o

YM, M_W, MM Fl MM_W IRZEEJE T Exclusive IRZS .
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1E MOESI_CMP_directory Protocol #', Cache Block FJRZA S FK/RTE ZAHT ccNUMA Ab3E
8 ARG B/ DIREE—ANEBIERIA, K b_issueGETX iE 3R K HSE7E Intra-CMP k4T, JF
81 requestintraChipL1Network_out 1% % L2 Cache Controller.

L2 Cache Controller i@ id LlrequestNetwork_in 3575 b_issueGETX i3k, HWIHEFE L2 Cache
AT R AR RIAS,  b_issueGETX TH A EEH Y L1_GETX 1i53K. fE L2 Cache FHE L1
Cache Block A S IREEIRRIAMIENAIRZ, & —LL L2 Cache Block £ &% HifR FEI A, {HAE
FE 41T CMP H A L1 Cache H 080 B K BIA (IO o IR EEIRASHAL 1 52 R AR B an S 3 s
i FE & W AR, A SLICC X P& FE F BIAEEME.

URAE Intra-CMP HI AT LAALBE b_issueGETX 1 3K, HEAF K G 4%, WA RBe, i H. L2 Cache
Block HPIRAS 9 SLS ISF, TEELiH— 5 Inter-CMP Coherence 403, I b_issueGETX i3k
B4l a_issueGETX, FHiEid globalRequestNetwork out 4% 4% % i% %4 Directory Controller.
IHF} Directory Controller J@id requestQueue_in FR/G1ZIER, I HFE®AN GETX iEK.
Directory ".H. 5 4 /> Stable IR7 M, 0, S Al 1, AN[AFPARZS KT T GETX i3RI AL A A A .

WAL T OARZAS, BEFT Intra-CMP A1Z Cache Block [ Owner, BEES A 75 2 7] HA Inter-CMP
Ki% g_sendlnvalidations 15K, F7]# Exclusive_Data ¥ % % I'/Z, L1 Cache Block HJIIRZS
Kl i 4 OM.

WHRAE Directory HH A 1C MR EE CMP WP LA IRAS N S I EHEF% UL, g_sendInvalidations
R T #E 2 FTA 25 Cache Coherence [ CMP AbFEZS A, X Fh 5 37 K Bus Traffic JE %
FEEE, AR IX AN [KITE Directory 12 1% B | Bit Vectors, HRidkMFLL cMP T EAIREN S
FR AR B AS

TEIXFMIE DL g_sendinvalidations 1# 3R AN 75 KL FIFRE ) CMP, T AT ZFEAT) HE.
A Memory Consistence IR, KAZIERAT CMP AZESERFIX ELFE 2 [ CMP IR [B] BT A 1)
ACK 5 , A Rt — P 5€ i) CPU Core [ Store 1 . [ T 1 Directory 1% & 1 Bit Vectors Z 4h,
Intel F¥] MESIF o7 () F RS W A] DAAESEANRR R _L a8k G R i 22 1 ACK 2K 1Y Bus Traffic.

I EDLE CMP (8] E I IS Af ] Share Bus 7738, X Request/ACK IX Fl B4k i
KA, KH Share Bus J7 il K EFAL & BA —DNRAMERFEIL i, XA SEE
SO TR T RIS R, AROK T BRI TR

KH Share Bus 772U, BEAE S48 F 15 R 8 H MBS, ph o RSt DL O(N!) Zm i vk
SR EEE— P IXAFAS — AN 0T RS eMP TE] Y BT Al Zb K H Share-Bus 77 3. SRAHH
775K, T/ Ring-Bus B B INE R IR, #W B2 Edadng, XS X
5 CMP IR [ ACK H-3 A T AT, Home Agent/Node ASAEFZICEI— > ACK il ] 4% % —
o MRS K

4 L1 Cache Block i 1| All_acks J& , 5 ) OM IRZS A2 8 MM_W ARZS, 58 B Ja I #4E
HI 5 4-14 Pt NEIEE R, AT FHAHLE Directory 172 M, S HIIRAR)
&L TEES Write Miss (14

Norman P. Jouppi M5 THI T 1 Write Miss FIACERTRERS . 102 15 NBE—A> Miss 115
SKEHT#ERS— 1 Cache Block, R 4 7 AR757%, Write-Allocate B No-Write Allocate.
U S A% ] Write-Allocate 7774, Cache Controller A Miss 113K 7E 241 Cache F4HL—/NFT )
Cache Block, 5 JANEAT 7L s

HRREFEMNKLE Cache HFEREEE, /=4 7 HFAEETTVE, Fetch-on-Write BY
# No-Fetch-on-Write 7772, WIS K] Fetch-on-Write 777%, Cache Controller ¥ ME R Cache
JZIRGERIH Fetch DS ANIPIEHE, HiHAT Merge HAE GG — 1T SH4E, SNASAT
Fetch. i — 77542 Write-Before-Hit, iX F 5L H 7772 % HH ILLE Direct Mapped Write Through
Cache H1, AT LA G
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Write-Allocate 5 Fetch-on-Write J51E%H LRI R, (HRIXMFIT AL EWIRE, AR
TR AREA IR 25 R, 8 E BRI 5E R 1) Write-Allocate S /& Write-Allocate
5 Fetch-on-Write [FJ2H&: 2Pk I Write-Allocate 7] L5 No-Fetch-on-Write JR &1, 1%
JTiE AR Write-Validate, IXF7ERAEH; No-Write Allocate 5 No-Fetch-on-Write (]
HAEBEFRN Write-Around, 13 4-5 Fios.

3% 4-5 Write-Allocate 5 Fetch-on-Write BY2H&®

Fetch-on-Write No-Fetch-on-Write
Write-Allocate Write-Allocate Write-Validate
No-Write Allocate N.A. Write-Around

AU — AL FE 2% R SiHY) Memory Hierarchy £ 2 L1, L2 Cache FlF: 7 2%, 1 Cache
Miss & 4-7E L1 Cache. FEAEIXFI75 F, 4T Write-Allocate, Write-Validate 1 Write-Around
X = Fh 7 VA S0

24 Write L1 Cache Miss 1M H.{# ] Write-Allocate J5i%H, L1 Cache Controller #4743 fit—/
#[1) Cache Block, ZJ55 Fetch M#EIEAT &I, S8/55 ANZ L1 Cache Block H1o X Ff77 1%
BONIEH, HZ&H K T BRI Bus Traffic.

T4 e —™ Cache Block f4: 11 &% Replace —“MH Cache Block, 211X Cache Block
th&F Dirty £4f5, Cache Controller F-ANEENKS H: Silent Eviction, 1M /& 75 B 3E4T Write-Back;
HIK Fetch #EAEA Bt 2377 K A/INE Bus Traffic.

Write-Around %% /& No-Write Allocate 11 No-Fetch-on-Write [ 5B&ZH & o i FH X Fh oy i3
B, BRI S N\ F| L2 Cache B3 A7 fiids, H A2 Touch L1 Cache. 4 Cache Miss i}, iXFf
T 15 FFANZ 5 Memory Consistency. {HAZIXF1 77757 Cache Hit B, I % < Around Z| R
— M, XFXT Memory Consistency 5 AV I FZ I o

AR R AE I AR 2 M i X L i) #, (ER IR EE 7 VEH AN 5 S8 . 1338 AT LMR H 4R
PIRER)—Fh 7%, BAETE Cache Hit BY AEEATIXAS Around #E4E, X AT MR L3 AT Ak —
W RRRIEIX RIS R, WA LEARIE Memory Consistency HITE LI N 523 (AL T Cache Hit
A1 Miss PIFHIE O AR AN R — 2B U BH o

Write-Validate %l & No-Fetch-on-Write Al Write-Allocate ) S & 2H & o A FH X Ao iE N,
L1 Cache Controller & 2& KK 70 Bit— N # i Cache Block, {H &I A2=1f] Fetch 2 T i) Memory
Hierarchy H%dE . K H CPU Core M HE 5 ELH: 5 N1 4L L1 Cache Block H, i X Fh
712 R Bus Traffic JE5 /N .

{HJ& 3K H CPU Core [FI%#5 A543 /& Cache Block X FL44E , i §E /2 Byte, Word 5 # /& DWord,
L1 Cache W25V MEHE 1 1) hr FE 58 B A BEAT, IXMEREAT 7] LLAZ By Byte, Word 53 +& Dword,
IR 7 R 85K ) Overhead. 4334T Cache Write #AER, BR T E5 N IEE FIE RE A7 B
A B, F AR AL BN TE R R X P 7V, A 2 o] B8 43 SIAE7E 5 L1 Cache
F1 L2 Cache, XN Memory Consistence [FJSZEIAT I T AN /NI I M

No-Write Allocate £l Fetch-on-Write [ 5l 41 & A SEFR & - AL T Memory Hierarchy
Fetch 1My Sk 1985 KN BEA F U B, 755 CPU Core M 3T A1), MKAR 7R B R B JL
N Memory Hierarchy. JL-F-BA 4 BT BT FAS L B I L HAE

1E Write Miss [FJAbEE 77759, Write-Allocate 1 Write-Around S & 42 45 F , Write-Validate
TG FEAH H . Write Miss AN 7755 Write Hit f77E — € KK R . Write-Around 75 2
5 Write-Through ZEM&VE &3 A , 1 Write-Allocate i& T Write-Through I Write-Back ZE % .

Y K45 PEAL7), HAEFES.
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FE— ccNUMA KLBEZE R4, 5 Write #/EAHOCHI AL BEEE A 2% « A5/ 401 Hit Miss
S WS A AR AR, P L SR T R R AR SR AT FRAIS IR D Write T TSR (1) Bus
Traffic A1 Memory Consistency.

4.7 Case Study on Sandy Bridge Cache Load

R R BMEERFBERNE, ERZATRE —E0PERO%M. FFRISHR, S

H

[l AR B 2B N N o IXLEHR AR B — 1 Case Study fE &SR, BUAXFEMUERNE 5. X
6 Case SEFRAFAER, ALMRAELF AL Sha SO0 AEIRIAT, RIEHE, HHRH#E

RIS IGE RS

Sandy Bridge #& Nehalem 22+ 2 J5 f] Tock, 3 7E Nehalem 37 FAE H IR HIE43) .
AFTE fIKIE Cache Hierarchy 3. % TR, S T8RARKZAFTR, WIHARLE
X B Sandy Bridge 2R3, EIE HERT Cache Hierarchy JZ1fi . 1X— B4 T3 &
KIS Bl AT LG 58 A 15

Intel A AFF Sandy Bridge (AT, WA KZ RIS 5kl . David Kanter 7£
Realworldtech [ R FMILE[B9][99)EATVER, HIXHARKAE T, BTEAERKZAFE
Bl ARAAMEH T David Kanter (130 % . BARRAIE B IE W E VR R B BEHZ Intel KATIH)
Intel 64 and IA-32 Architectures Optimization Reference Manual H1[ 55 2.1.1 5[98]F Intel 7E
2010 4F IDF _EAJFHIAT http://www.intel.com/idf/audio sessions.htm[1].

Sandy Bridge Bl &2 Y. H5ES2 Sandy Bridge TWZEH), B Core #4y, HITEA K,
L1 Cache #1 L2 Cache ZHJi&%, 11 4-16 firzx. H A #E4i7KH Scheduler 44, A1 Load, Store
TR T L O, FEA SRS L1 R L2 Cache AL REE 4

[ 32K L1 Instruction Cache b=[Pre-decode j=]Instr Queue
Decoders

[ Branch Predictor |
\ 1.5K uOP Cache ]
Lad || Store || Reorder ‘

-
Buffers Buffers [| Buffers —“ Allocate/Rename/Retire
In-order
- - - - - - - - - /T s T T T T out-of-order
| Scheduler |
[Port0O | [Port1 | [Port5 | [Port2z | [Port3 | [Port4 |
ALU | ALU | [ ALU | [ load [[Load | STD

V-Mul V-Add | [JMP | [ StAddr || StAddr |
V-Shuffle V-Shuffld 256- FP Shuf | *

Ediv 256- FP Add 256- FP Bool ¢
256- FP MUL 256- FP Blen
256- FP Blend | Memory Control
# 48 bytes/cycle
Line Fill
==\ 256K L2 Cache (Unified) Buffers

ﬁ 32K L1 Data Cache
4-16 Sandy Bridge 229~ =& [98]

M CPU Core ¥Jff1f¥ &, Sandy Bridge 5 Nehalem #HEL, FF&H KZ HKI2. &EES
FVEM A2 Sandy Bridge H#4M¥) LO Instruction Cache FlI PRF(Physical Register File). LO Instruction
Cache 4% FKX A Decoded pops Cache, X & Sandy Bridge 7E45 2 /K HAHX T Nehalem /%8
PP K fedt - PRF & 4 1 Nehalem fZE 4418 FH ] CRRF(Centralized Retirement Register File).
PRF AATAHHA, HIE Intel SEILHIME 7 L&,
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1E Core Al Nehalem {22, £ —/™ pops B Opcode Al Operand. IXE pops EZ it
A TKPATI 75 B4 25T Buffer, F 4L Buffer BAR {52 Opcode, {H &t 2% ]
B4YN Operand, MK 7 ANLERE(F 4. 7E Core fZEH 4K, Operand f K74 80b,
Nehalem & 128b, % Sandy Bridge #2244, Operand 5 KA 256b.

% sandy Bridge AN ] PRF, S 7 AVX(Advanced Vector Extension) A 24815 T0 17K
%, BN AVX 4541 Operand 4o AVX I HE I T 8 A9 /K 28I 15e v, 9 [R]B
21 T Sandy Bridge ] Memory T R2GEHIATE. A TE e ERR S HATEAEH ) Memory
Cluster, Memory Cluster Bl 2}y LSU, HZE#IUNE 4-17 s

Nenatem -—-

Memory Control ==,

32by

256KB L2 Data Cache (MLC) il

Buffers.

L

Sandy Bridge [ oaa I

Store Address|

32kx8-way L1 Data Cache

256KB L2 Data Cache (MLC)

32kx8-way L1 Data Cache

[%] 4-17 Nehalem #1 Sandy Bridge #9 LSU[1]

5 Nehalem T Z2#)7E—> Cycle H K BEFHAT—2% 128b ] Load F1 Store 54 [1][12]4H EL.,
Sandy Bridge TUZEHLE—A™ Cycle HA] LAFHAT 5 5% 128b [#) Load HI—2% 128b [ Store 5%,
H—AHEm 1 Load A MIHAT R, EMEEM B, JBH SR HIE Load 154, AR
Store 84 . ALK Store FE &1 AP, HAEA Memory Consistency 51 & 1 [EE IA
Ko, HENIX AN R, Sandy Bridge 1B [ %% Load B, LSU 5 L1 Data Cache [H] ]
SR N Nehalem TAZE K1) 2x128b 12 1] 3x128b.

% JF Load Al Store Address #ifFEIGEL 2 H1, [FN Load #:/EA Store Probe #4FA HHix
A, TEBACALFEESH, Store #EERTEE — 1@ % /& Read for Ownership/Exclusive, G5 2
VG 6y S 6 i s A I

£ Sandy Bridge 1, FLC 1 MLC (41251495 Nehalem TZEAZE A o e K E3) B 2
W, 77E L1 Cache 2 20 1 — ANk o BLAEIX — A1 8 TRRIMTAT AR KIS [H] 7 Cache
Memory JZ AT —/AN/NA ), T TREIME & —m .

HH FLC 154 Cache 5#3E Cache 41, HH Thread JL5; MLC ATUZEMA IR
FH Cacheo L1 f54FIEHE Cache HIK/NEH 32KB, MLC K/ 256KB. FLC Al MLC FJ2%
Z N NI/NE, 24514 8-Way Set-Associative, Cache Block &y 64B, MPMB, Non-Blocking,
Write-Allocate, Write Back F1 Write-Invalidate. Cache Coherence Protocol & MESI.

IX AV J& Sandy Bridge TZE44, Rl Core JZ[HI ) N 45 . Sandy Bridge ) 13— 2 & X /& Sandy
Bridge ZbFH 2%, Sandy Bridge AbFEZS LA Sandy Bridge flZEf) AFEAY, MAEH T2 AR G20
HLH) Sandy Bridge #b B 2% , Fll Server {i F iJ Sandy Bridge EP 4t ¥ 2% . {H /& Sandy Bridge #ll Sandy
Bridge EP 7t Uncore 4 W THIS A ANE], AT H 55 FiA Sandy Bridge EP b FESS .
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Sandy Bridge EP A4bH 2% HH CPU Core, iMC #5125 (Home Agent)[98], Cache Box[1][99], PCle
Agent, QPI Agent I LLC(L3 Cache)Zl )%, i Ring Bus(Ring-Based ] Interconnect)i& 2 7E—jtC,
FRAEH N B4 K Graphics Controller, HZH k&5 4-18 s

_____QPIIO____J PCIE IO

P

Cache Box

[&] 4-18 Sandy Bridge EP SR 22 H94H AR 45 44[1][99]

HH Cache Box /& Core 5 Uncore &7 &4 . W&l 4-18 7R, Cache Box $&ff: T
=A%, 5 CPU Core, LLC 1 Ring Bus fJ#% 1. Cache Box [ EINRE & 4EH" Sandy Bridge
EP 4bFH 2% CPU Core 5 Core [H]f#) Memory Consistency, 37K 3K [ CPU Core K% IR &%
B L&) LLC Slice B HAB £ [1].

Sandy Bridge EP AbPEZSH) LLC K H] Distributed 773, & —/> CPU Core #H — X B HT
LLC Slice, 1 Slice [ A/NAT LU 0.5/1/1.5/2MB, 7] LU FH 4/8/12/16-Way Associated 77 2o
XRERFEAEE—A CPU Core #H —MNAFH Slice.

S El CPU Core HI¥#E 17 M) 7E 43T Cache Box I, B 2Gi#4T Hush, FFiEid Ring Bus %
FE3&E M) Cache Slice. {H2 MR JZ FEHIXLE Slice 41— LLC. Sandy Bridge EP ZbEE 2§
#J LLC 55 Core N Cache fJ5< & 42 Inclusive, 5 Nehalem ] L3 Cache Z8[A]. IXE M 28] H
R, WEMRAE KIRM Snoop Filter[99].

FITH CPU Core, LLCSlice, QPIAgent, iMC, PCle Agent, GT(Graphics uniT)i#id Ring Bus
EREAE—EE[1][99]. Ring Bus s& Sandy Bridge EP ALFRESHI W HAZ .0, WEMRE GT v LA (E
fJ5 CPU Core #{T Cache Coherence #i1E. X7E—EFfEE L€ T Sandy Bridge Ab¥H #3## o5
W, 3T PCle MR Nvidia Graphics Unit 2598 5517 .

Sandy Bridge EP ZbFH 2% ] Ring Bus, S /] Fully Pipelined J5 205231, H TAEHiZ 5 CPU Core
AHIA], FEHPY/S Sub-Ring Bus 41/, 434l 2 Data Ring, Request Ring, Acknowledge Ring F/l
Snoop Ring[1], H ' Data Ring M%# %6 % v 256 fif. iXLE Sub-Ring Bus il T4E, L 5EM
Ring Bus [ %5 82k Transaction, 41 Request, Data, Snoop Fll Response. X 4 4™ Sub-Ring
Bus AJ DLFE i KA EALTA R A Transaction J A& $447 .

Sandy Bridge EP XbFE % 11X £ Sub-Ring Bus iR AN F 244 BH, FrA{EH T Ring Bus 45
PR A HE 2840 75 ZEX 4. BT Dual Ring HIFF{E, Sub-Ring FEH SH ML, W]
fie A5 Snoop Ring F&4F, FrLAZE Sandy Bridge [ Ring Bus 2/ 7 % Bus ZHA".

O3 e R A5 . Snoop Ring A 4 a2k, 48 /b FRINAE AR A H AT 4 (61 B 19 7 YL 4 Memory Consistency -
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1E Ring Bus I, IEH AN EER Agent, —>4& Memory Agent, H— & QPI Agent.
Hrtp Memory Agent HIRE B FA76E2%, 045 iMC, T QPI Agent H T ¥ QPI BEi#%, FHiEAT
5 HAth Sandy Bridge EP AbBEZS IR, 4 AECNE 44 ceNUMA b EEES R4 .

PL F &% Sandy Bridge EP AbF 2% 5 Memory Hierarchy 454 (T BAA 4, T O LA N
Febit— 1B Sandy Bridge EP A Z$ U 3E1T Load 1.

T4 1 N 25 75 TSR AF Intel A JT Sandy Bridge EP {3 1] Transaction Flow, {51143 7E Sandy
Bridge EP IEX KGN AJF. Sandy Bridge EP [ IE KA HEIR 2] 1 2012 4F Q1, AP IR E R
PEARTT, BRI ETREE ST AIRZ .
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5% Data Prefetch

WEFREF S T RGBT E I RAD, SR E RG22 IR G R, PR R
GUEH T AR Cache. FEIRZAHZR ARG H, LLC AR/ EEH)kTET. BELS
Mg, f8 B KHUELY Cache &, FFARREAT Ko H & Cache AEMINEAREE 704
ARG EIARLL . RN A, B IE Y Cache AR = — 5t TS o tb.

ARV MAE B JE — 2% Cache ' Miss &, FR2TRM/KTTRESHOAE Stall, A L4 AT HBAREL
ZEONIER LB Cycle, HROKPBRR T AEER BARIZITHCR . EXMIEN 2T, HE
KT B4R 2 /KT HIERE N /T

X —YMEE 2 M NE B S RGN b . HFAEVE R AT, W msa
43 #IH Non-Blocking Cache 7ii/KZk, Z4N LT 44841 000 #§4¥i/K, Runahead #11T,
Prefetch 2545, XULAVEHAR R A RE, EA SIS AR, XWEEA R
AN B, 1R R 2 Trade-Off . fEIXEEAEVE A, HATM &R Z M, BRI Prefetch.

5.1 $HE L

Prefetch fR7EACHEZRIHATIZHNS, TRATIEAIAE 8 T RO 18 H T 75 B8 e & 4F
AL PR A T B LR, T DL MR BT v, B TR Cache, SRAFIXLEHE, A
PRI AS, TS 1 A48 U7 0] S8 S IEAT, Bl 7 AEAd 48 (U7 R ZEB o Prefetch
H S B RS R AP 7 3, HB(Hardware-Based)fl SD(Software-Directed). X Fh /5122445 Fil
M, AT e AR 5-1 RIS R R A SD 5 A HE Tk .

0 10 20 30 40
FTTTTTITT T Ty Ty T T T T T
Computation ] r2 r3
() B | i || | ] )
Memory delay Y 4 A

Computation i rl g ‘r2 B ‘r3
(b) . : ;

Memory delay | | !

rl 2 ré

Computation i ‘ ,.‘ | ; | x
(c) ‘ i

Memory delay ‘

Computation m Memory access— Cache Hit ] Cache Miss m Prefetch i
5-1 BURTEALE R E[100]

Horh sl a B TS SEBl b 2 — SRS BRSSO Sl ¢ 22— 1
K HITREEALH] B ARG O o ROV B AL BE 253047 (8] 5-1 B AR 55 /5 Z 22 [ DU AN B
AN BB 1 AR B RS AT IS AR 2 A 15 AR
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TEFH R ER 28 1 — IR At as U7 0] 75 2 5 NI A 72 38 — AN BOAR BRES HRAT 4 ANEFBR
JEIA G 5 BT M AE s s 7658 AN BUACEE R AT 6 AN b A A JE FR U AR A R =
YT B AL FEER AT 8 AN b JE 15 T T Rl AR s 2256 DU B BOGR BEESPAT 4 NI 1
J& TEEEAMT S

S a WA AR T, fEis B R, EdE T A4 U7 v, A nT kb 1) HE B Cache
Miss. $AT ERAES5ILTT 40 NI . A B LS AT DUA 804 B A AT R . 7R 5K
B b HEEPATERE Y, SPEATHAT PR, BRSPS R Rt 2 5 — AR, (H
SR LA AT . & B X S E P, Se AR RAES5 CPU X 75 2 28 AN 4h
JARA, MR HR & 7R 7 AT R

EAEOLR AR AN, B PATEMES I, WG R A RZIETTN, AT A
R ERUT A 58 20047, SRMIX MBS WAL W £ MEFSRPATE RS, AT Z 1
S8 S RTINS Bl R FH Pl P SR AS H00 HE A — 8 ReWE i et R A, R FERE PP AT i
T AT e o LA Pl o 0 () 20 SCIk 6, A I P RO B 0 A e ST

A ¢ vf, TR e RAEER, PR BEESFETUAT AR 551, Cache Miss 154>
KA, AR T EBEAMES PAT R . BRI, SEH ¢ W EE 58 2 3a 18 F P i <49 a iAE
FBPATRCRIL AT w2, RS o f, PUTTRIEZAR S ILTHE 34 DIep . 4R 3AT]
AT DR R FH Pk A ] 5-1 A i S0 T (1 5221

Bl 5-1 Ry s T DUfSE A AR s (1) 7 e (HR TR R A AT 3K, #07 E L )
B 5 B RN A R, i BAE A AE R AT BE /N Overhead FFEA B AEMZEAE R « 7R354 ¢ 1
rl A r2 R TSR M, DRAE A KK AR 2 Stall, TS M T R0

fE r3 i, sl 5, BEAREEE 7T LU AT#EAFEA Cache Block, (H2 X EIkE T B
PR BB T RE 208 /I8 B3 ) Cache Block &4t 25, K1k CPU Core W] 4> B HT1EHEL
XA 2210 Cache Block, MMk T Cache Pollution. [tk #MsE—/> Cache Block
HHCHK MLS, SR EEE, A Reg Al A6 a5 U5 i Bt %, 24 CPU Core 75 248
HIE, %55 Tk AE Cache HarH .

DRI S FE 30 AT 200 TNy, 75 2 S R OV AL, ARt AN R e . n S B 2 Ak
MRS, LKA HB 8L SsD 7=, MR B b2 ERHIBkGR . BR 1 TsEm iz
A, TREHE—DHE, TR S CE 2 Cache Hierarchy FUWE—2%, L1, L2 I8/ LLC, AT
BEEE B A B IE 2 e 5 s . 75 Bt — P 25 [E s B s 1Y) Granularity , /& By Word, Byte,
Cache Block, i&/&% ™ Cache Block; s 22t —HH &2 5 %M HB 1 sD fiRA 7. 1X—
YIBNT Prefetch [ SZELMEFE o

XIE A T AEFELEE LT, SR AL O 2 BRI AR o A i gk F T L), %
RENVBFIR RA G S DI, TFEGGHMRIRAEEE, AR —Mimit. MBaE
FRAL 700 £ A AN AR T DS I TISE, i ey “ A B A B ALE R RFERE T R ER
— AN ) R o U TS AT DA R s m R A P P R T IS, R SOR TR A X
P S 77 5

TR FIVREE A4 TS S S T B SR AR 48 AR A SR & Coverage, Accuracy #l Timeliness[101].
Coverage 1§ CPU Core T EHIBIEA £ /DM Prefetcher W3R, MV M A28 T 2R 4t
Accuracy 1§ Prefetched Cache 17 Z /¥l /& CPU Core H IE7E Z(1); Timeliness 8 Tz 4L
P2 RIS IE B A RIS, ANRER FAARE R .

E O AT B B B0 A TSk SR 240 DA = AN SR T, 1KLL SERK 1 i 26 72 Tse i
5 F B AN AS KT F A F AL Cache Miss ITTFRY « FEVF 2500 R, KM TR SR A
AR ESIET RPATE, E2SWRE R TFIIEFEHAT, d R ERRFAEN, R4
S5 ARG IX LE P AL o
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BATHR BN T LI AT @ M. (R Prefetch Ratio Z%8(45 tHT Prefetch Ifij szHX A
Cache Block SEUE AT A7 #5157 4] ¥) Cache Block H AT 5 I LL 2 Transfer Ratio & Prefetch
Ratio Il Miss Ratio 2 #ll.

Access Ratio 8T Cache Ui VX35 Prefetch Lookup 2 [E]ffIELAE . FTA Cache fI1)i
i) B2 Actual F11 Prefetch Lookup 2 Fl1, H:H7 Prefetch Lookup ¥ H1 Prefech 5724k 5 24|
Cache Block &5 M iZ &, &5 1% Prefetch i Cache Block 15| & [¥] Cache 1], J&H
Cache Controller 3 &[] Cache Vilal#/FE; Actual Lookup #§ Cache Controller Z #h i 1]
#AE, U CPU Core B /M 15 £ X Cache 115 M #1F . Access Ratio FfE KT 1.

TR R b, FATH D5 A2 D, P A A, HHZ% D 24 Demand Miss T K1)
Penalty, Demand Miss f57% A K H B =42 1) Cache Miss F4H; S8 P N TIEL ARy, &
FEEHE RN, N HT 1T Replacement IH A HE, 585 RN Tiie S 2 S a4 18
FIF4S ;s S8 A NBECN TR TP T 2P X Cache 1B A M R AIAET] . FEXMIENLT, —
AN R P A R A 2 AR 541,

D X Miss Ratio(Demand) >
D x Miss Ratio(Prefetch) + P X Prefetch Ratio + A X (Access Ratio — 1) 23 5-1[23]

T H B Miss Ratio(Prefetch) AT Miss Ratio(Demand) )15, EIf& P, A, Prefetch Ratio
ZH0N 0, FIRARMWICIERAL o P I 8 FH FUSEATL i) s Jld P SRR 485 3R o LG P
i I Cache Pollution, 1§45 Cache Miss Ratio & MK T 5 V&A1 A T2 A 135 1

TEF A 340 2 B PO ATL ) 0 2 s X P O . SR OB AH B, SRR TS B8 i R v — 2,
HRERZAE LT, FRIFA B WAS F G B 2% 5 AT DN A IS A 3, 6T ] R 0 1l ) A . FH
I BARESR, BEXEEREAAR ., G H PRI TS B 1 i3k — 5 44484 Cache
A, Ak E 2R, XART NG BERRIILS ), T he i s 75 2 D5 i)

5.2 B P

A PEHLE R T, B e SE e 2 AL 345 & Motorola [ 88110 AbFRAS, 1X
AL A 1 5L S0 T Touch Load 154>, 1X 25484 /2 PowerPC AL ERES debt F8 2 [AIHIFT S . 5
Kt K 2 AL FL AR HR FH IX 45 2 AT Bk, Intel 7E 1486 AbEEZR /] Dummy Read
54, XEIEA ARG K x86 AL H %% -H PREFETCHN[S]H5 4 4T «

S PR A IS 4 1T AFE AL 38 28 B0 IR 75 B8 2 1, R Plse R s ok, 31X T
BLIE SRA 7 BRI S IR BT 2 5, i n] DA AT 5 B, DASCEIAEAE 25 U 1) 15 AR R 2%
BEFIPHAT, MMSEm 7RSS ER AT 8% .

Br 7 EAIEASN, il pE s AW el UHIETUEL, W Non-Blocking [ Load 4. X/
BLHE 2 Prefetch 84 BRI IX A2, IXLLFG A ORKERE 51 N Cache 2 R4, 1 Hax
ZERBGNFEANTER, XBH8S WA Binding Prefetch. 5NN, ZERZERI &R E
1) Prefetch 5447 ¥ Non-Binding Prefetch 54 .

Prefetch 54 7 2% /] Non-Blocking, Non-Exception-Generating 77 20328l . Non-Blocking
B oy BRAE, RIORAE— /M3 Blocking Cache RIZEA 1, A {8 Prefetch 82 IATAT 4 2L,
TETRZER R, — MR ST Prefetch 82 M2 5 H Non-Blocking load 84, 4545 H4%
45 Nobody 7748, BUONE ISR TR EE (I [FIT, 5IN—28 Hint, W3R anfer
R EEE, REERE, XEEEET 20BN S,

Non-Exception-Generating $§7E Prefetch it A~ 15 5| /& Exception, 4% Page Fault 1At %
K] Memory Exception. 7E—YEfi 285 Prefech 5] & T Exception, FRAFIEIE K47 =
. A Exception B4 K 4% K] Overhead, X Memory Consistency 1] SZHi )i [&hS o
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BAF IS W] LA g 25 H BN, (ER AR 25, BEInA R R iy 5
BIMATREESE 2 o IXEETEEE AR AT KB RIE S, W DO ECRIER . 721X —37
S, B S KB Y Loop Iteration. IX ISR IE S 5 BV In) AbHE 45 RHUAR %
5, MIMTE—EFEE LR TR 1 Temporal Locality A1 Spatial Locality, X595 004 752 ik
NIRERGBCRNAUT B JATHEE 5-2 s

for (i = 0; i < N; i++)
ip = ip + alil*b[i]; fetch(&ip) ;
fetch(&al[0]);

2) No Prefetching Prolog-prefetching only { fetch (sb[0]);

for (i = 0; 1 < N; i++) {
fetch (&a[i+1]
fetch (&b[i+1])
ip = ip + a[il*b[i];

for (i = 0; i < N-4; i+=4) {
fetch(&al[i+4]);
fetch (sb[i+4]);
Main loop-prefetching ip = ip + a[il*b[i];
and computing ip = ip + ali+1]*b[i+1];
ip = ip + a[i+2]*b[i+2];
ip = ip + a[i+3]*b[i+3];

7
7

b) Simple Prefetching

for (i = 0; i < N; i += 4){
fetch(&a[i+4]) ;
fetch (&b [i+4]);
ip = ip + al[i] *b[i];
ip = ip + a[i+1]*b[i+1];
ip = ip + al[i+2]*b[i+2]; Epilog-computation only {:for (
ip = ip + ali+3]*b[i+3];

}

; 1 < N; i++)
ip = ip + a[i]*b[i];

¢) Prefetching with loop unrolling d) Software pipelining

5-2 F R TIEE SHITIEFLL[100]

A AR AT M e H A TR, X B ARSI E A2 int SEBY (3 a %k
H b B —IUHEAT R, RIEMEST ip, HrPEd a Al b 1ML Cache Block X 5t FAi]
R N A NECRIH B BENE Y 4 2EF%, ILAMUZEMI ) Cache Block A 32 771, JEAELILEE
fit B R 5-2 H g LSS

TESH] a R A A LT R . X BAR P ERATI, alilFl blil 1 AR A= 7E
AEPRES Cache HdmHh, T HAEMUF V5 M)Al & a A1 b FIEHRE .ok, RRRESEL Cache Block
#82 R4 Compulsory Misses [FIfF-fiias T RAKIEBAE K, M stall ERM FIFE S HK, B
IS 7R P AT RCE

SEW b AEXT AR ip WME 2 AT, e AL a R b AT IR, AR ip WRIERT, B
a Ml b rh AR T RE LA AE Cache 1, MIME— @R SE _E3gm AV AT R . X BitAY
FEATES o PNTEL R 2 B, FiiE LA Cache Block S A i3E4T, X a[0], a[1], a[2], a[3]
HEAT TR IR R A2 50 [6]—A™ Cache Block AT iz, PRl B QA XS [A]—> Cache Block 4T 1
ZURIE, NITEZIE | AT 0%

S ¢ H Loop Unrolling £2AR, GEIMAN IR EEREE— D RIT v 4 DT ER, N
TG 1 S b RAFER 2 Xl . fEIARALHEER 1, Branch Prediction BUATEE, hAbH
L) Loop Unrolling AN FARTEA R I F8E, HF 2 H A2 5 Cache Block HIFH %,
DAY FREL IR H o

S o REAE ¢ BEA BRI AR SR AL, 15 TR BT EAR, K — k5L, 43N Prolog,
Main loop F Epilog =AM Bt . HH Prolog & & 37t /K I F ¥ 46 T4, Main Loop J& Tt 5t
FRIIEATEYBL, 1 Epilog J2& B Jm 45 B LAk

DL X ST A e a2 H RS2 a HeA il do (R e b 77 X
VISR 20 T — A0, T A I U7 In) (I, 02 (0 480408 7T e AN s AR H 7R 2N I ik 1),

B TLKEAMKIR 2% Stall. AL TELEE A 75 Bk — D25 JR A48 IE I 5 v B3 75 B[R] 2 TR o
Fo ARUEPIE B AE TR T B R Bk
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NIFRAT T EEXS Prefetch Distance ittt — 270 #r, SN 6, HatH A=l
& = Ceiling(L/S) [100]. JH L A-PYIAFfif &% Ui M ZERS, 1 S N— Loop Iteration "1 it 5 %
A58 FH 1) B R BHAT IR (]

RWAESLH] d H, PRI S U5 IR SERS N 100 ANEFEFE B, 11— Loop Iteration
THREAST B S R BRAT I (8] 45 AN A, 6 ZEMEN 3. IX— 45 RR IR TR 2
T EAE 3 15T Loop Iteration WU A 2 HIHAT, A BECRUEK AR K AT LURRI AT, A
2[RI 9 FIUSE R 55040 e oA 2108 11 #0825 45 - {3 Prefetch Distance 4 nT LAtk — AR L5241 d,
Wi 5-3 ffios e

fetch( &ip);
for (i = 0; i < 12; 1 += 4){
Prolog-prefetching only fetch(&alil);
fetch (&b[1i]);
}

for (1 = 0; 1 < N-12; i += 4){
fetch(&al[i+12]) ;

fetch (sb[i+12]) ;
Main loop-prefetching ip = ip + al[i] *bl[i];
and computing ip = ip + a[i+l]*b[i+1];
ip = ip + al[i+2]*b[i+2];
ip = ip + a[i+3]*b[i+3];

}

; 1 < N; 1i++4)

Epilog-computation only{ e ip = ip + a[il*b[i];

[&] 5-3 # & Prefetch Distance R EFHM1L[100]

REEARAC T A AT I I R, AR B AL Cache ¥R U IERE — DALY
ARG IXSEALHR BAT — € B XIE, 75 B AL B SR R A BONIRZI I B AR . 7E1R
Z G DL N PAFFEALHIAT BN I Sk i, B 56 /E Code Expansion fRA) &L, ARAF T ALY
T ARES KB, @R 28 53 K L1 Cache 1) Pollution, UG Filisi g &7 & (K1 K
(f) Overhead. RHIEE/FFIEALA AT LAAT R S X P RNBREE, SXAE1S 582 19 AT AR H0T i
R PR o

5.3 BE{FPUE

KRR TSR (AR m R AN TR B A AT T 10, Ay KBRS, AR EIRE—% T
TEFE A RHAT I, 0 H AT AR AT 4552 bRz 47 I 1945 2 (Run Time Information)#E47 7l ,
T R AF A IR I R

BSF A 15z ) ke s TS 65 SR AT I TR ANHERS, A IS TS R 3508 I F AN AR PP AT T 75 21,
L5 5 I Cache Pollution [ i) @, B8 B B2, KA LML FEMAHRZ N RS
TR TEIRZAEOLT, FE2R XL TR -5 BUAS 1 CR FR AN B b A7)

BRE A OS] %) 17 S B 3R A Pl B R Az, 7 1BM 370/168 Ab3 38 2 45 it O 48 S Hehif
PP . K 2 B A TSN SRR A7 2 1) Cache OTIEE, FFTEREFHATIEREH, FIFHEL
P 100 J 3500 e Do B R A T B A YK

B N TR HL I B4 TREE ML 1) /2 OBL(One Block Lookahead)MLfill, 1xXFh 7= BRI #, [H2
TEVFZ G0 FRCRFAME TR 2 Z 4050, v 2 B4R H 1 7 0. oBL WLHIF 1%
HARWSZI 720, 4 Always prefetch, Prefetch-on-miss il Tagged prefetch[23].
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TEAHH Always Prefetch OBL 33 77 U, 4 — B P U7 B b i), R ELEdEH b+
WATE Cache 1 Hit, FOOTEHEE b+l BEAT L. XFR 7 UGk U2 P RERE PP U7 I s B b
s RHARKI T AV B B b+1, T REBON ™ E [#) Cache Pollution. {3 XA 77 X
i} ) Access Ratio 4 2.

TEA§ ] Prefetch-on-Miss OBL SZ3 /7 2URY, 275 £k b #E1 712 HU 1 Cache Miss
I, B EERI b MAEE RS BEHT 2 Cache 1, [FII FIEEHE I b+1 %2 Cache s N SR & ¥R
Pt b+1 B4 TE Cache 1, BHABEATHIEL. f# X A7 I Access Ratio 4 1+Miss Ratio.

Always Prefetch Fl1 Prefetch-on-Miss OBL J5 Ui A FIFH 2 BT DI 5245 2, AEREEL i A,
7% 5 1% il Cache Pollution. Tagged Prefetch +& Prefetch-on-Miss SEZEl 7 20— Fpeicit, HszH
IR E AR, WATH T8N 5T

TE1# F Tagged Prefetch OBL SZH /7 30U, 75 A%E—A™ Cache Block ¥ & —1 Tag fi., 1%
PEAE E AT B 2 HT Cache Block #% & #eit i BN 0. W1 24T Cache Block & [A°A Prefetch [
JRPI T A7 4 1 R D RATNS, ZALKIROREF N 0,

247 Cache Block fE Tl /5 58— XM, ¥ /& Demand-Fetched I, Tag fi7:# M 0 %4t
1, I SR B R SR ZE Cache Block I 3E4T T [23] . iX 7 25 Prefetch-on-Miss
HI K X IAE T-75 W] ©L 48 Prefetch 2 Cache W dE AL,

MRV IR CL TR Cache ) Block I, 7E1# ] Prefetch-on-Miss 773U, A&k 4L T
LN — Cache Block, Tfif# i} Tagged Prefetch J7zUl, £x4k4:Fii2 K —4> Cache Block, M
1My /> T Demand-Fetched MIMER, HSIRE WA 5-4,

—» Demand-fetched Demand-fetched Demand-fetched

Prefetched —> Prefetched Prefetched

—» Demand-fetched
Prefetched

a) Prefetch-on-Miss

— 1 | Demand-fetched 1 | Demand-fetched 1 | Demand-fetched
0 Prefetched — 1 Prefetched 1 Prefetched
0 0 Prefetched —r 1 Prefetched
0 0 0 Prefetched
0 0 0

b) Tagged Prefetch

[&] 5-4 Prefetch-on-Miss 5 Tagged Prefetch LI 5 NAYELEE[100]

M EBERT LRI, X F— ANV A B Access Patern, ] Prefetch-on-Miss J7 3,
UKV )i —™ Prefetched Cache Block J&, #E<HBl—X Cache Miss; fij /& Tagged Prefetch
I 22 HBL— K Cache Miss.

1B RAH X —FhiJ7 [ A RS, I ASREUFE B Tagged Prefetch — i€ H1-T- Prefetch-on-Miss J7 2.
Alan J. Smith [23]#R 4% Miss Ratio, Access Ratio 1 Transfer Ratio — /M Z%0xt DL s2 8 77 gt 47
TENMEBIIXT L . A Access Ratio ZH( 111 L&, Always prefetch SEI 7 KT /5 AP 7 o

55 prefetch-on-miss J7 AL, Tagged prefetch S /7 2UAE Access Ratio # Transfer Ratio
BH WSS AT T, BT 50%~90%[F] Miss Ratio [23]. {HRFRAIIKIRAGESS H Tagged
prefetch —Z4LT Prefetch-on-miss J7 A5 8. 5 HAM 77 XAHLEL, Tagged Prefetch /5 x5 —
/N Cache Block Z i T — Tag £, MKIRZ HFIFEE B Trade-off.
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Tagged Prefetch SZHUA W2 ATAENLH], PLuanal OB b+1, b+2, ..., b+k Tl E] Cache
o HoAdr k N Prefetch VRS, 4 kA 1, BRI NARHER Tagged Prefetch. A HHEH T
—Fh Adaptive Sequential Prefetching S8 73, EEY k 7] PIARHEAE 554047 1) Run Time 15 2.3t
ITUR%E, WTLUALE, WATBUN .

DL b et s Rk A FLR BRI, el AL Strided Array AHSCHTHELI, it
WA T — R AR ELRIA] Stride {5 B AOBEAFFESEIL, 4 Lookahead Data Prefetching SEE
[102]. IZSEELM RS F i 5-5 s

LA-PC
v A
P
?
S Reference . MUX \g match?
= - D
© Prediction prev A ¢ t
2 Table arge
T = INC address Branch
) Prediction
g « ORL ¥ Table
QL Effective Address 1
S _ . _
[T
o <« Write Buffer "4 Execution branch target
L T o Unit
3 PC
b » DataCache |, 1
)
=z
Instruction
Cache

[# 5-5 Lookahead data prefetching SEI] BY4H AR 2544 [104]

R AE 1 3-Nested Loop Iterations HY, FESEAF#E & U7 17464 m; 75 ZEREEEVT 1) ay, a, M
azo M(a-a;)=A#0 W, FFEX m B 7T, A BTN Stride. 55— IR IlEEHLIE As
= a2 +A, Horb A, TR, WSRO S SEBRE as AHIF], WIZRSETU, EEH A, #a,. KA
PRSI T, 72 P sk AE AR S — A DI ) & S8, NI AERE A bR ik
‘B —> RPT(Reference Prediction Table), RPT HJZH 4515 Cache 2540, 4l 5-6 Fios.

Pf Effective Address
instruction tag previous address stride [ state

+

Prefetch Address

5-6 RPT RY4A R £544

RPT I () PC AT R 51 o 29482 my 55— KBTI, 44 A RPT H1 43 lit— /N IH Entry,
5 MM H) Instruction Tag, Previous Address, F£¥f state W& A initial IR, 454 mi 28—
RAATHS, FR7E RPT FRan A, EEARYE 24 1T EA 5 Previous Address 115 Atride 2453 A
AT Entry, 7% State 5B N Transient IRZS .
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IEE W SR bk (Effective Adderss+Stride) BT [n] 25 15 F £ Cache H i, 1#E4T Tantative
Prefetch #4F. 54 m 5 = IRPATHF, 16 RPT Hdnrh, 1 H As 55EBRI as MIAII, Fom
KA T —1R Correct stride Prediction, LEHFZE&E3EAT F— /N HuhE I TEE, [ State S5 A
Steady. fE RPT 1, State HPRZSITFEUWIE 5-7 FfiR.

, initial Start state. No prefetching.
e transient Stride in transition. Tentative prefetch.
steady Constant Stride. Prefetch if stride # 0
no prediction Stride indeterminate. No prefetching.

Correct stride prediction

ffffffffffffffffff Incorrect stride prediction

no o) S Incorrect prediction with stride update

e\ prediction )’

. 5-7 RPT state E’]'{kn_.\ %z

R ] 5-7 FPIRASIERE KR, FRATHELELL T S48, ] 5-8 o o He b 72 5 — 1> 3-Nested
Loop lterations, FFXJ s a BEATIAEHAE, HAEH a, b F1 c fFR 1 Stride Z2HIFAMIHE .
HRAE—FEFF, HdEa, b M c MK Stride ZEUKRE AR HENE, 76 RPT H14>
SR X LR, NI — @R B3 1 s s

instruction tag previous address stride state
i[K 20,000 0 initial
Id c[KIIil 30,000 0 initial
Id a[i]lj 10,000 [o] initial
float a[100][100], b[100]([100], [100][100];
after first iteration
A
instruction tag previous address stride state
e B o i
for (i = 0; i < 100; i++) clKIJj transient
for (3 = 0; 3 < 100; j+4) Ida[iT[j] 10,000 0 steady
for ( k = 0; k < 100; k++) after second iteration
1 o = i * o .
A [3) #= B [ el (305 instruction fag previous address stride state
K] 20,00 4 steady
1d c[K]Til 30,80 400 steady
Id a[il[i] 10,00 0 steady

[&] 5-8 Matrix multiply 25 BRE 5T

15 42l a, b A ¢ 19 k4> 51 B 10,000, 20,000 Fi1 30,000 i 7t o 7 55— R#EAT B 51
IR 5 AT LLEE RPT R SR [ Previoud Address, %141 a, b 1 ¢ [f) Stride ZECAWI U
fE 0, T State NHILAAIRZS Initial

FEE—IK Iteration Z J& , RPT & F1 %4 b 11 ¢ [ Stride %3 %12 4 FI1 400(Current Address
5 Previous Address Z %), State i{Z5 A Transient, JFIT4ATiiEZ 5 H Cache Block, Tfii@id
THEEAL a 1 Stride N 0, S5ZHIMEAFE, State 248Ny Steady, RIANHEATFE; EEH K
lteration 2 J& , RPT FH K4 b, c Al a KW Stride %A FR IR &K AL, State 20742 A Steady,
FrusFe e Hodb AT Pt o

ER—EIEN k BATRE G, BT k A4k, KA RPT AUELA c b Initial ARZS, HHr
HENHERR YT BL: 2B HEIS j $AT RS, BT B9k, A8 RPT B4 a AT ¢ #E Initial
A, FHFEAMERI B B =EEN AT, BT AR, A8 RPT BIEH a F
b A Initial JRZ, HHTEEAESI B
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JETE L, BB =HESEEPIT e,

K X PR A TR 772, A DA RUARIRAE Loop Iterations HH A Y Stride W)@, {EidE—
WS T Prefetch Distance, Bl § Z¥( 3Ll I, Lookahead data prefetching vk ] DL7E A
il E4ksitl, mLL%E —4> LA-PC(Lookahead Program Count). WIS FiL Al Prefetch
Address 5T Effective Addess + (Stride x §), LA-PC 5 PC ) ZE(HEI AN 6.

TERLE N, 25T RPT Y TEEN L] FEAS BE B AR Hu AL P Triangle-Shaped Loop, X1 Loop
Yilal Stride EMTHEAEEBEA K, MHSMHLK Loop HEEMK. KM Correlated
Reference Prediction THEEALHI[103] 7] LA RUAF HRIX — [H] #

WAL SR R BR T RVEAE—A Loop N HIEHE V7 I BL2E 2 4b, 3 o FHAR ) Loop,s
PLSEELX] Triangle-Shaped Loop [Tk, JITE Kl 5-6 HHFEE NI F34h—4H Prev Address fll
Stride Z4, XTI PGB AT 2 [#][103] LASRAS HEVE4H IS B

T R AL 2T Prefetch BYSEIN T 20, #FAN AT 28 4t I Prefetch 75K IR %
B SAE, MW ERE E—eRE FNEE, IMES Sl —PRE RS,
XA SRR BUR IR, T EIE B Prefetch M. Prefetch HLHIER T X R Gt H B A
Wi 2 Ab, i84x5] Kk —E R Cache Pollution. Xf#75 Stream buffer[20]HL i Kl 5] A

5.4 Stream Buffer

Stream Buffer &—#) X Cache, FZTjfe & k5K 9T 1Ti% B Cache Pollution [7]
R o SR FHAZA LI B, A B 28 0T DK FRUEE R E 48 15 F1 N Stream Buffer H1 T AN A2 N Cache,
WAL FR S5 FH I EAR A {E Cache Hidn, J§ T SEAE Stream Buffer AR, RAXFHIT
EAT LA BRI Cache Y5 4, (HZ B RIS IN T KGR 44 Stream Buffer [114H
F AR 5-9 B

To processor Address from Processor

o

‘ Next Address /Cacﬁé'B/I/(;{:k valid “‘Fag\yj{ Comparator ‘

i (/ e~ Front point

|Incrementer| . Stream Buffer

\Cach;e;g!ock Valid _Tag e Rear point

v
Prefetch Address From next lower cache

5-9 Stream Buffer BB £5#9[105]®

TE—)> Stream Buffer ", 12 > Entry 2L, 7E1X /™ Entry H ] LLAE I — AN # £ > Cache
Block, L& T AMIREAL. Stream Buffer []%:—> Entry B Cache Block, Valid {3715 %}
M HbE Tag 2H % HoH Valid 1738 7~ 241 Cache Block 7 s & 5 %4, 1l Tag FIoR
AT HhE PR EE . Stream Buffer 1 75125 FIFO 28480, M Front $8EHACTFEREER, Frrt %
FHEN Rear 1REMIAIE

H I Cache Miss I, 224 & SG7E Stream Buffer [1] Front JT 453 #E#E, wnkdnd, %
B A st N Cache, MIIAZiERL Cache Pollution, [FIRSFiiti#E4T Cache FIELHEKLE M
Stream Buffer [FSkiFEBR . BE G MZEMIHRYE Prefetch Address ML Cache Hierarchy Hi3k 15
Cache Block, Jf:3H 5 Rear F5El %] N Entry [1] Tag 15 2., ¥ 1R [A] B K4 JH 5 AH B2 (1) Cache Block,

@ 5[20] 4[] Stream Buffer 7~ 2% BIAHEL, [105]90 BB BN B — L6,
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FHBt valid b E AH R

R BHEAE Stream Buffer 1 Miss, 1 HRZZH XA — Stream Buffer, 1% Stream Buffer
B Fr, FRAER @Y. BREZEIEN T, WAL Stream Buffer A G
L, fE—AEERR R, —/MESEH 2V £ stride AR 751, 1 5-8 Ak,
NUEBARTZEM H, — %1% B 2 ) Stream Buffer, H[J Multi-Way Stream Buffers, 24k
Uk 5-10 Fiows o

Address from Processor Data to E’rocessor
A
v v v v
Tag Tag Tag Tag
=9 a data =9 a data =9 a data =9 a data
Tag | a data Tag | a data Tag | a data Tag | a data
Tag | a data Tag | a data Tag | a data Tag | a data
a a a a

Tag data Tag data Tag data Tag data

To next lower cache From next lower cache

[#] 5-10 Multi-way stream Buffer A48 p£5#3[20]

I Stream Buffer Miss I, KA HIZEM B 53%,  LRU B(# PLRU, ##SLHH)—A
Stream Buffer, VARIEITIUTIRIFA. S X PRGNS, WER—AMES5 75 2207 A Stride A
&) 1 LR S e #10s), TT LAE R [E] ) Stream Buffer, M &3 7 1 Stream Buffer f ]
AL MR ) BARSZE AR v DA% Stream Buffer 5 Lookahead Data Prefetching /7 7Bk
G, HatrEmE 5-11 Fios.

Interface to the next level of memory hierarchy

| ! }

Instruction Write Buffer Read Buffer
Cache
e ]
Data Cache ’ R Reference
Stream Buffer Prediction
Table
Execution Unit Branch Look-Ahead
Ly Prediction Program
Program Tafle Counter
Counter

5-11 B & {# F Stream Buffer 5 Lookahead data prefetching 75\ [20]

B ASE J2 fef FH X A A5 7 3K, VR AR o PR T2 7 SR 1) Cache Pollution )@,
AR M R PO AR 1 S I 20— R o R I HL A AN R SRR R, SRR I 7 S
TR FELeAH T 2 Ab,  HA AR A F 2 ) B U5 0 Pl g A2

%2 stride Prefeching, Distance Prefeching 1 Global Histrory Buffer Prefeching 515,
AT, BELEXNHH——# TN 4. B2 M Qualitative Research & K IEH A
IS5, H Quantitative Analysis [ B 245 RN REME T OBL Sik. XL ik 5 124D
HROEPVEE X, TEHRE Access Pattern 2 AR, MEHMIFEL L FIHFAEH.
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fE Prefectch XM, A I fa SLIZHRIRIG I HCRIFA 5 T HAIEH

RGIR T AN, R NAZIEE 2 AR IR TR R AR o, AR TR
PEREE . —LEfR] AT VA T RER 2 B, ELAn OBL SEILAN i FEAS [ Stream Buffer. 1X—PJ{K
SRIE—MRZ K Trade-Off M)/, WHREZ 5.
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ZiRIE

TEABIREL R . VFAZAT, EWIRJeAEIE 4 B5 A K Cache 3T, EAZ
FERHE K, XRCE S BRI KZER . DS GEfRED) T “ BEAN,
WEREATETT e ZHILE, BRI ERET7, ARARTR XL T,

FURIRMAR AN 1 O] £ GRS, NGRS B, 20983 7 ks 7). A
TR —EHERAERN, BRESI BRI . -3 R 7S w] UKD VR IR A .
FrBIGE R, HIERIEH .

BATI RS R A AR —FE, SGLn] DIAR ). i — E i E 1X
LY, AT B A R GG R I A, T A v X R o X e DA
AR BV IEA R ZHMRTEA ST R & .

W& T LAVP V22 5540, B AN REVEU A dir T s 51, il R AN RE LR T PNE AR LML 52
HER I 8 280y R o BTN B 45 56 [ UM e 22 W 8 B0 Se AR G, 8l RN 8 i — B
When our founders boldly declared America's independence to the world and our purposes to
the Almighty, they knew that America, to endure, would have to change. Not change for change's
sake, but change to preserve America's ideals; life, liberty, the pursuit of happiness. Though we
march to the music of our time, our mission is timeless.

i 2oy, ERR N, HREE, AL an, BERAASG TR, R
AW T AR, — BB IBR XA AR I AR S o 7T LU A ER AR T A A2l
HOAZ. RAWA G, NMYEHECKEBEZ, A FZ0.

X245 BXiE “And let us not be weary in well-doing, for in due season, we shall reap, if we
faint not”, EIEERLT SO “RATSS S, AKIEER, BERB]T, SAWOR”. LERA 4
e PR H AR B 3 56 X £E 3

FUBEEAERGT =i . M2 E, AR Rt R TAEXFPIL T, RERTTT
A, NMEFRRIZEL, XRTE, WIS EE R 2, SRR DV
BERJE, RIMZRELZ I .. LENXMLH . TRZ T (24), UHP R —a)iEER
ISR

AR ER, Ged imER. HHREME . WM, SRIFRE. FARMR, BAEN &
R OREMR. — VIR, JioRiE L, SRR
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| |
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R |
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ED 56/ . -
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Integrated

i -3 L0 (3ELK) | - Hyperthreading
Emnhm - X Ext - AES Instruetions
[:llI‘F. - 2560 Vectors | - YMX Unrestricted

- 0perands | - 20mm'/ Core
@10-/14 Gz

(13 connected) Shared 8 MB L3 Cache
(256 b/eyele Ring Architecture - 25 CLI)

Intel “Sandy Bridge™ [SNBI / Mamtmm I]JaIH}[I'l! .

62 i Process / ~22 v’ Die Size / 85W TOP / A0 Stepping / Tane Out : WW2303
Expected : A @ 3.0- 3.8(1] biiz
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x Clsco IOS® XR Software, a new member of the Cisco I0S Software family, designed for
terabit-scale routing systems built on massively distributed multi-shelf architectures
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x System capacity of up to 92 terabits per second (Tbps)
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x Industry's first Optical Carrier (OC)-768c/STM-256¢ packet interface
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x Cisco Silicon Packet Processor (SPP), the world's most sophisticated 40-Gbps application-
specific integrated circuit (ASIC)
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x Extensible Markup Language (XML)-based Cisco Craft Web Interface (CWI), a visual
management tool that can manage single-shelf or multishelf systems.
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x The Cisco Intelligent ServiceFlex design for service flexibility and speed to service
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7600 Saries 10000 Saries XR 12000/
12000 Series

MEHE I, ZEEAERTC BRI Quantum Flow ZA FH 25 5 ASR 10008528 ™—C Hi /48
ASR1000/& T 1128 25 (Edge Router) HYSUME 5 MCRS-1EizE k55 (Service



http://www.gnu.org/copyleft/fdl.html
http://www.cisco.com/en/US/products/hw/routers/index.html
http://www.tektalk.cn/?p=4333

Provider) £ T-M_EAVRZ R EHHES o HH( W TF— DA EEIREE mid R T E 28
BHHE > BTEARE -

CRS-177 g — I mn e o Ho 2 KE 7y » 4770 o S5 —H0 57 UL =41 (Line
Card Shelf) - 5 =357 UM A HL3ZEFEH |, (Fabric Card Shelf) - Fabric Card Shelfig FH
% Line Card Shel BBV 5L o 7ELine Card Shelf%(4y » H 7 ERHEEE == »
SYRI4 LRSI CRS-1 (4 Slot Line Card Shelf) » 87N&f#1JCRS-1 (8 Slot Line
Card Shelf) F116/N25-Kf#FJCRS-1 (16 Slot LineCard Shelf)

T HEZCRS- 155 S HEIR -

1.CRS-1 4R FALAE -

CISCO CRS-1 4-SLOT

SINGLE-SHELF SYSTEM

Cisco CRS-1 4-Slot Line Card Chassis

= Four 40-Gbhps line card slots—LUsing a
midplane design

= 2 dedicated route-processor slots

= 4 dedicated switch fabric card slots in the
rear (which accommodate 4 switch fabric
cards with two switch planes on 2ach)

= Redundant power supplies and fans

B FRULBCRS1EAES



2. CRS-1 8% R1EHALAE -

CISCO CRS-1 8-SLOT
SINGLE-SHELF
Cisco CRS-1 8-Slot Line Card Chassis

Eight 40-Gbhps line card slots— Using
a midplane design, the 8-slot LCC is
loaded with 8 MSCs on the back of the
chassis, each of which is connectad,
through the midplans, 1o an interface
module on the front of the chassis.

2 dedicated route-processor slots

4 dedicated switch fabric card slots
Wwhich accommodate 4 switch fabric
cards with two switch planes on each)
Redundant power supplies and fan trays

BEeFFECRS1EHES

3.CRS-1 162 RTEFHLFE -

CISCO CRS-1 16-SLOT

SINGLE-SHELF SYSTEM
Cisco CRS-1 16-Slot Line Card Chassis

Sixteen 40-Gbhps line card slots—Using a
midplane design, the 1&6-slot LCC is loadad
with 16 MSCs on the back of the chassis,
each of which is connected, through the
midplane, to an interface module on the front
of the chassis.

2 dedicated route-processor slots

8 dedicated switch fabric card slots

2 dedicated shelf-controllar slots

Redundant power supplies and fan trays

BEH e B CcRrRS 1 HAEE



4.CRS-1 FabricAZ #1158 -

CISCO CRS-1 FABRIC CARD SHELF
Cisco GRS -1 Fabric Card Chassis

= Backplane design

= 24 slots for up to 24 stage 2 fabric cards

= Z dedicated slots for sheIf controller

= Redundant power supplies and fan trays

B FEFrabricaEdmPEE HLW

M EBEETHL » W T44F » 84K » 1654 RIYCRS-IHLEEM S » AG e — o iLiEiTH

LS RS o MXIFabric S Hid]l, » HAG A Z— 1 tHes @ e — 1 FEE PR ACHL &

MM E T LA 1645 R VRS FH 25 B BE R — NS FHER AT > AT AT LA BRI S R RIS
HEi(E - WEigEE o 4RI84 K FEHYCRS-1-REEHE A Fabric 7 B H -

X4 0 811625 RIEHICRS- 18 HEs M E > HIRSCGSHERI A0 © (40 88016) <&

MERIVEIEZR2 N 232 » ZR N ELayer-2 S A 320} » i 2 RN TR
(Ingressf1Engress) e

L > 4 CRS- 13T HigE 112:320Gbps : 8-CRS-11Y3HiHE 77:2:640Gbps : 16-£CRS-111
EHLRE ST/ 1.2Thps -

o F i3 FabricA #e B BAZ ARAOMLAL » CRS-1AYRHiAE JIR ERAY © f i ic & vl DUs 84

FabricXZ fih]l, » #E25iR72 MR ERAEE K2 FF2K1152M0GHI 4 « KRl
CRS-1HYZA K6 B BEA B RASHRER AT K 1 1152x40Gbpsx2= 92160Gbps=92Tbps



TEFRA—NERICRS-1 G EAHYSLFIE

3. Vg A

CRS-177 2R A4 > 81162 RFEAVZL A/l (Line Card Shelf) n] DLESR{E A B HHE8 7 221X
TERLEHTTI S b U e] DS 248 A8 i G AL (Fabric Shelf) G HAERK— R AR EH
3Py > FRHLHE AR IP/MPLS TR SO A HiEE

MM AEMEE > HERANEEEEI SRR BT TA& RV B4R (Line
Card ) HYFECIIEEL (Interface Module ) A2ty o X B & FE— P CRS-1AYBEZAIAR
& ¢ CRS-1 EMA-REHSZEAEI N (BEEE) © #2008 R (Interface Module ) » f&
P25~ (Modular Services Card ) A1 [RIffz (Midplane) - #i57 » & RE2MEF-RIE
AHEE T RN EH AR -

CRS- 17 i 2 S RF A0 PR BE ISR

x40Gbpsi [1HJOC-768¢/STM-256PoS—F - X~ (40Gbps) F FEtE=A—7 (40Gbps)
I (Port) e

x10GbpsiEdHYOC-192¢/STM-64¢ PoS/DPT-E - X~ (40Gbps ) £ FH4 M -
4x10Gbps=40Gbps °

x10Gbpsiii 1Y Ethernet LA © X EFH8N10Gbps A I#H T = 40GbpsaZ#t = B LA
Oversubscribe I FH4 N o



x2.5Gbpsli [1HJOC-48¢/STM-16¢ PoS/DPT-F » X1~ (40Gbps) £ FH16 g -

16x2.5Gbps=40Gbps °

x40GbpsiiE1HYOC-768¢/STM-256 tunable WDMPOSF » X1~ (40Gbps ) FEtE - AEH 1
(40Gbps ) Il (Port) -

x10Gbpsii 1A Ethernet L K tunable WDMPHY £ ° X1~ (40Gbps ) £ _FH4 MR -

4x10Gbps=40Gbps °

T4 0 8 > 16 RFEHYCRS-145RAL » £ _Lalliim > HECEMENY

x4, 8, 816 ~OC-768¢c/STM-256 PoSi [

x16, 32, 864~ OC-192¢/STM-64c PoS/DPIix; [

x32, 64, 5128/~ 10 Gigabit Ethernet 2 &l

x 64, 128, (2561 OC-48¢c/STM-16¢ PoS/DPTi 1

x 4, 8, 5 16/~ OC-768¢c/STM-256 tunable WDMPOS I [1

x16, 32, 5¢64-1~ 10 Gigabit Ethernet tunable WDMPHY I [

HCRS- 12 RALA L 5 25 AT IAS P FabricAS Hif/ G BEE SR - Ze-RAILAVEE TR 724

It ?kﬁ% » XT2DERYLE] DA E16FERY & RAL o RIL > CRS-1Z4LAHH IR A

AR

X 72/\?&'% ML

x (5% ) 8 FabricAZfih 5 Bk

XZHLBEST © 72x(16*40Gbps)*2=92160Gbps=92Tbps (16*40Gbps*2:Z— M 6-REHILR

NIEI AT HEBE ST )

x T FF40GbpsHE LR © 1152 P 40GbpsFEIfEHE (72x16=1152140GbpsfE CIfE LR )

x 1152 OC-768¢c/STM-256 PoS M

x 4608 OC-192¢/STM-64c PoS/DPT i1

x 9216 10 Gigabit Ethernet Ui [l

x 18,432 OC-48¢/STM-16¢ PoS/DPT i1

x 1152 OC-768¢c/STM-256 tunable WDMPOS i1

x 4608 10 Gigabit Ethernet tunable WDMPHY Ili7 [
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4. ZRYCE

1F1HE T CRS-18YEI#5 5L (Interface Module ) 27 J& » YCRS-18E Y Hiyliw 1 (Port) i
BibA T — PMERN T - KT X SR OB P20 R E £ &RVl (Line Card
Shelf) 2 FHY o £ BARS MBRI2EE] 2 7 - 358 FIUE—MES - — DR b ay g s
B El DU AR [E]AY40Gbpsl L1 » 41 FOC- 768 » OC-192 » 57 # 10G LA R B HA
IR o A PUE SRS « WAKN S » REE S FHNmI-REL LA - WAKMNE »
FhE—140GbpsZ AR SR AR T - NEIRE A LB - FIE20EHErR
— HEF(Fabric G B L& AL > E—4F ¢ ERHFTEUE Cell » {52 Fabric Switching |~
LCCLRMLNER IR T2 i [a] i (Midplane ) A HLHY » K E&Backplane (Ffk) - 55
A WEREEAFER TR 0 SIUFET LA -

xIE1-F (Interface Module ) —E & EAFH I FaHY IERTHE ©

*pE AR EE R (Routing Processor Card ) —E & &ENFEHYIERTH ©

xZZ i (Fabric Card) —EE EENFENE (&) H -

<fEHR S+ (MSC) [& T4 HYCRS-145FA4 » FEENFENEE -

< HRHLE T F A (midplane) HYi%IT - MIEFEH (Backplane) ©

ARE LRI

MIFEHIATE (Front) - EILH10FFE o Hr e

x4 N40GbpsHY i IR FE (BN EE RS )

x4 FF40GbpsHIIE AR 5+ (Module Service Card ) f# o EHrfr » £ 7MSC A FH->SPP
PRLE SRS 2T SPPEAEfG N ETIE M -

X2 HHAATEES R (Routing Processor Card) £ o fEERIYILE™mE - BTG HLE
Z IS o AETuniperf VT > AN AL EEGHS 2 (Routing Engine ) o #4FR
AN[E - FIAAIRESFIIEE & Y- R SR -

Aty 10 -RER AL B (Midplane) - $AFFERAE L4 H -

x4 Fabric > FEHIFEMfEHE (Rear) - ff ARG o M1 SEMAE FIHEY 10 MR F1E
B IR TSR AL -



NEE A R T
CISCO CRS-1 4-SLOT
SINGLE-SHELF SYSTEM

4-+40GbpsPIsOF, 4 . 5 6, 7hsO
8.

1.2 .9 10 #HEMMSCERES F.

3,8hPEEPmE, AREREBAMEEF.

4-tFabric FfEHLRAM 5T

FRETPAER FHRADiEHE { Midplane )
t . ERE—1rERESL.

BFEa FRHLBCRS 1B AR
SFELLRA

MIFEHYATHE (Front) - SAEF10FAE o Hr e

x81~40GbpsHY i K48 (SnUEE: )

x2 MR FHAAREES R (Routing Processor Card ) 1 < E#IAY10--RAEN 2T H [E] 7
(Midplane) > $BAFFIEHFE LG T -

x 85l R NF R M S CREEILAR 25 Al14- 1 Fabric£ » EALFEAY/EHE (Rear) > & AH[E]
o M SEMAE FIEIYI0 MR T8 > TP — MERHEEE AL -



TR NEE IS AR ALAIBI T -

CISCO CRS-1 8-SLOT
SINGLE-SHELF

8-r40GbpsMEsOF® ( FRES =1 | 2

3.4, 7F .8,

o P TR F { ¥ eh

#H EF 2 Hrsm O E R EGER I\ =
(MsSC Yy BRETFHRB S  AdFiaa

thial & . 5@
TR

ix-rediER = HL

3, AaRWE-rEEOMI0GEL XA =, 7.8

. SRRASEO O
FBoc-48mm =,

9,10 ). &5 . 6 E®

IR ) -

mE310-+43E F HEECER —

.1 . 2RME-troc-768F.

Cc-19Z2F. 10R16-+% 0

B ERietE FPCRS 1S HAES

Front View

Rear View

1 2 3 45 6 F8 910

SFC : Switch FabricF

Upper Fan Tray 0O
o s|s
M | M | W FEIFE[M| M| MM
N I = Y I o1
MM M| M M| M [ M| M
5|8
o 1 e
0l1(2]3 415167 7|6 |5 |4 & =21 |0
2|3
Lewer Fan Tray 1
Intake
Exhaust
[alsaTslslalalalalals] [slsTslalelalalalslals]
joTeTelaleleTololololell KeloToleleTolaloleTole]
= SEBLEELEBEE | SEEsEREEERD
oo PDU BOO | oo PDIU AT
(0 SRROET | Ses T
%OOOOOOGOOOOPOOO o OOOOOC-GDOOOGOOOOO O
%
loadZone 1 | EPICRS-1 S YL HALS HF M i
e | PLIM:REZRO F , E&EOER
RP : #HP@HRP
loadZones | MSC : REMWMSPPIERES F.



16f& 2R

HIAERYATE (Front) - EIA20F48 - H e

e
<8/40GbpSHIHITFAM (SR
QLR

T -

*x8140GbpsHYI A8 (BN ez ISR )
X2 ZERIP I HIRPES FHAA R 85K

x16 5l LR YR AYMSCFR A8 Fabric{ » FEHIFEfEH (Rear) » ff AR -

SELAAE RTEAI20 M T8 TR — MRS 25 -
TR N | 6 R T -

CISCO CRS-1 16-SLOT

SINGLE-SHELF SYSTEM
Cisco CRS-1 16-Slot Line Card Chassis

HELEL¥EFES O MAEASG .1 .2 ,3, aBhs0
. EEBFABRAEOBN10GELX HIOC-192,
6, 6 RHLB/EHEE, 7.8 ,9 1088 fxEERAEREO
o HHEREMB TFESES. 1.2 .3, 4RO F
o 5, GREEMEPmMA B ERPFE,. 7.8
L9 10RO F.

EEHEHAEMH16-FPMSCHIES-MFabric EIEHLRAMN &
ﬁ-ﬂ-

FEmAEN FAY PiEE ( Midplane ) EBCIE
B’ —135 85 switching Hiforwagqrding B .

BFHeFBCRS 1% HAEE

M



NHEZCRS-1 1618 2 RAILAYRT AR EHY PR ERE

AD A Az AMOD
PS0 (PFower shelf)
BoO =k Bz Al
P51 (Fower shelf)
og|l1 (2|3 |FCOIFCi1l4 |S |6 7F
Upper PLIM card cage
& |9 (1011 (RPO|RP1 [12(13{14(15

Lower PLIM card cage

FTo (Fan Tray)

7|s|s5|a|Z == 2|z |2]1]0
ool oo ool oo
Upper MSC/Fabric card cagse
=t | | | =~
1sSH43Iz2|=| = =|=11|10j9 | &
ool onl ool oo

Lower MSC/Fabric card cage

FT1

BERICRS 1 1682 FHLem
( IETH ) =3=M.

H Ao A1 A2 AMOR B RE
. Bo.BZ. BZ AM1 = —35H

HF#»PB16-MPLIM [ 3811
ik )

FCOHIFC1 R HLAHMEEHE =

{ Fan Controller ) .

RPOHAIRP1 R Fm—ia s
SRR,

BECRS1 16882 FHLM S
(A& ) =X

HH16-FTMSCELIRES .

8-FFabric3=#e = .

SMO-5M7F.

MHMFCcRS12EFH mEA |
PramrFabricz3=d AR HL
1_AT ASEE b iiE R PEE ASE
FEHDHMBDEIRE .

. AW EH CableIEFTTCRS-1HL
SHER, ( HAH . 45258,
B S ST £ 0 5 3R e HLA S
IEm. SR A3



5. ZXHAACE.

CRS-177 i 251 o — N B8 BE A 2H 5 3 45 k-2 ELCRS-1 1532 $4/ . FCC--Fabric Card Shelf
FCCP= iy HAY B il FE it— e 2 A8 PNFCCHYAS HNLAH » AT B D324 » 23R 7249
CRS-14RAl (Line Card Shelf > FLCC) GHLER » RSN HATHY S 2R A HLF 1

( Switching Plane) ° MIEHiS I » CRS-1 ZHIFEFEA (Multi-Shelf) T LIFE{HE =292 Tbps
IR SIS & o XA BEEEFF TAZSCE L - MIAEEEE (Chasis Management) © %285
B EERE S - FEHATVIE - ERMAFEZFRF16fE8HILCC » Hitl > 28#4 1 "FCCHY G Bith
Fho Mg o AT LLIAY 92TbpsAiZ HigE STV G B » DLCRS-1 H FifIE L sE M = HsL 2
—NERAFRICE - WRENET2PLCCHENNFCCH R » A E 2% (Sustain) >
EHEEERUNEE - BangaErDEERIFEEIEAERIE C NS B S Mot XA E.
Bt - HTHEEIFE K o SEIUFTA G IEFAENEE ML 0T - EAFTEEIIOS-XRAYFS
it RERIEAIE » RS T B AT A o
FCCARE & — M Ek o] DAFC & 24 S HLRAHLAE - FEFCCHRYRIBRH » XA S2
+ - FELUEHICRS-1 G B ETTE » EE5 S M2 RIE YT - MSHAECENAE -
FCCHIRCEZ :

X IETHR24DS2ZHL A - 40Gbpsty it - E TR - BE 12D FAE -
xTEER2 M A S ZEH] - (Shelf Controller Gigabit Ethernet Card » {&#FSCGE ) -
x[5H1241>OIM(Optical Interface Module)— -

X [SE2NOIMIE I (OIM-LED) -
Hr o [FHEHAVOIMRELE AR A BLCCA L ERACHL-RHY - #1152 » CRS-IVIAH G HE
A LCCE - FHVIERCES » A F@AEA - EHEE] FCCHYOIM R _EAVIERAC 78 2& 2 L1
b TECE A ZEHY  FELCCESFCCH LR » FlA116FfLCC » HfSHBYA K&l
S13HYATHL © i LCCEMR{E /B st » HAZHARES123HL R « ZXEM I ER)
MR o WEE HATA RS 7 #E G AR > LCCEHES1 2309 i RAD RS 138 Rl DL T -
MIFEE B2 H]-RSCGEZCRS-1 44 » flai@A LCC_ EaiEHISEERPRIE D) » B8 > W
FCCHYME—IREE » SCGE-R47 1225 81--2/ GigEli L1#YSCGER122 M IHYSCGE - 33X B
AR BRI H o fEZE20switching L fE -
WR—DEARAEENE2 M IHISCGE » A% =5 557 Mo B R Catalyst switch - LCC
HYRPE A Catalyst<Z Hi | SCGE » MITTAZE[FERIFCCHIFY B Y o MR Emefrhy22-
[IHYSCGE » G FEZ AN £ Switch T » LCCHYRPE] DL GigE DL 1 B #5157
SCGE -



THEEFCCHFERER :

A0 Al Az AMD
Fower Shelf (PS0)

Bo B1 B2 AMA
Power Shelf (PS1)

Fan Tray (FTO)
s|ls|s|s|s|sls|s|ls|s|s|s|S
FILE|EE|E[E]e[E[EIE|E|E|&
clc|c|c|c|c|clc|e|c|c|c|E
o|1|2|3|4|5|e|7|8|9|10]11] 5

Upper SFC Card Cage
s|s|s|s|s|s|s|s|s|s|s|s g
ELE| e F B [E] B | BiE|BlE|E[8
clclc|c|cleclc|clclc|c|c|E
12|13(14|15|16|17|18|19|20|21 |22 |23| &

Lower SFC Card Cage

Fan Tray (FT1)

B RER

L

12-rs235m -k
1-FSCGEE

2H12-ts235dm =
HEBEHRsSceER



THEFCCHEERER :

om|Cle2|0|o|ojolC(alOlOlO OIM+= , H5SLCcCh
| | | | | | | | | | | |
LED | | wartna Lo Lo Ura b ma o o e i | S123==#-FEH: , JEREE
O Hi|1ioje|a|7|6|5|4|3|2|1|0]| | CRS1HEBIEHFA
Upper Q1M Array
—H24-+0OIM . B
Ol QOO0 0 0| QOO |O0|C|Oo|0 4 EH/{H-+0OIME
| | | | | | | | | | | |
LED [ pa{mafma|ma|ma|maimafnafmafm|m|m O({Emess) . AT
1 |zz|22|21|20|1a|18/17]16(|15/ 14| 13|12 HaE A
OIM LED= H3E2E M

OIM-ER R,

2
2

Lower Ol Array




6. SRS A T

CRS- 15 EEFAVER 53 0] DLt b2 HAS MR RERIFA T o SSHUAEFEHECRS- 109 & DA EEN 7 H
NI EE—HE » TRE— SRR 8% ° CRS-1AYAC #iCRS-1{4 £ 450 BB RS % & 74 Al
METRFEIES 53 > N E 53 BINTLCCRIFCCHYAS HAE R MiT— Eoft S _EAARRE A it - 7
SRERE A AN EE T 2 f5 RE M EEIR L NSCRS-10YASHiLZE (8] — BT -
B 1B T #ECRS- 1 #LFE[F ( Switch Fabric ) > & H2HE (Switch Plane ) » X HiF
( Switch Fabric Card ) F1Z [R]YS= 2 © AT M HASHFERERIASSHSEA ) ZX PR PSR -
THARETYHESUR (S o RAE N —TTH AT 4 -
x CRS-17Z#isERE (Switch Fabric) @ SXHUAERE 8 NEGE 4N CHLE HIFT AL - H > 16
FEFISFELCC : 8P ACHLKH 5 4FELCC © 4NSCHLFEHE « ARHFH Z RS HAT @ AR
ZHY - 52 X HSE AR 2 IEACHY ©
A HRFERE R E AR E A/ NEERVETETT (Cell) o — PRI S (Packet) £ 242 10 A HidE
FEZ A > - RAYIngress MSC-REHMZIRSC TN 2 NEHETT - MSCE v E — MR TTHE
RAFNIR AW F B HOE EE] A H #REngress MSC (X I"MSCELEE T
ZIRSCHIFTACell > FHKE R — 1 Packet, H i@ g 1K (PLIM) _EAHRN AR (Port) 2
R - —EZEEENE | B TE—MEHIAREREIR Tl (REEE) &
B A EIRASH ERA BRI o (H—PMEEMCell i B R &id — N e ry A i
SETH © fECRS-1 > Ingress# K FHYMSCiEH 2Bl 518  (RoundRobin)YE AR F E [ H
AR A LAY o XA IV RRIRE R E R > 0] US4 S I 7 25 5
b > MR — SO ET A HZE E AR TaYE N -
x CRS-13Z#1F1f (Switch Plane ) : AZ P HEATHUEPEV S/ NRAL o — DACHLFIAIBE
WS T — NSRRIV IIRE - HA o B SCHLE AR 3 (Stage ) STHLHUIR 2125
¥ o AR E R A LCCH IS S A LRSI - 5 2 S HREL
= IMCHCEH -
CRS-1£&%H » Bt b R FEE— 1SS A] DASSEICRS- 1B FHESAY L & SSHLIIRE © 18
CRS-11YL R E £ » RFERE/ DD HAEE RO IE AT EEH AL - 178 XIS
RHCENBEENT - T2 0 STHAIBE TR BESZ R AR 2 40Gbpsty 2%~ T © CRS-1HYAE
I ACHLAR 0] DUSEER 7 ACHL L 7] PAORIECRS-1 A Y 252K -
W REEX HAYRHE - —EZRZIEVARA TS - CRS-1 R4 I (Each) —
MNER > @A (midplane) » TTDUGEREENE (Each) —HSEEL - 5
2 BIKHSEELL - AREFEARINRA o B0 L A BT — D
~HEH -
T EZCRS- 1A HAERE AT M- AV RN E E « R ZEENE - BRI HEERIAE
HPIEAIR i - #e— @i (80) 2K - SEMAAYESIEUE TR/ » BiE T
A DL VR 2o R 7 TR SE B e 1 A2 $ B PR R L 20 e 307 A2 LA ©



PLIM MSC

Switch fabric

51

52 53 MSC

PLIM

P

Data Ingrass

Y

3-1*35&4'1@

¥

Egress

IP
Data

#£+F  MSCRELEHMHEES
Z ( Forwarding Engine ).
EEEY, HxnREhRE>
k& . MSCIEB IR i B Cell
, FEER R .,

AR - K ECelld
Headerthit BiE , fi
Filcen®E R £ 58
HELZ FRMSCHE

W, 83FdEm.
50200 ImF H 38 350

CRS1MIRSEE 8 E

]

¥ | cen
' ﬁ e
40Gbps
mn 5l
f

/

Ingrass Line Card

"
Fabric Plane 7

X

Fabric Plane 4
Fabric Plane &
*| Fabric Plane 6

Fabric Plane O
Fabric Plane 1
Fabric Plane 2
Fabric Plane 3 | [T

N\

- MSCRIERASICH
FEM BN RER,
HEWMEE 2RI, 4
CelALFSMME, F ik
EIXMHERREOEN, %
EREHEETHE,

40Gbps

wmH

LA % % 1

Egrass Line Card

CRS-13ZHEEAs MR EmAK, B— MR
M CeBIE o AN+ B 325 ¥ EgEERE
—MENEFE L, £ FRREZEMCells FIEHKER
IR, ¥ERNRNOEREH , EFCRS-1. EEhH
Ingress#tF 5 EngresssE o Bl 2R —M R
+o BEBIZE(MSC ) RE—H,



7. YRR (1)

CRS-1xX#i4E[% ( Switch Fabric) > R#Hi2mH (Switch Plane) » X#Hi+ ( Switch Fabric
Card) Z HIFV R e — MBS FZ o RIEA R HEIUE TR E TSR (52
;) e

LR P A 2 A S I FTARR, o BN S H SR A Y S R RSB o TR [EHY
CRS-1#JLCCEE s » BAAMEIRR LT ¢
16F&LCC :
SEHUFERE © ¢ ==8/ M ACHL P
I - - =1 LR
[E£37F ¢ 16fELCCRCES MTHL R - — N REEH— P 3c ¥ 1 ]
SFLCC :
THIERE @ 0 ==8 PP H
MBS R - 0 =2 AC
[EEE : SRELCCHECEA N CHLRIE - 52 » — PCHRIRHLF A HL 1 ]
ARELCC :
HUFERE © 0 ==4PSCHLE
MR R © 0 =1 ACHFH
(37T AFELCCRIFLEA N ACHERE « — P acHi-REZEHE— N ATHL V- H ]
MR RE v DS o — 2 B P EE e — 1~ (16LCCRI4LCC) =i&-f
MR R (8LCC) SRSLIIRY -
YT AR ERLCC ERYPEEAT LR > HAAFR R -
16LCC : S123-F
8LCC : HS123-F
4LCC : Q8123
CRS-1HYR A B2 Cross-barf 254 - i@ —134% (Stage ) Benes Network Az i 4k
f2) o 2T Benes Network sl & H 5 — & YA Hiz5F430F Clos Network © fajEAj= » Close
Network &— M3 PNSEL (r,n,m)E HY— 3R HIRTE - H3 4514578100 © FA
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15. 2530k

FURLCRS-1F T : CRS-1 Homepage
FURICRS-1T% L 241 : Models Comparison

JERLCRS-1 16-Slot Single-Shelf System
TEELCRS-1 8-Slot Single-Shelf System
JEELCRS-1 Modular Services Card (LC)
TEELCRS-1 4-Slot Single-Shelf System
HRLCRS-1 24-Slot Fabric-Card Chassis
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1. QuantumFlow

2008F2H25H » BRFRAMLSTE - RATH R — Y > H2 R EERsEARHY - BIEEA
35125 QuantumPFlow - ELH7 B RS SI5 S0 o2 (A T iie © FELRLEr i

SAN JOSE, Calif., February 25, 2008 - Cisco® today introduced the Cisco QuantumFlow
Processor, the most advanced piece of networking silicon in the world and the industry's first
fully integrated and programmable networking chipset. More than half a decade in the making,
the Cisco QuantumFlow Processor consists of 40 cores on a single chip and can perform up to
160 simultaneous processes, making it uniquely geared for today's network environments and
several generations beyond what is currently available in network processors.

The Cisco QuantumFlow Processor was designed by a team of more than 100 Cisco engineers
and has led to more than 40 patent submissions. Many of the same engineers who developed the
Cisco Silicon Packet Processor (SPP) for the Cisco Carrier Routing System (CRS-1), which


http://www.tektalk.cn/
mailto:huailin@tektalk.cn
http://www.gnu.org/copyleft/fdl.html
http://newsroom.cisco.com/dlls/2008/prod_022508c.html

debuted in 2004, also worked on the Cisco QuantumFlow Processor. Continued advancements in
technology, design and expertise enabled the team to increase the transistor density on the chip
from a then networking-industry-leading 185 million on the Cisco SPP to more than 800 million
on the Cisco QuantumFlow processor. Such density puts it in the tier of some of the most
advanced processors developed by leading semiconductor companies.
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“EAERH ¢ 82
x (PFE) Nf¥ : DDR2 - [4£3%&F% : RLDRAM ]

[ZEE 1] © P51 On-ChipN{FIZEHIZS (Memory Controller) )

[£&7%2 : ESP-5G:256MDRAM. ESP-10G:512MDRAM.ESP-20G:1GDRAM ]
xEHEIR S NTE (Packet Buffer) : ESP-5G:64M.ESP-10G:128M.ESP-20G:256m
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Forty custom cores arg known as
packet processor engines (PPEs).

Each PPE:

= ks multithreaded (4/FPPE)

- Programmed in C-language

« Has no fixed-feature pipeline and
can process any flow

« Dfferred full headar and payioad
visibility on demand v iy e

s Consumes less than 400 mW woanas tektalk.cn
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Resource Interconnect

Packets In ——= On-Chip

Packet Memory

Packet Buffer +
Queuing Memory

3. HriEfkiE

x ASR 1000 QuantumFlow Video

x Strategic Drivers for Development of the Cisco ASR 1000

xService Provider Market Drivers for the Cisco ASR 1000

xCisco ASR 1000 Series Aggregation Services Routers

xThe Cisco QuantumFlow Processor: Cisco's Next Generation Network Processor

xCisco puts high-end silicon on the edge : New service router packs custom 40-core CPU
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http://www.cisco.com/en/US/prod/collateral/routers/ps9343/solution_overview_c22-448936.html
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= RP (Route Processor)
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Manages system
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Quantum Flow Processor Architecture
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Cisco
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Multi-Core (40) [r;,%:gft Processor Traffic Manager (BQS)

Scale = 100s of resources & massive feature scale
Performance = Designed to deliver 5-100s of Gbps
Feature Velocity = Software designed to deliver a common
forwarding plane for multiple systems.

Multi-Generational = This is only the 1t Generation!
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