T EHARREN



® T if: o i2F2Ef. 931215684

g 8 K
_ *BLI?:FE : yanyongz@ustc.edu.cn) CompArch2025Spring
SESER B2 931215684
BRFE: yuboyan@ustc.edu.cn)
® RIZENH:
B

QQ: 1450556137

BRFE : hanyu2001@mail.ustc.edu.cn
KB :

QQ: 571256826

BRFE : zhr666@mail.ustc.edu.cn

=1

QQ: 2070677947

BRFE: zhiyang_niu@mail.ustc.edu.cn
1RIA

QQ: 3531448070

BRFE : alexanderxu@mail.ustc.edu.cn

® RizFm:

http://staff.ustc.edu.cn/~comparch/index.html



John Leroy Hennessy (born September 22, 1952) is an American computer scientist, academician, businessman, and Chair of
Alphabet Inc.[>] Hennessy is one of the founders of MIPS Computer Systems Inc. as well as Atheros and served as the tenth
President of Stanford University. Hennessy announced that he would step down in the summer of 2016. He was succeeded as
President by Marc Tessier-Lavigne.l®! Marc Andreessen called him "the godfather of Silicon Valley."[]

Along with David Patterson, Hennessy won the 2017 Turing Award for their work in developing the reduced instruction set

computer (RISC) architecture, which is now used in 99% of new computer chips.8!

David Andrew Patterson (born November 16, 1947) is an American computer pioneer and academic who has held the
position of Professor of Computer Science at the University of California, Berkeley since 1976. He announced retirement in
2016 after serving nearly forty years, becoming a distinguished engineer at Google.B!4] He currently is Vice Chair of the
Board of Directors of the RISC-V Foundation,!®! and the Pardee Professor of Computer Science, Emeritus at UC Berkeley.

John L. Hennessy | David A. Patterson

COMPUTER
ARCHITECTURE

A Quantitative Approach

p RISC-V EDITION

John L. Hennessy, David A. Patternson; David A. Patternson, John L. Hennessy ;
Computer Architecture: A Quantitative Computer Organization and Design- The
Approach; sixth Edition. Hardware/Software Interface; RISC-V Edition.
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[ Application ]

Gap too large to bridge

in one step

(but there are exceptions, e.qg.
magnetic compass)

Physics ]

T ETWRREHEMREIRT, XEHE)
gg%‘_;ﬂ A LAE AR BRSIEAR S0 EsCIE B N
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Application

Algorithm

|

Programming Language

<

Operating System/Virtual Machine ]

Instruction Set Architecture (ISA)

Microarchitecture 5

2R

{
Gates/Register-Transfer Level (RTL)
HirenZiE

Circuits (FBER)

Devices I8 (—INERNE)

Physics BB
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Application |>"hello
Software world!”

Operating
Systems
1 1 ]
Architecture = —
I
Micro-
architecture
Logic o <

Digital
Circuits 2:.'0

Analog
Circuits

Devices

Physics %

Copyright © 2016 Elsevier Ltd. All rights reserved.
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AT ENAESRIHSREIX

/

Programs

Device
Drivers

Instructions
Registers

Datapaths
Controllers

Adders
Memories

AND Gates
NOT Gates

Amplifiers
Filters

Transistors
Diodes

Electrons



What is Computer Architecture?

- TR RGEEARNEE (%it) MeEEMFIE
xR iERBEITRIRFAINEE. 1$6E, NIRRT

A

-%;w%mgﬁmmm EFI LR LR FNECINAY—LHFR M FA

- HENGFREEERETEaESEEHgEIRITE (VLSI)
ZBENREE, BEStEERIEDO (Interface)

c HENSREEENR: —EiESRSEN— RIS
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ITEHIAREHEINEN (£2)

- TEAIMS:
— IESEELE (ISA) &1t

- AR RSN R ER EFHRE:

- BFenHA, FEERE, SUGIN. IRERIEEL
RRSZHRFRVIRERPSS, 180S0

« QAT R A s ?
- BEUgdMa:

- IRIEE M ERK, 7_ AN, THEE. |
JMEFLN R e A2 ERE

- Mi.? BESEZRE (ISA) | ITEIIAESA (AR
7E8a) |, BE{ESEIN
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software ~/ \ﬂ\
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hardware
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ISAZIRBANEERS

« Memory addressing

« Addressing modes

« Types and sizes of operands
« Operations

« Control flow instructions

« Encoding an ISA

. ﬂE?"%EﬁISAFﬁEﬁ RYHIE

IS RTFRESHNER E(portability)

— ‘JLJ:EFHEF% AL (generality)

- ¥ EEIRIES{@AIINEE (convenient functionality)
= _JUEE'FE—'E;&M*IL (efficient implementation )

3/2/2025 10




tE<S RS A

- Digital Alpha(v1, v3) 1992-97

« HP PA-RISC (v1.1, v2.0) 1986-96
« Sun Sparc(v8, v9) 1987-95
«SGI MIPS (MIPS |, 11, IlI1, IV, V) 1986-96

* Intel(8086,80286,80386, 1978-96
80486,Pentium, MMX, ...)

- ARM 1985-now

3/2/2025 11



MIPS R3000 Instruction Set Architecture

(Summary)
- IEOKE

— Load/Store Registers
— Computational
— Jump and Branch RO - R31

— Floating Point
* COprocessor

— Memory Management PC
— Special HI
LO
3 Mg SH8E: all 32 bits wide
REY OP rs rt rd sa funct
| BY OP rs rt immediate
JB OoP jump target

3/2/2025 12



TTENIER LI

- 11E#N4BRk (Computer Organization or
Microarchitecture): ISAR)Z4ESCIN

— YIEH =5 PHIEL

Bt dRaE AR EEIR TS

. (&M (Computer Implementation):itE
o 1

— CPU, MEMORYZEAYYIIRLEN, R
EERHI D SiERE. 55195, Rk,
j =3

~.1

R, I

T

s S
R D&E—F&Jﬂ%@ﬂi SR

- {30

-2%@

=efHISERVE. EHE,

— IREIESRAFEEB I EIES (Architecture)

— e AN ARSSEINS

(Organization)

— BRI E N A

3/2/2025

JRITER

€% AT IRV ASEI

YN (Implementation)
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SuperSPARC

Floating-point Unit

Integer Unit D—D

Inst Ref Data
Cache MM Cache

A A 1‘

Bus Interface

3/2/2025

L21 [ce

MBus

DRAM
Controller

| | 64854 MBus control

M-S Adapter
SBus
SBus [— SCSI
DMA__ —— Ethernet
SBus
— | Cards —ﬂ
|

STDIO

—— serial

| kbd
— mouse

—— audio

—— RTC
Boot PROM

— Floppy

14



FESEELRM vs TR ER

« Architecture / Instruction Set Architecture (ISA)
— Class of ISA: register-memory or register-register architectures
— Programmer visible state (Register and Memory)
— Addressing Modes: how memory addresses are computed
— Data types and sizes for integer and floating-point operands
— Instructions, encoding, and operation
— Exception and Interrupt semantics

« Microarchitecture / Organization
— Tradeoffs on how to implement the ISA for speed, energy, cost

— Pipeline width and depth, cache size, peak power, bus width,
execution order, etc

3/2/2025 15



B REEIITERES

- IDTHISEIAREXATREINNRS
— Understand software demands
— Understand technology trends
— Understand architecture trends
— Understand economics of computer systems

- RAIERE. IfRIEIESER
— FE—ERIARFIRA PR T

o (PREGMIINIX:

e ANV SE PN E2 P

H E’%ﬂ

- B R ERESENS T EEE L

- BRI U ST S A

3/2/2025
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B REETERNmHIEE:
 Search the possible design space

 Make selections
« Evaluate the selections made

v Good Ildeas

Bad IdeasY Mediocre Ideas
Good measurement tools are required to accurately evaluate
the selection.

3/2/2025 17




T2

Complexity Analysis

Imple-
mentation

Benchmarks
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- FERFREESTNEFLFHRA

- EANEESCPUEEERER AR E

» ANEBRFERFERNERRIEHMRMASE
- IBBEIRRIT. IRSHFT. HERH
TRIBEPRIEMAE

- ISR E RS ERRIL ST
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NRENEEARST

fEEaMNsRigit (Chapter 1, Appendix A,
Appendix C)

— |ISAs, Iron Law, simple pipelines

ZiiEZR 5 (Chapter 2, Appendix B)

— DRAM, caches, virtual memory systems

I§<S8RFH17(Chapter 3)

— score-boarding, out-of-order issue

ERERFH1T(Chapter 4)

— vector machines, VLIW machines, multithreaded machines

ZI2RFI1T(Chapter 5)

— memory models, cache coherence, synchronization

HHFEMRALIEZRP RIS (DSA)

— |IPU, DSP, GPU

3/2/2025 20



ANEBT RIS REHA:

. FERAZRZEEHRS&ITTRIE
— RER G AT EIF S HE AR 4 a)RE
« Fl40: CPUSmemoryZ [BJ4BEER
 THFEFNBEREIR]RR
« (RRZEMS M FBFERYERC E a)RRZE

- BIFIRITSINRMERSR. miFeS
- BREHHEIRIBYRISFINE
- Git: MEIGFEMAESEIET. FTRA. BORRRHEDE
- IR BB EE TR FERTIEIFRIRIZIE S
- BRSSO M BER
- IR, SURGSNIRIEIE SRR N
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- 1

5

— fE=NIES

174N
— 3059

BT EAl

— HRZR 3,
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- {RdK

» S0

- Fid (iER)

- —BEREHREE, X HRARE
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Chapter1 EiRiT 52 1FEm

- 1.1 5|8
- HETURREINE N
- A%
- R BN RAR RS
- 1.2 EESHrEI
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EDSAC, University of Cambridge, UK, 1949

3/2/2025 ) .
EDSAC, Electronic Delay Storage Automatic Calculator




The world is a large parallel system
— Microprocessors in everything
— Vast infrastructure behind them

Sengg;a Nets Routers

'
i 15
[ '
||||||||||
[ - it
(L [
at

........

4 Scalable, Reliable,
Secure Services

Internet

26



RRE A AKX T

Applications

suggest how to Improved
improve technologies
technology, make new
orovide appll.catlons
revenue to possible
fund

development

Cost of software development
makes compatibility a major
force in market
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(Dennard scaling) 3B, BEERAEZSMEMD, SIMNNEEERS * i ;
R, ENEMERSERGIS); SERROIESKERLE, . 1 A New Golden Age for Computer Architecture:
Domain-Specific Hardware/Software Co-Design,

Enhanced Security, Open Instruction Sets, and

as transistor density increased, Agile Chip Development
power consumption per transistor
would drop john Zeggizsy and David Patterson
: une 4,
vollage and. SUTENIL Rrefzariens. https://www.youtube.com/watch?v=3LVeEjsn8Ts
to the transistor area https://cacm.acm.org/magazines/2019/2/2343
Ignored leakage current and 52-a-new-golden-age-for-computer-
threshold voltage architecture/fulltext

Power wall

— Denard Scaling &

- Securlty at constant cost, doubles every 18-

o W%gﬂ:ma&*’l’ 2z] 24 months

— Open Architectures/open ISA (e.g., RISC-V)
— Domain Specific Languages and Architecture
"2 Agile Hardware Development

28


https://www.youtube.com/watch?v=3LVeEjsn8Ts

RAREH R RERILE™

« A New Golden Age for Computer
Architecture

— By Hennessy and Patterson, June 4, 2018, the
45t |SCA

— https://www.acm.org/hennessy-patterson-
turing-lecture

— Open Architectures

— Domain Specific Architectures
— Agile Hardware Development
— Enhancing Security

3/2/2025 29


https://www.acm.org/hennessy-patterson-turing-lecture

RREH & ERITIE

« Open Archi

— BRARRY
— jj'H_/ =p
HYISA

- IpER, (5
hoan AL (N

Itectures
B R N SR Gl

M RIERR. BAFRFEMIRE

AT RN SR EE

RISCV 2 F{XBerkeley RISC

3/2/2025
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ARSI & ERIIE

« RISCV

— A practical ISA that is open-sourced

- RETERBFR “WEemit” HX

projects

— JASZF:FER ATV, PC. Supercomputer, A=A

ey
=J

— You can join! https://riscv.org/membership-
application/

3/2/2025 31


https://riscv.org/membership-application/

RREH & ERITIE

- Domain Specific Languages and

Architecture
== | BERVEST

Arc hitectures(DSAS)
~ AR VR R R SR ST BB A e

: ij--¢%%ﬁﬁﬁ'ﬁfk
. SRS,
S o

<: Domain Specific

EEMHNSTE I TS TIE

EERHIF
=

A

ﬁJ+

Tmﬂﬁi & JRIRIF,
#ﬁf%— g,

M EETHIITER

- PlEHEREI R BRECH. TPUTH

3/2/2025

32



RREH R ERILIE

 Agile Hardware Development

— Agile development: It advocates adaptive
planning, evolutionary development, early
delivery, and continual improvement, and it

encourages rapid and flexible response to
change

— Agile software development is a norm (8533

)

— |s agile hardware development possible?

Small programming teams
quickly developed working-but-

incomplete prototypes and got
customer feedback before
SYPYPIVISEl Sstarting the next iteration 33




. 20260, IBMEARTRE

— 701 ->7094
— 650 ->7074
— 702 -> 7080
— 1401->7010
- BN ERREEZEAER
— ISA
— /0 REN _RFHE: W, WEFNE
— LYmes. HmiFes. EF
- hmEM: BN, BEFEE. SRS
F5IHl: IBM System/360 - one ISA to rule them all

The IBM System/360 (S/360) is a family of mainframe computer systems that was announced by IBM on April 7, 1964, and

delivered between 1965 and 1978.[1] It was the first family of computers designed to cover the complete range of

applications, from small to large, both commercial and scientific. The design made a clear distinction between architecture 34
and implementation, allowing IBM to release a suite of compatible designs at different prices. All but the only partially



SUEB RS Vs

- WEEESIRIT AR A ER D
— Datapath: FAEFOR(FEERE

— Control: F=&ix

RIS TR

HSSIERTEIEER

SR BRI P2 TE RO

Control

* Maurice Wilkes ZIB T iERRITHE

L Instructinnl ‘i:mrt'cl Li

'n}e:; Co

ndition? SEigiHiEEIZR g (1453)

Datapath
PC
Inst. Reg

—
=T

e Stored program vs circuitry
* Logic expensive vs. ROM or RAM
« ROM cheaper than RAM

e ROM much faster than RAM

Busy? Address

Data

Microprogramming, Process of writing microcode for a microprocessor.

Main Memory

Microcode is low-level code that defines how a microprocessor should

function when it executes machine-language instructions. Typically, one

* "Micro - programm in g an d the des l'g ,  machine-language instruction translates into several microcode instructions.

computer,"”

On some computers, the microcode is stored in ROM and cannot be modified;

M. Wilkes s and J. Str l'mge r. Mathemat onsome larger computers, it is stored in EPROM and therefore can be

49, 1953.
3/2/2025

replaced with newer versions.



IBM 360Z 519 HlER 4G

Model M30 M40 M50 M65
Datapath width 8 bits 16 bits 32 bits 64 bits
Microcode size 4k x 50 4k x 52 2.75k x 85 2.75k x 87
Clock cycle time (ROM) 750 ns 625 ns 500 ns 200 ns
Main memory cycle time 1500 ns 2500 ns 2000 ns 750 ns
Price (1964 $) $192,000 $216,000 $460,000 $1,080,000
Price (2018 $) $1,560,000 | $1,760,000 | $3,720,000 | $8,720,000

Fred Brooks, Jr.

Frederick Phillips "Fred" Brooks Jr. (born April 19, 1931) is an American computer architect, software engineer, and
computer scientist, best known for managing the development of IBM's System/360 family of computers and the OS/360



IR, RERRRRNEECISC

. IZBiFEIE. RAMFIROM{EREHEAI SIS

- ESHFRAMEESROMASGEEESRERE

- EFIEHZBESIFEIEIK (Moores Law)

- HFEARAMEFEIZEFIIES, BREERIBbug

+ FEARFEINSZREIISAS

« CISC: Complex Instruction
Set Computers

- f5ian: BN (TTL server)
— Digital Equipment Corp. (DEC)
— VAX ISA in 1977
— BK x 96b 33
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Writable Control Store

- MIRIEFIFEERAM, BBATAILAES “EM4"
M ER: “Writable Control Store”

WHEFRREFARERT 1!

— Patterson Phd Thesis*

- BEI IHEPRREINSIGMICRO

Xerox Alto (Bit Slice TTL) (1973)

- F1EE8GUIFRIMNZEI N ALTEL

— BitBItFO &=l 28 A3 IRS SEIN

* Verification of microprograms, David Patterson, UCLA, 1976
** “The design of a system for the synthesis of correct microprograms,”
David Patterson, Proc. 8th Annual Workshop of Microprogramming, 1975 Chuck Thacker

3/2/2025 38



(3 CISEZE S

- EHE70FK, ECMOSEARMLERIENT, DEITENFIEN

ISAs1S3 7 fliE & B

«  "Microprocessor Wars” : EdiRIIES, BAELREsS

« Intel iAPX 432: REHEOCRGELTEINGF 19758
— ETF32BENHEMRNRIARLEE, FRHARENEFIRIERS
- FEERYMYEE. S E SR RS SE1981F &

« Intel 8086 (1978, 8MHz, 29,000 transistors)
— E5k: “Stopgap” 16-bit processor, 52 B AFTBYTC
— Z5R: 10 \3FF R T ICImKFRZE8080HYISA

- 19814EIBM EHIntel8088 (8{u#iESL) tH#HITIBM PCHl
- HE1986F HE25 5T, LMEELHIE

— PCHRMH HHIFEZS=> S0S6RTIR YA E1
_"“--.’l'
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80T MAERFIEHINLER DT

° ﬁ%‘%.: =ﬁ*§£ﬁzyﬂimb
— KRR fmiFes=ERT438<S? (ISA vs. Compiler)

- IBMAJJohn Cocke[ZPA
— JNBETER801 (ECL Server) & 7 EEER ISA Fl4RiE=s
— $§¢E§U|8M370, {Nf{EFIBM 370898 EBRYEFes-S1Fea

load/storeig<
— &I 5/&EIBM 37048tL, MRERE3X

- 80£E{X#], EmerfiClark (DEC) &I}
— VAX 11/180 CPI = 10!
— VAX ISA B9 20%38% (AT 60%HIHAEE) (NGB T 0.2%H5#
17HE]
 Patterson: W{I{EERHAERPRIGIERDbuUg, 1T
# 79DEC g, SI&ZXMISASIEIERYTHF

* WA Characterization of Processor Performance in the VAX-11/780," J. Emer and D.Clark, /SCA, 1984
** “RISCy History,” David Patterson, May 30, 2018, Computer Architecture Today Blog
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From CISC to RISC

- CISGESREFAFTEFELATNAHERIARK:

— IESFERBRE,; CISCIESRREZY-) IBINAFIRIIEFIMAA, BRHE,;

— VLSHgiHEME, AFIFERREER;

- FEZEMESIREESR, EITREE,;

- BHRIBSANE, ARFERHTENARREHEIRAKIZES R FHIMEE.
- {EMA[EEISA

— IBSBHIESERERER

— ImEEIES{NZEEBD CISCIES

— BEMERAIRKE ATV

- FARE
— {#EF#E< Cache
- GREREBRXNRS: s0F#, Bt kHEEaLASERI2UEIEEE+
/INiEcache

— ChaitinlF1ZEE S EC T 2B FFLoad-storeEYISA

*Chaitin, Gregory J., et al. "Register allocation via coloring." Computer languages 6.1 (1981), 47-57
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PC B34

CISC vs. RISC Today

- BEFRE x86$‘ﬁ/\7fx>i§79|7\]

FREJRISC 155
- EMPU(mi

processing uit) AERFEE

RISCHEZAR

Cro-

=PCHJ{t: Client/Cloud

» x86 ISATEREFIARSS =8

iz g EE

Stefis

« >350M / year

3/2/2025

- SOCE:'EI’:'J&LIHEEV vs. MPU
DA, BEFEAIMERERIEE

HE
99%RIALIEESAERISC

« >20B total/year in 2017

— x867E2011FXRTmalE, I
EEF TN E~8%,

— x86fk55=58=>Cloud ~10M
servers

— Total (0.05% of 20B)

42



RiEIA. RIF/R. AMDEFEZEM. (2017-2023)

0 E=HEAFE B EERTE B AMDFiE
350
330
280
210

140

70

0
2017 2018 2019 2020 2021 2022 2023

BERE: AR, (ME+—A)

HlR: REF

i 1, REAMERESFIRERF1A, M2024MF 5202351 A E2024F1H
2, RETFHIT, ZEAZRMFREDR
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Intop1 |intop2 er—:—mDpl IMEmDpZ lFPDpl FP Op 2 |

v . . v ! '

Two Integer Units,
Single Cycle Latency

Two Load/Store Units,
Three Cycle Latency Two Floating-Point Units,
Four Cycle Latency

« —FIESHEIAZMRE

- BNMESERTREERIDEE

- 15 T IEEAVEREERY

o (REREIVIRIE
— 185 hRYREEFHITAY => no cross-operation RAW check
— HURRESTFAEREYE => no data interlocks
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From RISC to Intel/HP Itanium, EPIC |IA-64

+ EPIC 2intel/3ft{iJBVLIWE 389585

— Explicitly Parallel Instruction Computing

— ZiH BiABaREShY

VLIW

— M1994F5HPE{F

 EPIC IA-64 2 Intel
— |A-64= Intel Architectu

R

32{iix86RYf54% (644iLISA)
re 64-bit

— AMD 5 E CHIAMD6E4 13K, 2003 FHEH IV FR B 5641

SEES
— B —Itanium 2002&

E]:EII::III 4\ ?§~|A—32

— IRZ /N BIFRISCEE MR Itanium,  E Ot JEREIA
FIXE2IREY  (Microsoft, SGI, Hitachi,...

3/2/2025
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. REBRTEARERAB U SRR

o (NIBERAK
o AT ST

- NJEREMHIBIRER (AafEIAdcachesid)
— ALFEHITHEIRAT AL CacheIEIR

- ELEMITEE T VLIWHIEE

« The ltanium approach...was supposed to be so terrific
—until it turned out that the wished-for compilers were
basically impossible to write.

- Donald Knuth, Stanford
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ING . NS RFERSE

- BREH

- IBM RFIHL. RFRFFIRIT. RISC. VLIW, EPIC
30K RBLIFHANERCISC ISA
15ERGHLMFHAINERVLIW

~ FEEATE SV LIW 2R
- EZIVLUIWG b FEinaEsst, {BERE
Ze N FARR AR LR
— VLIWTEBR AT\ DSPriALL R B Ih
- BERVLIW, o3&, &8Cache, /NMERF
. RISJC! EiEIABRISCIEN 2@ ISARIERYF
[RN
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Eight Great Ideas in Computer
Architecture

These are eight great ideas that computer architects have
invented in the last 60 years of computer design. They are so
powerful they have lasted long after the first computer that used
them, with newer architects demonstrating their admiration by
imitating their predecessors -- Patterson

https://www.elsevier.com/connect/8-great-ideas-in-
computer-architecture

3/2/2025
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Eight Great ideas in Computer

Architecture

. Design for Moore’ s Law

. Abstraction to Simplify Design
. Make the Common Case Fast

. Dependability via Redundancy
. Memory Hierarchy

. Performance via Parallelism

. Performance via Pipelining

. Performance via Prediction

O NOUVT Hh WN =

3/2/2025
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0ST/COMPONENT

TURING C

RELATIVE MANUFAC

10°
15 -
. 14 »~
13 i
) o 12 4
i o T‘g‘PER uﬁ'EGRATlEOD I .r"
MPONEN
NUMBER OF COMFR eI to s

PER INTEGRATED rUNL!IDN

wumocn OF Ci

LI NENE AR DN DN DR NN DN SN N SN N S AN |

1. Moore’s Law (

T —

x

JiF

/R

!

A

O — B D = 0D

T e v o —— o w2

“Cramming More Components onto Integrated Circuits”

Gordon Moore, Electronics, 1965

Transistors
Per Die
1
1™ @ 1965 Actual Data G 2% 5
10°{ m MOS Arrays &4 MOS Logic 1975 Actual Data 256M 9120
108 = 1975 Projection TPl Hanium™
Memory o Pentium® 4
107 A Mic M Pentium?® 111
FORrOCEESOK Pentium® Il
108 256K - 1 Pentium“mﬂu
5 64K e TH
10 5 %6 i
10%4 86
] 1K: 080
W 4004
102-
10'-
10°

19

rrrrrerrrrrerrirrrertrirrerrrrrrrrliTrrrlirTrrnlirTNrerrIr rmNng

60 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010

1. SEAGERES TS Fr b PSR ARV B BR Y
#H, SRISTAME—&.

2. WALERRMREERISTRES
—f&, WINBTE—F,

3. A—EThrae LB X4 RE,
BiR18TAERE.

# on transistors on cost-effective integrated circuit double every 18 months
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1. Design for Moore’ s Law

The one constant for computer designers is rapid
change, which is driven largely by Moore's Law. It states
that integrated circuit resources double every 18-24
months. Moore's Law resulted from a 1965 prediction of
such growth in IC capacity made by Gordon Moore, one
of the founders of Intel. As computer designs can take
years, the resources available per chip can easily double
or quadruple between the start and finish of the project.
Like a skeet shooter, computer architects must
anticipate where the technology will be when the design
finishes rather than design for where it starts.
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2. Abstraction via Layers o

. temp = V[K];
High Level Language vlk] = v[k+1];
Program (e.g., C) v[k+1] = temp;
Compiler lw  $t0, 0($2)
w  $td, 4($2)
Assembly Language sw  $t1, 0($2)
Program (e.g., MIPS) sw  $t0, 4($2)
Assembler 0000 1001 1100 0110 1010 1111 0101 1000
Program (MlPS) 1100 0110 1010 1111 0101 1000 0000 1001
| 0101 1000 0000 1001 1100 0110 1010 1111
;Vlachlne . Abstraction uses multiple levels with each level hiding the
nterpretation details of levels below it. For example:

Hardware Architecture Description
(e.g., block diagrams)

The instruction set of a processor hides the details of the
activities involved in executing an instruction.

Architecture . High-level languages hide the details of the sequence of
Implementation instructions needed to accomplish a task.
Logic Circuit Description Operating systems hide the details involved in handling
(Circuit Schematic Diagrams) input and output devices.
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2. Use Abstraction to Simplify Design

Both computer architects and programmers had to
invent techniques to make themselves more productive,
for otherwise design time would lengthen as dramatically
as resources grew by Moore's Law. A major productivity
technique for hardware and software is to use
abstractions to represent the design at different levels of
representation; lower-level details are hidden to offer a
simpler model at higher levels. We'll use the abstract
painting icon to represent this second great idea.

GIVE ME AN EXAMPLE?
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S . s U U c
@ @ @
COMMON CASE FAST

- ERHITIRITEERN, FERCEELZENEN
* (REAEERITRNBEXAKX
- IEEFE—M (1E88) ESERIUKRREES S5

(Common case)

Sl REES R AR RIEE MASEZIBA,
e BASKERTRAE—NA. (RIERHZE?

AT Ty =

ERHISARZINA FI X Nidea?  WAEEBNMES B EEIT?
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s BEUREHEEE2ER
(R MEEN R
FANETT

BIZ{RBTRE AT,

S h 24 "'
BT —QBNATH o
k amﬁ, JIIE Iccmtlrc-llers supporting various RAID
evels
L1005 £ 79
T/100RIBR T #4122

One of the most important ideas in data storage is the
Redundant Array of Inexpensive Disks (RAID) concept. In
most versions of RAID, data is stored redundantly on multiple
disks. The redundancy insures that if one disk fails the data

can be recovered from other disks.
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HIERARCHY

Processor Fast, Expensive, SUPER FAST
SUPER EXPENSIVE
but Small TINY GAPACITY
Why Does Cache
Work? FASTER
X EXPENSIVE
\ SMALL CAPACITY
EDO, SD-RAM, DDR-SDRAM, RD-RAM y ____ PHYSICAL MEMORY FAST
& PRICED REASONABLY
and Mare... AVERAGE CAPACITY
SSD, Flash Drive SOLID STATE MEMORY AVERAGE SPEED
4 \ PRICED REASONABLY
4 o N AVERAGE CAPACITY
y iy

VIRTUAL MEMORY SLOW
Mechanical Hard Drives 3 | N Cheap, cHeaP
£ FILE-BASED MEMORY b Large, PACTITY

y ' but Slow
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Doing different parts of a task in parallel accomplishes
the task in less time than doing them sequentially. A
processor engages in several activities in the execution
of an instruction. It runs faster if it can do these activities
in parallel.

» Parallel Requests
Assigned to computer, e.g., Search “Katz”

« Parallel Threads,
Assigned to core, e.g., Lookup, Ads

» Parallel Instructions
>1 instruction @ one time e.g., 5 pipelined instructions

« Parallel Data
>1 data item @ one time, GPU is SIMD (Single Instruction Multiple Word)

 Hardware Descriptions
All gates functioning in parallel at same time
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Performance Through Pipelining

This idea is an extension of the idea of parallelism. It is essentially handling the
activities involved in instruction execution as an assembly line. As soon as the
first activity of an instruction is done you move it to the second activity and
start the first activity of a new instruction. This results in executing more
instructions per unit time compared to waiting for all activities of the first
instruction to complete before starting the second instruction.

rTime (in cycles)— CC1 + CC2 -+ CC3 + CC4 + CC5 + CC6 -+ CCT - CC8 —>

woreees) Wil

5

'OE add r9, r8, r7 iH 1M -i:Reg:iﬁ'@{llDMli-Reg i E

- el

g ori r4,r3,7 iH IM HiHReg i@-i DMM:iHReg| :

£ T — I — [~ [
subrb, re, r3 : i 1M -EZRegj@-ilDMlg-Reg

\ sw r2, 10(r3) ; [- IM -;ZReg:E@-E-DM




8. Performance Through Prediction

A conditional branch is a type of instruction that determines the next
instruction to be executed based on a condition test. Conditional branches are
essential for implementing high-level language if statements and loops.

Unfortunately, conditional branches interfere with the smooth operation of a
pipeline — the processor does not know where to fetch the next instruction
until after the condition has been tested.

Many modern processors reduce the impact of branches with speculative
execution: make an informed guess about the outcome of the condition test
and start executing the indicated instruction. Performance is improved if the
guesses are reasonably accurate and the penalty of wrong guesses is not too
severe.

FIl DIl XI| mll wl| Pea x1, x2, target
\
F \ bubble
\ bubble

Fil| D|| X|| M|| W|| target: add x1, x2, x3
3/2/2025 59




Classes of Computers
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« M"ABEhgsE (PMD)
— BeeF. —7|‘J§EJH|_|

— ARM-ISA3

— SoCHA

A

57\._ _Q}E/m ﬂ:’;{\_L

£rH

BRSNS H (SoC) £t Lt

BARENT

0% 2s (radio, image, video,

graphlcs audlo motion, location, security, etc.)
— BRAREAFNSCHT 4 (energy efficiency and real-time)

- EmitE (Desktop Computing)
— BEIEMEA EV (price-performance)

- IR5Z88 (Servers)

— SR A

3/2/2025

. OT4aRE. FIEZR(availability,
scalablllty throughput)
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Cost of downtime

Annual losses with downtime of

Application Cost of downtime 1% 0.5% 0.1%
per hour (87.6 h/year) (43.8 h/year) (8.8 h/year)
Brokerage service $4,000,000 $350,400,000 $175,200,000 $35,000,000
Energy $1,750,000 $153,300,000 $76,700,000 $15,300,000
Telecom $1,250,000 $109,500,000 $54,800,000 $11,000,000
Manufacturing $1,000,000 $87,600,000 $43,800,000 $8,800,000
Retail $650,000 $56,900,000 $28,500,000 $5,700,000
Health care $400,000 $35,000,000 $17,500,000 $3,500,000
Media $50,000 $4,400,000 $2,200,000 $400,000

Figure 1.3 Costs rounded to nearest $100,000 of an unavailable system are shown by analyzing the cost of downtime (in terms of
immediately lost revenue), assuming three different levels of availability, and that downtime is distributed uniformly. These data are from

availability

Landstrom (2014) and were collected and analyzed by Contingency Planning Research.

"Nines" [edit]
Main article: Nine (purity)

Percentages of a particular order of magnitude are sometimes referred to by the number of nines or "class of nines" in the digits. For example, electricity that is

delivered without interruptions (blackouts, brownouts or surges) 99.999% of the time would have 5 nines reliability, or class five.[2] In particular, the term is used in

connection with mainframes[3I[4] or enterprise computing, often as part of a service-level agreement.

3/2/2025
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LTRSS (£2)

. EB/CERITERM (Clusters / Warehouse Scale

Computers)

- BNMUEFROE R 10+ b IERE %

— X86-ISAFEBHIIRSES O A EmA L G ek

- B NN AERER, INEEVTBNIEE

- USRI EREy. o ARSI
3

— H9: Supercomputers: BIEZERIEEIEBEEERN
EREEL

— sl a] FHMSEFOMSE B (availability. price-performance.

energy)

3/2/2025

63



ITTEHAIDEE (£8)

- BRAITEN/48XM (Embedded Computers /
Internet of Things)

= ﬁ%@%/?“@%lxﬁ reEhtIRhE, FIEDHL

SHERER
( TV/Music/Games/Automotive/Camera/MP3)
— IELK  (Internet of Things!)
— SRIEAINTS. Bt N EESEN FRYERE(Emphasis:

price, energy. application-specific performance)




Bell’s Law: a new computer class emerges every 10 years

Computers
Per Person

1:1006

_Mainframe

10 R

1:1

103:1

years




hRFERTERFATR

Personal T R ——— Internet of
Feature mobile device Desktop Server scale computer things/
(PMD) P embedded
Price of system  $100-$1000 $300-$2500 $5000-$10,000,000 $100,000-$200,000,000 $10-$100,000
Price of $10-$100 $50-$500 $200-$2000 $50-$250 $0.01-$100
microprocessor
Critical system Cost, energy, Price- Throughput, Price-performance, Price, energy,
design issues media performance, availability, throughput, energy application-
performance, energy, graphics  scalability, energy  proportionality specific
responsiveness  performance performance

Figure 1.2 A summary of the five mainstream computing classes and their system characteristics. Sales in 2015 included about 1.6
billion PMDs (90% cell phones), 275 million desktop PCs, and 15 million servers. The total number of embedded processors sold was
nearly 19 billion. In total, 14.8 billion ARM-technology-based chips were shipped in 2015. Note the wide range in system price for servers
and embedded systems, which go from USB keys to network routers. For servers, this range arises from the need for very large-scale
multiprocessor systems for high-end transaction processing.
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Closer Look at Processor Technology
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Closer Look at Processor Technology

45 ?IER‘I;FI&E‘JEEIJ\ (feature size ) , FHEREARER
= HARBERT? (x,y) % ERINORT

—~ %EQEI’JLF_ TEARTRS
- UHE’JE%REKIXEUJD (10%-20%) panme LR
— LIRS (AR AIARR) CVPAL T ey
— EB{EA E’Jaaﬂk HEE im}]l] N4

- HEEE10FIRS 1004 A
— BRI 7 106 P
— DRAM NZEFIFIRE4S P

. UE R R SRS IE

— Parallelism in processing: B & ZHYINEEER4 AR EE
« B IHEERF TS NME(ERK T CPI

— Locality in data access: 82 AXHJCache
o PEE T IHERIERT NMIBER(E T CPI, 1BE 7 AL IEESaIRI AR
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Architecture: Increase in Parallelism

« 1985 LABI{ZN (4-8-164i)F1T (Bit level parallelism)
— 32-bit WIS EIERERATIE
— 90FF{UKAE64-bit . 128-bit KBS\ B MEWIEIRS RS
- BEARER: 2RSS IEFES (i) — NG A

« SO HEIVOFRFHEELZRBIESHHIT (Instruction
Level Parallelism)

— TIKZL. RISC, YRIFRARIHLE > IBHEESHFF1T
— F_Ecache RINBESMMAAIENN-> HEFREH{T(superscalar)
— EERBIORYEIN: AL T (out of order execution)FORE{AHZATI AT

(speculative execution)

+ INK: EEFFGHHE ESLIERE (thread level

parallelism and chip multiprocessors)

— SRERFHTHER TIESRIT

— EBRNCRPEE S IEEE R B RS

- FEEER O R RS N EIEFTIVT BHEIE+ Rt4iE
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Moore' s Law Slowdown in Intel Processors

L.E+07

==Transistor Density  =“~Moore's Law (1975 Version)

1.E+D6
1.E+05
1.E+D4
it J¢ AR 4
g1l e
1.E+03
1.E+D2

1E+01

LE+00
1974 1978 19&82 1986 1990 1994 15998 2002 2006 2010 2014
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Moore' s Law in DRAMSs

10000

1000 |

100

10 1

Megabits per DRAM

01 | 1.5x/year 1.4x/year  1.1x/year
2xin<2years 2xin2years 2xin 7 years

1975 1580 1985 1990 1535 2000 2005 2010 2015 2020
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Technology & Power: Dennard Scaling

200
180 ™~
<
160 o E
.-
- e A
5 | Technology (nm) Power/nmA2 "
> 8
E 120 1 - as transistor density increased, -
power consumption per transistor Q
E 100 - would drop g
O - Voltage and current proportional o
a0 to the transistor area a.
E - - Ignored leakage currentand
4] threshold voltage @
Z 60 - Power wall =
=
0 1 o
Q
20 1 (o -
{

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018 2020

Energy scaling for fixed task is better, since more and faster transistors
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Why i1s low-power Important?

« Power must be brought in and
distributed around the chip

- Power is dissipated as heat and must

be removed

« Three things to consider
— Peak power (EBIREEMZIEMLHITOSR < 4LIE

e

ZRISFAIIER => B[ NF => TiALER
— Thermal design power (TDP)#isZ1TINFE,

SFAITHER )

3/2/2025

C{F)

RTE

7 ERIRAYSHEIFEK  (often peak power >TDP>
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Power in Integrated Circuits

- NEEEELSSHENZTHEIGIRAHGRZ—
— O PIERFO0SMNE R B ER A DNAE )RR
— INFESTFER, MRRREEAIn)E
« MgitIEE (Thermal Design Power (TDP))
— Intel: FUKITINER, —FETEAERMNANIIERFENB R
—- RIXTRBHUIFERALE
- FERTHIEFSARERANZLT
- BRERTIEENRE, E5TF90E
- TDPHILIFERILR?
- BRREEXR, RESMAFKE, CPUNSEAESIIFE/NTTDPE
. PEESER A ST

The thermal design power (TDP), sometimes called thermal design point, is the maximum amount of heat generated by a computer chip or component (often a CPU,
GPU or system on a chip) that the cooling system in a computer is designed to dissipate under any workload.

Some sources state that the peak power rating for a microprocessor is usually 1.5 times the TDP rating.!"]
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- EMRITRYIRR
— ERUAEREES] < TDP > SR =BEITHIFEA (throttling) , SEUEREThE
— GEUAESEES] >= TDP > SR BB TR R B

. ?ﬁ&ﬂ%%ﬁ

Y= (,ﬁ?ijCPU:EHﬁ&%%GPU) WTDP IS (100W LA L) , EEEAMN
1‘;£’JE§*D757.< (&%) = ok "

- FERTHERNRNESIIRLT
- %2’71?111% (RISECARRMN) 1BK(E TDP (15-28W) , EIPRBIDIFERIERERNF

Ip / I\\\

— 1 TDP —28 CPU
S e S A o L S e ™

S & o 1= E
— ﬂ,ﬁ‘,/uH‘ 40 Apple M ?7;—!] AMD gzeng %ﬁli 15 gﬂiﬁﬂjﬁ"*ﬁ (ANETER

) 18 1DP SEEA S E A RENH FE. i, et
i At @) e ¢

EI'I-
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Power versus Energy

I (Power) ISR AYIEIAURERE: 1 Watt = 1 Joule / Second
—/MESHITAYIBEFE (energy) = Average Power x Execution

Time

Power or Energy? I MEIRESIE?

- FIEEERESS, e —MESERIEESIR (joules)

— SRR, BAIFEXRTEER

Example: which processor is more energy efficient?
— Processor A consumes 20% more power than B on a given task
— However, A requires only 70% of the execution time needed by B

Answer: Energy consumption of A = 1.2 x 0.7 = 0.84 of B

— Processor A consumes less energy than B (more energy-efficient)

3/2/2025
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Power & Energy

« Dynamic EnergyfliSee e «
Capacitive Load (B&figk) x Voltage?
— EEREEFRAES, MO-1-0 8y 1-0-LiZ4EERTRY

fKhEeE

— Capaoitive Load =HiH BBIANETIS AR SR %E,
« MRSCEIMHXEPFRAIEE, BEX—IEFIEZEE,
ExaE AZ=HZY

— 20 R BRI EHBRBEDSEMSVIER1LY
« Dynamic Power «

B 9 ]
Capacitive Load x Voltage2x Frequency Switched
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oI BeREANEIFE

E‘gI"SUCMOS AR, iSEEEHEER T RIPERonFloffIATS
thiks |

- Dynamic Energy « Capacitive Load x Voltage?2
— the energy of pulse of the logic transition of 0-1-0 or 1-0-1
— Capacitive Load = Capacitance of output transistors & wires
— Voltage has dropped from 5V to below 1V in 20 years

« Dynamic Power «
Capacitive Load x Voltage?x Frequency Switched

- PE(ESRERaT LABEEINFE
- RSN SEENTRIEIEN >7F55I5¢1EE§E$3
- [R(REBETRAPFELIFEFNEEE

(S L
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Do DNFERIIRAN
SR ERIRIATABEARA(Do nothing well

— Such as a floating-point unit when there are no FP
instructions

Dynamic Voltage-Frequency Scaling (DVFS)
- EBE S ARECPUR BT
BeFCRE [EAOSIER m] B2 D056

’f‘-I-SU iZuE!IgF*&vI' (Design for the typical case)

BRI (A, EiTAE) R TidletRa, DRAMA
e

Overclocking (Turbo Mode)
- SEREERIRGE. KUREIEE R b

B, Bzl jgé ERERER K, —AcoreUfIﬁ'x = ?ﬁ
=17, EFXZEMZ
15 #8351 (Overclocking) iBECHET, (Turbo Mode)
=HEE BRPFaTEE (BIOS/&14) o EARBEEEETHEH
SMEIRAEE BEES (HRFRBIFIIA20-50%) BT (BES5-20%)
FFEEEdE RIS ((REREGREESD) BE (ZTDP/EERH)

BEESE FIi I8SHAR, SRSHEME) CRHEFSET (BETeE N i)
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Dynamic Voltage Scaling (DVS)

- DVS scales the operating voltage of the processor
along with the frequency.

 Since energy is proportional to v2, (vocf) DVS can
potentially provide significant energy savings
through frequency and voltage scaling => DVFS

e can reduce voltage and frequency by (say) 10%; can slow
a program by (say) 8%, but reduce dynamic power by

27% (1-.9%.9%.9), reduce total power by (say) 23%, reduce
total energy by 17% (1-.77%1.08)

BXOERBS R SFNTEREEME, SERE—1 T
FENKNEHTEET . EEETXATEREATAE?



100 —

/ 2.4 GHz
) // =
//——
60 1 GHz

40

Power (% of peak)

0 DVS savmgs (%)

Idle 7 14 21 29 36 43 50 57 64 71 79 86 093 100
Compute load (%)

Figure 1.12 Energy savings for a server using an AMD Opteron microprocessor, 8 GB of DRAM, and one ATA disk. At 1.8 GHz, the server
can handle at most up to two-thirds of the workload without causing service-level violations, and at 1 GHz, it can safely handle only one-
third of the workload (Figure 5.11 in Barroso and Holzle, 2009).
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CEN Sl

Static Power)

- SRIFFUTFofINSH.FE

- midEil), HRTE
— 65nmI1 2, BESINFELEINFELI20%

— 7nmIZ: EASUNFELLELRNIA40-60% (EINEERIISIFEINES, B

SRS FRSINFER EERRR)

- Static Power = Static Current x Voltage
— Static power increases with the number of transistors

© FRSUIF

Z=]: e S

HFE R R RR RS TIEE

ERY50%

— Large SRAM caches need static power to maintain their values

- FHEEREIVT, FSIFER atiRreA B ERI30%LA

- %}%ﬁ*&*lt\é@%%ﬁ’ﬂ%‘éﬁ%a?E\l‘ﬂ#ji,’éi (FFSIIFEES) | BFRE
><J0o

« Power Gating: @i tJ]H{H

R AT

— To inactivate modules to control the loss of leakage current

— Bbik: WEER (PRk) FIRSREFH
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BRIIFEMIRER NG

- LLERFIER TaEEL, sels, 15512
BRI .
» NERLZBEEIE—PNEIRFF
— A chip might be limited to 120 watts (cooling +
power supply)

« Power Consumed = Dynamic Power +
Static Power

— BRIRES
- BT R ETFHSIRF

ARAVYIIRSEIIIFE TN

S SRR A5 SI0FE

. BTSRRI
. B AT PR LFERNLEE
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SEESHEARRE AR

« EDP (Energy Delay Product)
— EDP = Energy * Delay = Power * Delay?

« Performance per Power
— FLOPS per watt ( Scientific computing)
- SWaP (space, wattage and
performance)

— Sun Microsystems metric for data centers,
Incorporating energy and space.

— SWaP = Performance / (Space * Power)
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Current and Future Trends
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End of Growth of Single Program Speed?

40 years of Processor Performance

100000
End of
10000 | the

'% Line?
< 1000
; (3%/yr)
@
o
§ 100
E RISC
; CISC 2X /1.5 yrs

W 2X/713.5yrs (52%iyr)

(22%/yr)

<80 1985 1990 1995 2000 2005 2010 2015
Based on SPECIntCPU. Source: John Hennessy and David Patterson, Computer Architecture: A Quantitative Approach, 6/e. 2018

So, What is next?
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How far will Instruction Level

Parallelism (ILP) go?

30 —

25 25
00 I , L /

o

-

2 15

o 1.

o

(Vp)

0 1 2 3 4 5 6+ 0 5 10 15

Number of instructions issued Instructions issued per cycle

EEERERERIT NEMRAYILP: TIRAIFIFEIIFE . STEAITREFIE D&M
&, BREAMLRCache, FR: 4FKIFSFHITEUS TRARIILP benefit; SLAE

M -H:A/;{: . c .
MIHSZER EL R4 E¥k, 8 R EIESHE—5%control transfer instruction

Fraction of total cycles (%)

Why do we have very limited ILP?
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BRINRREERFT B

« Old Conventional Wisdom: Power is free, Transistors expensive
« New CW: “Power wall” Power expensive, Transistors free

+ Old CW: iBid%i¥. FREMEIFFRIBMESHRFH1T (Out-of-order,
speculation, VLIW, ...)

* New CW: “ILP wall” BIEIESHRIITRINCERIEI L
« Old CW: SRiEEEELRIE, IhFREELLRIR

« New CW: “Memory wall” SEEEEEIREAT ., iHTEROHRE
(200 clock cycles to DRAM memory, 4 clocks for multiply)

« Old CW: B4 IEES1ERE2X / 1.5 yrs
« New CW: Power Wall + ILP Wall + Memory Wall = Brick Wall

— ERQMEEEMERE 2X / 5(?) yrs

= oHIZITREXZEM: multiple “cores”
(2X processors per chip / ~ 2 years)

- EERAC AR RE

| [T
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T B Z IR T kb
- BRENE—LRIAEE, (BERIFER

- 1. IS
— UFHEREAKR, FEFHES

y L;‘Eﬁéﬁ X148 %:E%Iﬁlfﬁﬂﬁfz
— EEJ I_L'lo
- WS, RS

. Egeﬂgjtr[_eI 5§3L$meltdown.%,ﬂ # IR T4 &l

-#%ﬁ%%%ﬁﬁ&ﬂ%ﬁﬂ.ﬂ%ﬁﬂEW§%
HENX HIbug

+ BRCA2.0FERFIAXXFERININE
- B ABETREERFIERL
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NG TTENARGIT A ENE RN

- EFERIS508E, Moore’ s lawFlDennard scaling (EHREGEILLHIERE)
FEECHRTIRIRE
— Moore 1965F . RAEHEMRERI/IMNHIBLESXAERK (81817H2X)
— Dennard 19745FF00ll: BABRIT/N, ITFESAENZE/) (BRER FIHEAE)
- TITZHEARNHSAIEASERHRENER T, HEithiRE RS ERe/8eFEtt
- EIE10FE, TZRANEZREZEETRAHILY
— Dennard scaling over (supply voltage ~fixed)
— Moore’s Law (cost/transistor) over?
— Energy efficiency constrains everything

« RS ERIRERE:
— Parallel systems
— Heterogeneous systems
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INGG L RS IE kT )R

- HgERHLFEHIRS
— Moore B IETTRIE
— AP ELE I E R IEE N
o« UARZEZEMERA : I5SEHT. SIZERARRE

RIRFEREE
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MR REE R EES

. RIEER

- ERERANBFFE: HiT

— ITERIERAMTIEES, WScientific computing, video,
graphics, databases, deep learning...

ISR REAYES

- CHEIERERRS, (BRTHHIEEEE

— AT SRR S TERUE
+ BPREGENRRENINIS

- IBLEHTREIHIZY

- GRRRITHRESIHTRA

T

BFERES

HYTS )

- IRE R ER R BN EW EFriass

— H4FEHAIR RS
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E =TT HTHNEA

- TEEERIE X
- CPUEEE =
- ITEINRFREEEE
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Ferrari vs. School Bus?

2013 Ferrari 599 GTB ~ p==f

T
e

— 2 passengers, 11.1 secs for quarter mile

2013 Type D school bus

— b4 passengers, 36 secs quarter mile time
ImRZESE): e.g., time to travel ¥4 mile
&% /5% e.g., passenger-mi in 1
hour

3/2/2025
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[ERERIPRFE X

286,700

3 hours 1350 mph 132 178,200

IRt RER?
 Time to do the task (Execution Time)

— execution time, response time, latency
* Tasks per day, hour, week, sec, ns. .. (Performance)

- throughput, bandwidth
XHELESB IR,
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Time of Concord (f4%0) vs. Boeing 7477
« Concord is 1350 mph / 610 mph = 2.2 times faster than Boeing
= 6.5 hours / 3 hours

Throughput of Concorde vs. Boeing 747 ?

» Concord is 178,200 pmph / 286,700 pmph = 0.62 "times faster”
- Boeing is 286,700 pmph / 178,200 pmph = 1.60 “times faster”

Boeing is 1.6 times (
Concord is 2.2 times (

'60%" ) faster in terms of throughput

"120%" ) faster in terms of flying time

AN EEZRE R MES AR TRIE]
ERFE—HESHER, BSHEIER (Instruction

throughput) JEFE
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LRSI (Time) EE{4gE

* Response Time

- MESFHIERNESS TRk PR HRYATE]

- BEFEZAPURNNE

— HIFRWall-Clock Time or Elapsed Time

— Response Time = CPU Time + Waiting Time (I/0, scheduling, etc.)
« CPU Execution Time

- IENITEER (38<F5) FricZEruadE

— FNEIEES) O R FRAERIFE

— AJLAB# (msec, psec, ...) , B

— SJLAFRHERIE (CPURIRTEREEAZL (clock cycles))
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Throughput = E{BJESEIESEL
— (EBEY/NET,. BESEY/ . 100Mbits/s

-

TRIE(FSHITET B RS S (throughput)

— Example: (FFAERAVAMEES

— HUTERMESETE)D = BBAAY BTSSR A S SN
2?1#??33?E%§ﬂiﬁ?ﬁﬁﬂlﬁlﬁﬂ§ [E(response
ime

— Example: XEZAMNEEEEF

— ZMESTHATHIT, B MESHITRTEIZ B IR

— RV E SR BI T 4E 58 N KA 8]
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- FEREITEXRRAL

performanc e(x) =

1

execution _time(Xx)

- X EEERYRInE" =ha

_ Performanc e(x)

° n =
Performanc e(y)
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EreR—MESFTEEAIFE

« Response time (elapsed time): 3

R3TE)

e User CPU Time (90.7)
e System CPU Time (12.9)
 Elapsed Time (2:39)

a0 unix BEgtimeds S

90.7s 12.9s 2:39 65% (90.7/159)

3/2/2025

101



CPU time = CPU clock cycles for a program x Clock cycle time

CPU clock cycles for a program
Clock rate

CPU time =

CPU clock cycles for a program
Instruction count

CPI =

Instructions _ Clock cycles Seconds Seconds

X . X = = CPU time
Program Instruction  Clock cycle  Program

CPU time = Instruction count x Cycles per instruction x Clock cycle time
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ARSI fE 2 B A AN A B CPI

Let CPI; = clocks per instruction for class i of instructions
Let IC; = instruction count for class i of instructions

CPU cycles = )., (CPI; X IC})

n
* (CPI; X IC;) IC;
cpl = =21 Feq; =
Z?:]_ICI l

CPIl= )" ,(CPI; X Feq;)
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CPIitEZ

Base Machine (Reg / Reg)

Op Freq CPl. CPlL*F, (% Time)

ALU 50% 1 D (33%)

Load 20% 2 A4 (27%)

Store 10%| 2 2 (13%)

Branch | 20% 2 A4 (27%)
1.5
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ALEXIS DAMIELS H
g

Gene Myron Amdahl (November 16, 1922 — November 10, 2015) was an America
computer architect and high-tech entrepreneur, chiefly known for his work on
mainframe computers at IBM and later his own companies, especially Amdahl

Corporation.
3/2/2025




Amdahl's Law

(RiZIIHNEZRIEMFHRIT T oS0H  (DELLRIHEE)

ExTime w/o E Performance w/ E
Speedup(E) = ---------m-mmmeeeee- R S SGCLUETEEECECEEETE
. ExTime w/ E Perfo_rmance w/o E
F HER 2 ETEERAYTERIEIFF S AYELHIJIF, MoEBFIlEEL S,
1’§a_9]ﬁfmnrsﬁmzw e =

ExTime(with E) = ((1-F) + F/S) X ExTime(without E)
. Speedup(W|th E) = 1/((1-F)+F/S))
BELID (488 JRM) : !l[liz TR MESH—EB 21T
A VAL e R T

Current processor has 1 core; next generation
has n cores. Can we achieve a speedup of n?

3/2/2025 106



100 e lE

. 1
- Performance = e — o]
increase ratio x4 XBOX One _ﬂ
e (=1}
~ X Ratlo of code that must be s = ¥=00%%
executed sequentially ___|cora | |core | |core | |cors| 22nm ]
o - :
_E, N Number of CPU cores Egrg E.frtat Egrg E-Erté} - TheoreUC
@ ] il
: cpu|/cPu 32nm 5 vS. Real
2 core || core / :
2 e — | ~ Performance
o = X=10%—
: =
= CPU
E e Xx=20% —
o
65nm
CPU [—
i x=50%
90nm No significant throughput Improvement if ratio
; | of code that can be executed In parallel is low

2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014

Fig 3 Amdahl's Law an Obstacle to Improved Performance Performance will not rise in
the same proportion as the increase in CPU cores. Performance gains are limited by the ratio
of software processing that must be executed sequentially. Amdahl’s Law is a major obstacle
in boosting multicore microprocessor performance. Diagram assumes no overhead in parallel
processing. Years shown for design rules based on Intel planned and actual technology. Core
count assumed to double for each rule generation.



- [BESEE—REEBEHAIFREAER, FEF2ED

RIFRE. ERAFRB—XFTERTE2007EH,

ﬁﬁ‘q:**ikz \§4Aﬂj€¢4 =i b

A

- MRFREEER ¢ﬁ10%ﬂgﬁ=,£?*1’ﬁ [EANMERFRIINE

Eb?

+ WMRBO60%RISFEIRE, HENMEFHIMELLXESD?

Speedup(with E) = 1/((1-F)+F/S))
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- [RESEE—REEBEEAIFREAER, FEFEED

R REEIR. TERRAERI—IRSREFTZ 2004 EHE,

F o STSIPRE T N ES ) R

o

H

- MREEEREFPR10%05EERE, RZMEFRINNE

Et? (1.11) 1/(0.9+0.1/50)

WRB60%RBREEE, BB MEFRINELLNESD?

(2.43) 1/(0.4+0.6/50)
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- RIE—EIESTREN—ERN, §90%RY
RERFLER—SENITE. ISRATFZR

T EAIEMYTEEEIR S R FERAEY 1065,
— WNRIZIE R ERRAI 2 EI1nfTE1008), BRAIZIERR
FERUAFRITES B TRIEIR S 0 ? [s=1/(.1+.9/10)]
10+9=19
— FNERFEXS T RN R FRINELLEZ/D? 5.26
- IENRSEH, FERESFEITEAEMTERLLAIZ

Z/? 9/19
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AmdahlZEZERY IR

Amdahl zEEEIMFxtQ

— [ RRARE R

—F %BLEELIEEE%*SZ HYIEINIERERYZE(L

- BRlFAmdahlEEBNS—RE

- B IBEE

— JE4MEATE
SN EARRIE ISR (BT HE)

— Gustafson-Barsis’s Law (HEFEEFRES

3/2/2025

JERRAVTEN

AN EE, §

IR ARERYIE,

eSS

)
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BN ETIE -

- MIPS: S¥EAF

second]

— MIPS = IC/(execution time x 106)=1/(CPI*T*109)

— MIPS{KEI 155

Iz EEE

8BS & [millions of instructions per

_ rn—‘*ma%t MIPSEREFEAEMEN, BRIERERK
— MIPSE]gESMHEEER

— Al T:I_:—‘*Ioad _storeX

Tz:{’lfl)'JZ :EtIJJ? ;EElJ50% P Jﬂ’:fxﬂzs&i \X

— F=500MHZ

—  ALU (43% 1) loads (21% 2) stores (12% 2)
 Branches (24% 2)

- MFLOPS EF424Er
{(EMFLOPStEHIE

nF

jﬁ
CRAY-2i8B5I5S
« SPEC;Mzt (Standard Performance Evaluation

Corporation)
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5%, ©rlLAR
:ﬁxmmﬁrg
Motorola 68882

Eﬁﬁﬂl

NG

BN

=¥ NF

'WLE%J: BRI IRERT LAEALY

Hlo
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EAR1E 7% - benchmarkillfiz

- hFRBREER (FUUREEZENR TE)

(1) BEEiEF: XERRUENLZ, BERESERTAIT.

(2) EPIREER: Eid(EErimEEEFRESE EEFER, R
&l iEsatak SRl EMSER RS ERE

(3) %2R (Kernels) : ANESCiZFRIRENRISFEBRCEIAIEE
B%. Livermore LoopsMLINPACKE2ERREEHLLEN iZa96F, —
2 M LF17,

(4) INKFERE (toy programs) : —BR7E1001TLAR.

(5) & ki 2R (Synthetic benchmarks): B%3ASHINAIEREH
RIR(ERITHRUT, SEISHR(ELLGI, BiXALLHAELNXER.
Whetstone5Dhrystone2&in{T8IS EMIXIER.
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= ENEREY

« Embedded Microprocessor Benchmark Consortium (EEMBC)

« Desktop Benchmarks
— SPEC2017
— SPEC2006
— SPEC2000
— SPEC95
— SPEC92
— SPEC 89

« Server Benchmarks

— Processor Throughput-oriented benchmarks (E3JSPEC CPU benchmarks->SPECrate
— SPECSFS, SPECWeb
— Transaction-processing (TP) benchmarks (TPC-A, TPC-C, ...)

Standard Performance Evaluation Corporation (www.spec.org)
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Benchmark name by SPEC generation

SPEC2017 SPEC2006 SPEC2000 SPEC95 SPEC92 SPECS9

GNU C compiler gce
Perl interpreter perl espresso
Route planning mef i
General data compression XZ bzip2 compress eqntott
Discrete Event simulation - computer network ~———— omnetpp vortex go 5C |
XML to HTML conversion via XSLT - xalanchmk gzip ijpeg
Video compression X264 h264ref eon masksim
Avrtificial Intelligence: alpha-beta tree search (Chess) deepsjeng sjeng twolf
Artificial Intelligence: Monte Carlo tree search (Go) leela gobmk vortex
Artificial Intelligence: recursive solution generator (Sudoku) exchange? astar vpr

hmmer crafty

libquantum parser
Explosion modeling - bwaves foppp
Physics: relativity - cactuBSSN tomcaty
Molecular dynamics -« namd doduc
Ray tracing - POviay nasa?
Fluid dynamics <~ Ibm spice
Weather forecasting - wif swim matrix300
Biomedical imaging: optical tomography with finite elements parest gamess apsi hydro2d
3D rendering and animation blender mgrid su2cor
Atmosphere modeling camd milc wupwise | applu waves
Image manipulation imagick zeusmp apply turb3d
Molecular dynamics nab gromacs galgel
Computational Electromagnetics fotonik3d leslie3d mesa
Regional ocean modeling roms dealll an

soplex equake

caloulix facerec

GemsFDTD ammp.

tonto Ilicss

sphinx3 Imagd

sixtrack

Figure 1.17 SPEC2017 programs and the evolution of the SPEC benchmarks over time, with integer programs above the line and
floating-point programs below the line. Of the 10 SPEC2017 integer programs, 5 are written in C, 4 in C++., and 1 in Fortran. For the
floating-point programs, the split is 3 in Fortran, 2 in C++, 2 in C, and 6 in mixed C, C++, and Fortran. The figure shows all 82 of the
programs in the 1989, 1992, 1995, 2000, 2006, and 2017 releases. Gcc is the senior citizen of the group. Only 3 integer programs and
3 floating-point programs survived three or more generations. Although a few are carried over from generation to generation, the version
of the program changes and either the input or the size of the benchmark is often expanded to increase its running time and to avoid
perturbation in measurement or domination of the execution time by some factor other than CPU time. The benchmark descriptions on
the left are for SPEC2017 only and do not apply to earlier versions. Programs in the same row from different generations of SPEC are
generally not related; for example, fpppp is not a CFD code like bwaves.
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Category

Name

Measures performance of

Cloud Cloud_IaaS 2016 Cloud using NoSQL database transaction and K-Means
clustering using map/reduce
CPU CPU2017 Compute-intensive integer and floating-point workloads

SPECviewpert®™ 12
SPECwpc V2.0

3D graphics in systems running OpenGL and Direct X

Workstations running professional apps under the

Windows OS
SPECapcSM for 3ds Max 2015™ 3D graphics running the proprietary Autodesk 3ds Max
) 2015 app
Graphlcs' ang SPECapcSM for Maya®™ 2012 3D graphics running the proprietary Autodesk 3ds Max
workstation
2012 app
performance
SPECapcSM for PTC Creo 3.0 3D graphics running the proprietary PTC Creo 3.0 app
SPECapcSM for Siemens NX 9.0 3D graphics running the proprietary Siemens NX 9.0 or
and 10.0 10.0 app
SPECapcSM for SolidWorks 2015 3D graphics of systems running the proprietary SolidWorks
2015 CAD/CAM app
ACCEL Accelerator and host CPU running parallel applications
. using OpenCL and OpenACC
Hichp grformance MPI2007 MPI-parallel, floating-point, compute-intensive programs
computing :
running on clusters and SMPs
OMP2012 Parallel apps running OpenMP
Java client/server SPECjbb2015 Java servers

Power

SPECpower_ssj2008

Power of volume server class computers running
SPECjbb2015

Solution File SFS2014 File server throughput and response time
Server (SFS) SPECsfs2008 File servers utilizing the NFSv3 and CIFS protocols
Virtualization SPECvirt_sc2013 Datacenter servers used in virtualized server consolidation

Figure 1.18 Active benchmarks from SPEC as of 2017.
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ERERIGR TN

- BARFEIIINNNEAREL

— SUM(Ti)/n B SUM (WixTi)/n

- MECniTRIE, RAJAIEE

n
rﬂ/ I | Execution _time _ratio,
i=1

— SPECKAIXfH57%(SPECRatio)
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SPEC fgesms

Time on Reference Computer

SPECRatio=— -
Time on Computer Being Rated
ExecutionTime Ref
SPECRatio A ExecutionTime A ExecutionTimeB Performance A
SPEC RatioB ~ ExecutionTime Ref ExecutionTime A PerformanceB

ExecutionTimeB

Geometric Mean of SPECRatios = # H SPECRatio,
i=1
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SPECfp2000 Execution Times & SPEC Ratios

UIFra 5 Opterun SpecRatio Itan.ium2 SpecRatio Optgmn! ltanium2/
Benchmark| Time Time Time _ ltanium2 [ Opteron
(sec) (sec) Opteron (sec) ltanium?2 Times |SpecRatios
wupwise 1600 515 31.06 56.1 2453 0.92 0.92
swim 3100 125.0 24.73 70.7 43.85 1.7¢ W
mgrid 1800 98.0 1837 65.8 27.36 1.49 1.49
applu 2100 94.0 22.34 50.9 41.25 1.85 1.85
mesa 1400 64.6 21.69 108.0 12.99 0.60 0.60
galgel 2900 86.4 33.57 40.0 72.47 2.16 2.16
art 2600 92.4 28.13 21.0 123.67 4.40 4.40
equake 1300 72.6 17.92 36.3 35.78 2.00 2.00
facerec 1900 736 25.80 86.9 21.86 0.85 0.85
ammp 2200 136.0 16.14 132.0 16.63 1.03 1.03
lucas 2000 88.8 2282 107.0 18.76 0.83 0.83
fma3d 2100 120.0 17.48 131.0 16.09 0.92 0.92
sixtrack 1100 123.0 8.95 68.8 15.99 1.79 1.79
apsi 2600 150.0 17.36 231.0 11.27 0.65 0.65
Geometric Mean 20.86 2712 1.30 1.30

Geometric mean of ratios = 1.30 = Ratio of Geometric means = 27.12/ 20.86

3/2/2025
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JURISESRIR PN E AT IE

" SPECRatio A,
H SPECRatio B,

i=

Geometric mean X

i=1

”x/ | | SPECRatio A, J

| | SPECRatio B,

i=1

Geometric meang n
H

Execution tlmereference{.

" Execution time ,
L

H Execution time - ”J H Execution time , B

ses reference; -

i

" Execution timey " Performance ,
' HPerformanceB

/- i=1 i

Execution timeg

» JUANEIRIECERSTEEERAY LAY
» JUANFIRIELER S 1EREELERAYT LAY
- SSEHBRUEETX
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I 2 IIRINSCECR AT LA~ 17

Computer A Computer B Computer C
Program P1 (secs) | 10 2
Program I'2 (secs) 1000 1] 2]
[otal time (5ecs) 0] 10 40
Normalized to A Normalized to B Normalized to C
A B C A B C A B C
Program P | 1.0 10.0 20.0 0.1 o 2.0 0.05 05 L0
Program P'2 [}l 1 0.02 10,0 1.0 0.2 50.0 5.0 Ml
Arithmelic mean 1.0 5.05 10.01 5,05 1.0 .1 25.03 2.75 1.0
Geomelric mean 1.0 1.0 (.63 1.0 [0 (.63 1,58 [.58 1.0 :
lotal time 1.0 (.11 (.04 9.1 L0 036 2503 275 1.0
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NG EEDHTEA

- HEEEE
— MmNZET1E] (response time)
— &0 (Throughput)
« CPU thiThdE = IC x CPI x T
— CPI ( Cycles per Instruction)
« MIPS = Millions of Instructions Per Second

- Latency versus Bandwidth
— LatencytSERMESHIAITRIIE], Bandwidth FEERZATIR)ZEREYE

%= (rate)

— Latency BB h B e T H iR (13 XAY305E)
« Amdahl’ s Law FRESINHELL (speedup)
— 48 TmﬂxBEFEREF'_ﬂJD@ yay3idesl:SInd])
. Benchmarks } —ZE . ;ﬁllﬁtﬂﬂ*zr'
— LB ENM R SRS

— SPEC benchmark : ”E'l'?(j—fﬁf' FZE HEEESRFSPEC ratios AY)1
CISAW
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It R RS

Capacity Speed

Logic 2x in 3 years 2x in 3 years
DRAM 4x in 3 years 2x in 10 years
Disk 4x in 3 years 2x in 10 years
E{TESSAYRTIE]
- Execution time, response time, latency
BB RIRIASERAYIESS 28
- Throughput, bandwidth
"XIEAERYRIGS "

ExTime (Y) Performance (X)

ExTime (X) Performance (Y)

3/2/2025
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RENGE )

- Amdahl’ s ETE:

ExTime,q 1

Speedu = = . .
p poverall ExTimeneW (1' FraCtlonenhanced) + I:racll.-lonenhanced
Speedupenhanced
« CPI Law:
CPU time = Seconds = Instructions x Cycles x Seconds
Program Program Instruction  Cycle

- FMTHBRTENRAEENRELIF, &
A FERIAIL
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