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Review: Computer Architecture
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Review: TTENRR ST EHE

BHIREMN : Instruction-Set Architecture
ERERIUBNITERZNEE. S8 BSHSIEMI&aEtTA.
A8HE: FiEniHEEIERAAER. EZEEiTLANIESCI,
— Amdahl, Blaauw, and Brooks, 1964

SRESAIMES (narrow view)
8 : XSTESEHEERITE (VLS zZzEfREE
(ISA) , LARFZ 55

i ERM= (expanded view) :

8 BiEE. BF/ESE. RRNEE. ISAR. RIREM,
ZigHEE. LANRHE
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* The world is a large parallel system .
— Microprocessors in everything R . i
— Vast infrastructure behind them - 1 i

Internet . 18 Scalable, Reliable,
Connectivity L Secure Services
Databases

Information Collection
—mmmsee®  Remote Storage
Online Games
Commerce

AT

MEMS for
Se%%ggpts Routers




RRE A AKX T

Applications

suggest how to Improved
improve technologies
technology, make new
provide applications
revenue to fund possible
development

Cost of software development
makes compatibility a major
force in market
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FREMRIRERSE. BRNES

i:l: *A New Golden Age for Computer Architecture:
* W%—n*@&&,ﬁ E Domain-Specific Hardware/Software Co-Design,

Enhuanced Security, Open Instruction Sets, and Agile

_ M?m.lframes, Chip Development
— Minicomputers,

. John Hennessy and David Patterson
— Microprocessors June 4, 2018

— RISC vs CISC. VLIW https://www.youtube.com/watch?v=3LVeEjsn8Ts
I

* PREEIIRR b

— Denard Scaling ;2 Moore’s Law BY2R%5
— Security

- BREEEENE

— Open Architectures
— Domain Specific Languages and Architecture
— Agile Hardware Development
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+ 20tH4E60LE(KH], IBMBIE TR

— 701 -=>7094
— 650 ->7074
— 702 -=> 7080
— 1401->7010

- BN RFEEEZEAERY
— ISA }
- VO RGTR _IRTFHE: BH. BRI
— ;Eéﬁ%%\ QH:I:B-I%%%\‘ AIAE_%
- el Bk, BFTESE

FoL: IBM System/360 - one ISA to rule them all
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SRR VsTE ]

« AMRERIRITTA X2 IFERD
— Datapath: {FHEFIE(FEURE

— Control: ERFHSSIERTEHIREER

« IEXERF MRS KRRk E R4

Control

| Instruction| ‘{r‘nrt'cl Linke:; Condition? * Maurice Wilkes &ZB8 7 HiZFiIRIT A X
— KigiHEhlER - (1953)
* Logic expensive vs. ROM or RAM
= * ROM cheaper than RAM
= « ROM much faster than RAM

IFHRRITE S

Datapath
PC
Inst. Reg

Busy? Address Data

Main Memory

* "Micro-programming and the design of the control circuits in an electronic digital computer,"
M. Wilkes, and J. Stringer. Mathematical Proc. of the Cambridge Philosophical Society, Vol. 49, 1953.

3/12/2021 12



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

3/12/2021

Fred Brooks,

Jr.
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Writable Control Store

MMRIEFIFEEERAM, SoJlMER "Eit”

“Writable Control Store”

— (EERFEFPAYEIR
MIEFAREFEARARBIRT

— Patterson Phd Thesis*

- 8L TNERSINSIGMICRO**
Xerox Alto (Bit Slice TTL) (1973)
- F18EBGUIFRIMNZIINT ATEL

— BitBItFNM &=l =5 RIS ST

* 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 ARk Ehatker

3/12/2021 14



IR, RERRRRNEECISC

. BIEEIR. RAMAIROM{EHREEN RIS ETIN

» E(SBRAMAEESROMANEEESHR

. IEHIFESESIFEIZIK (Moore’s Law)

+ HFEARAMEFEIZHIES, BRESERITIBbug

- L, RFEINSZRIISAS

« f5lan: BN (TTL server)
— Digital Equipment Corp. (DEC)
— VAX ISA in 1977
— 5K x 96b 3483

3/12/2021 15



(i CISEE Oy

o« P70, EMOSHEAHICRIEINT, NEITEINFH
FiNISAsER T HUEL E
« Intel 4004 (1971, 740kHz, 2250 transistors)
-  "Microprocessor Wars” : @BidiRINES, AL %S
« Intel iAPX 432: ®EEOBHELTENIRTF19758
— EF 32U HEMRNSRIKRREN, FEHARENEHIRIERS
- MENMNEE. EXME R AR SEH1981F &%
+ Intel 8086 (1978, 8MHz, 29,000 transistors)
— H3K: “Stopgap” 16-bit processor, 52 EFFAFTBYTC
- Z£8: 10 \3FFA K T iILm%FrZS8080HJISA
- 19814EIBM EHIntel8088 (8{:i#ESL) Wik TIBM

PCil.
— #1866 HE2FA, TINMEELHZA E1
— PCERIH #5555 => 8086RTIE A - —
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80T MAERFIEHINLER DT

- ABHESHIERPER

— KA JmiFEsEMIE<S (ISA vs. Compiler)

IBMHAJJohn Cocke[Z]IPA

— JNENTEA801 (ECL Server) FH& 1 EiEISRRY ISA FlmiFes
— BERIIBM370, {XfERRIBM 37089E RIS Fes-SFea M

load/store}g <>
- RI: SRIBM 370t8EL, MHEERRE3X

S0EE(X#], EmerfllClark (DEC) &I
— VAX 11/180 CPI=10 !

— VAXISA B9 20%38% (T 60%B95E8) NEET 0.2%H5 T

iNjE]
* Patterson: YEERIUIERPRIGIERbue, R 7IDEC |5,
S| &ZXIISASIBRTERITHF

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

3/12/2021 18



From CISC to RISC

CISCIESREAEEEFELATILA HAYIER:

— IBSFERAE,; CISCIESRAREZL-) IEINAGIREMAER, S5 HiE;
— VLSHgIHAME, AFFERREER;

- FZEMESIREESR, EITREE,;

- BEIBSANE, AT zRALEHTENRREEIEARKIZEES R FIERE.
(ERRIEEISA

— IBSBMIESHMFEER

— IREERRIESINEERD CISCIES

— BEMESRAIMKE A TVEEHL

EAEG

— {EFE$E<S Cache

- OREREBRXNIRS: SOFRHY], B HESERILASER32EUEERE+
/\fi&Ecache

— Chaitin*f951Fe8 o e /31528 F)FLoad-storeBYISA

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

3/12/2021 19



PC B3t
- B x86T‘ﬁ/\’f>> FAER

HIRISC 8

* TEMPUREBEFERISCHIA

» x86 ISATEREMIARSS 28T

maE

Satefis

 >350M /year

3/12/2021

IFEPCHYX: Client/Cloud

SOCEJEI’\JQ_IHE%Z vs. MPU
. IHTE. AEERRER
BHE

* 99%HILLIEERERISC

* >20B total/year in 2017

— x867E201 1 AZITRIE, ME
BETE~8%,

— x86fREZ8E8=>Cloud ~10M
SCIrversS

— Total (0.05% of 20B)

20



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

—RIESREEEMRE
SMESBETEEHINEE
ferE T B AR
KRR

— 1IESHRVR{ERFFITHY = no cross-operation RAW check
— BUERERBHFAMFEREYE = no data interlocks

3/12/2021
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From RISC to Intel/HP Itanium, EPIC |IA-64

* EPIC ElntelA{B{IJAIVLIWESIEAIAG
— Explicitly Parallel Instruction Computing
— i BAREFRESHY VLIW
— M1994FSHPEF &
+ EPIC TA-64 £ Intel 32{3x86RIGHE (64{3ISA)
— TA-64= Intel Architecture 64-bit
— AMD 5HCHIAMD64 527K, 2003 5 EH ) R TR 04 A TR ER
— ZF—FKItanium 20025EH, AFESIA-32
— RS AT MNFERISCEMIEE tanium, F A TEIEIAIIXZEDA
BY (Microsoft, SGI, Hitachi,...

3/12/2021 22



. RS EAME R (S5 R S SRR

- RIBERAK

AR 33

A ERFHIBIAER (AuJfuAlRYcachekid)
— E BT LR CachefEIR
ELEMITES 7 VLIWR{KE

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

- Donald Knuth, Stanford

3/12/2021 23




ING . RRERERSE

BREMH

— IBM &5, RFERFRIT. RISC, VLIW, EPIC
* J0ERZBHMFAANEACISC ISA
15K B RIMFIERVLIW

— EEAITEIUE VLIW 2L MWAY
- SFIVLIWERIANFERES, BEXE
AN TFENE
— VLIWERR A ZLDSPHIZLLE I

« BERVLIW, DX EE, RBCache, /NER
RISC! EiEIAARISC[RENE@EAISAREIFEN

Great ideas in Computer Architecture

ﬁnﬁ
P
&
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EPIC
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o

S (philosophy)

XKEm:
SW/HW Interface
MHREIRF (ILP)

https://www.cs.helsinki.fi/u/kerola/tikra/IA64-Architecture.pdf
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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/Pipelining/Prediction

3/12/2021 26



Moore’s Law

Transistors

Per Die
. 10% 4G
8 49 1965 Actual Data 16 26
g 10 m MOS Arrays 4 MOS Logic 1875 Actual Data 256m 9120
=3 v ™
2 108 1 1975 Projection i Itanium
g0 e Pentium® 4
o 0] ) Pentium® I
ICroprocessor
%. 108 P Sentium®
[
] 1054
e
>
g ! \ v 10° 0 ;?:E‘ te S s
¥ NumBER OF COMPONENTS PER | IS s “4004
z 14 ff
08 |3 ;
=k 12 fﬁﬁﬁ
=Z |y
Y& 10 ;
:gag rrrrrrreriroerrirrrerrrTrerrrerrrrrrrinrrlnrrerernr rgormey
sow gl 960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010
Sea 7
o O bF
2 e ud
Wk 3
2Z 4f
2x 3
® ?
0

“Cramming More Components onto Integrated Circuits”
— Gordon Moore, Electronics, 1965

# on transistors on cost-effective integrated circuit double every 18 months
3/12/2021
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Abstraction via Layers of Representation

High Level Language
Program (e.g., C)

Compiler
Assembly Language
Program (e.g., MIPS)
Assembler

Machine Language
Program (MIPS)

Machine
Interpretation

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

Architecture
Implementation

Logic Circuit Description
(Circuit Schematic Diagrams)

3/12/2021

temp = v[K];
V[K] = v[k+1];
v[k+1] = temp;

Iw gtO, 0(§2) Anything can be represented
w o $t1, 4($2)

sw  $t1, 0($2) | as a number,
sw  $t0, 4($2) i.e., data or instructions

0000 1001 1100 0110 1010 1111 0101 1000
1010 1111 0101 1000 0000 1001 1100 0110
1100 0110 1010 1111 0101 1000 0000 1001
0101 1000 0000 1001 1100 0110 1010 1111




Make the Common Case Fast

- ERHITIRITEERN, TERCEELENSEH
* (REAEERITRNBEXAKX
- &R (488) EERARBEEEHESMH

(Common case)

3/12/2021 29



Dependability via Redundancy
» B TURESERD EMF R BARZIMBEN T

FHOEAT

2 of 3 agree

FAIL!

Increasing transistor density reduces the cost of redundancy

3/12/2021 30



Memory Hierarchy

Processor Fast, Expensive, SUPER FAST
SUPER EXPENSIVE

but Small TINY CAPACITY

FASTER

EXPENSIVE

SMALL CAPACITY

EDO, 5D-RAM, DDR-SDRAM, RD-RAM FAST
PRICED REASONABLY
and More... AVERAGE CAPACITY
: SDLH:! STATE MEMORY
Fi AVERAGE SPEED
SR b PRICED REASONABLY
y TR S asn . \\ AVERAGE CAPACITY
y ' b
Mechanical Hard Drives | VIRTUAL MEMORY - cﬂ-E"::'g
/ . s \ LARGE CAPACTITY
£ Cheap,
3/12/2021 Large, 4

but Slow




< Preamble >

|

|; Fork()
Worker Worker Worker Worker Worker
Thread Thread Thread Thread Thread

—

Join()

!

(Post-processing)
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TR REIIAN R RRIEZERZ=R

- “mMABHE

— PC/Server => 10T, Mobile/Cloud

- SRR ALH

— BYNEAEILOIERAVERES: ThFER AREHIZIFEM

— MooreXEfFHIZRES . BAAERS

- BFREERE

— {ZHEIESHRFHTIE D ERIBRFBIFERL, 04FZ5R 15

YNEEE L e

334

EiREItE

|

— AmdahlFERIER 7 B RS ISR

3/12/2021
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Application Trends

« MFAERIRENIEEFHIEANZE
- REFTE> NERIRS. Bohit&E.....

- AR AR AL RAEEFRIIRN A

— AT ERAYY

— XA T KIED A&

FBEREE T

ESMRIIR T KRR S

FMTIRR SRR

« For most demanding applications

New A pplicﬂ
More Performance
35
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New “Great Ideas”

(TN T M!.l [ ATH R VT A VR A 11

e il IV T
Personal J |
Mobile i
Devices

---------------

FFFFFFF

i

3/12/2021
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apismically-oraced

! Biametric Access Server Racks
arehouse _— s —
Continuous Video :___..J" JpLd UPS Backup

= By Generat
ale Surveillance [li:&;) rators

- ; -'-
Computer, s f”’ﬂ.—";: B

My other computer
IS a data center

™

|
\ ¥y Gas-based Fire

(\1- Suppresion System
Security A
Breach -
\_ 368 Sgrver Operations
w - Monitoring
3/12/2021 " On-premises 37



New “Great Ideas”

Software Hardware
* Parallel Requests Warehouse & Smart
Assigned to computer c SC'f["e 3 Phone
e.g., Search “Katz” omputer g
Leverage
. Parallel Threads Parallelism &
Assigned to core Achieve High
€.g., Lookup, Ads Performance

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

 Parallel Data

>1 data item @ one time
e.g., Add of 4 pairs of words

 Hardware Descriptions

Mematy /
—= \
Ingut»/()utput ; Core \

Functional

P

All gates functioning in parallel at ﬂ/f-ﬂ_{ Unit(s)
i sioteinicl
same time chelticd
Bp ot

* Programming Languages
Cache Memory

3/12/2021




LTRSS

- MAEEgE (PMD)

— EReFHL. FHRERX

— ARM-ISAFERHSERAMESEN H (SoC) iz AT

etz
— SoCHf],

BAREHERNE:S (radio, image, video,

graphics, audio, motion, location, security, etc.)
— BRIFREFNSCAT M (energy efficiency and real-time)
- EMitE (Desktop Computing)

— SREMEN

Eb(price-performance)

- IR5Z28 (Servers)

— SEF 0]

I, BI4ERIE. &0EER(availability, scalability,

through

3/12/2021

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

3/12/2021 40



LTRSS (£2)

- EE/CHEPBTEI (Clusters / Warehouse Scale Computers)
— BMNEIERIOE 10+ 5 MRS
— X86-ISAFABRIIRS =R EMm L SRiaiH
- EINNAERER, I EEMTNEIEE
- DifEeck st (ERgpu. fpgaflERI A RINETIERE
— H493: Supercomputers: RVEIFRIEHIEEESIEAEREERL
— s BRI T (availability, price-performance, energy)
« BRAIVITE/A28AM (Embedded Computers / Internet of
Things)
— B/ &M EEMIRHE, FTEH
— JBEZEFTH( TV/Music/Games/Automotive/Camera/MP3)
— WIEKM (Internet of Things!)
— SRS, BeFE N EMYFEMN FARIMESE(Emphasis: price, energy.

application-specific performance)

3/12/2021 41



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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* FIERIARAR (feature size ) , iShHERAEARES
- BRANERERES

— O A HERREAREIN

- EERES ( T0FER/Ia)ER) Shtl v | iR,
 ERR RS R S

. EEEES10FEIRE 10042 ey &
_ DRAM MBS 3R o

 AHAIERX LR E?
— Parallelism in processing: B ZNIhaeEM4
» BT EEAF TS MERIEREK 7 CPI
— Locality in data access: E ARICache
o [T IAREAOEERT TR 7 CPI, 185 7 RS HIF AR
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Moore’s Law in DRAMs

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

3/12/2021
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(=))) Moore’s Law Slowdown in Intel Processors

1.E+07

=>=Transistor Density  =“~Moore's Law (1975 Version)
1E+06
LE+O5
1.E+D4
1E+03

LE+D2

1E+01

LE+00
1974 1978 19a82 1986 1990 1994 15998 2002 2006 2010 2014
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l?ljﬁ T - 'ﬂ.:—:
18D - 4 5:"!‘
160 o - 3.5 E
LI
i | ==Technology (nm) ~*Power/nm"2 i
Q - 3 8_

e B
Q 120 (-
EE - 45 @
100 3
O 2 ©
E 80 o
g S o - 1.5 :q:
L, B
40 (o
Q
20 1 ~ 0.5 o
0 0

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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Power & Energy

« Dynamic Energy o Capacitive Load x Voltage?2
— MO0-1-0 8 1-0-1IB4EETAIBK TREES
— Capacitive Load =#itHERAEFISLRIBE S RE
— 20 RBRAESHEBEECEMSVIFRNV

« Dynamic Power «

Capacitive Load x Voltage2x Frequency Switched

3/12/2021 a7



10000

Intel Pentium4 Xeon
3200 MHz in 2003

Intel Mehalem Xeon
2330 MHz in 2010

.......

Intal Pentium 1 g
1000 MHz in 2000
TN e ot it o e e R 20
Digital Alpha 211644
500 MHz in 1996
Digital Alpha 21064 3yenr

150 MHz in 1592
B Y

MIPS M2000
25 MHz in 1989 .-

Clock rate (MHZ)

40% year

16,7 MHz in 1988

Diigital ¥ AX-11/780
5 MHz in 1678

15%/year

i

Intel 80386 consumed ~2 W

3.3 GHz Intel Core i7 consumes 130 W

Heat must be dissipated from 1.5 x 1.5 cm chip
This is the limit of what can be cooled by air

3/12/2021
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1978 1980 1982 1984 1986 1988 19390 1992 1994 1996 1995 2000 2002 2004 2008 2008 2010 2012
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Limiting Force: Power Density

Moore’s Law Extrapolation:
Power Density for Leading Edge Microprocessors

10000
fg 1000 Rocket Nozzle —-— i
g 100 Nuclear Reactor sy
z 10 oW Hot Plate
=
a
O
g 1 ‘ F ' ! T 1
0
o 1996 1998 2000 2002 2004 2006 2008

Zource. Shekhar Bovrkar, intel Carp
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How far will ILP go?

25 25 —

10 — 1_/

Fraction of total cycles (%)

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

Number of instructions issued Instructions issued per cycle

o
o

IS EBIRERENIT THENILP: LIRS RHEFENGS. SENMENFESS
#, (BR2{EMAMCAICache,
R 90% RSN HNHENRS R ITRITARIES.

3/12/2021 50



End of Growth of Single Program Speed?

40 years of Processor Performance

100000

10000
=
~
5 1000
S =
E 2X /
e 100 6 yrs
E (12%lyr)
S RISC
; CISC 2X /1.5 yrs

0 2X/35yrs it

(22%lyr)

<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
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Architecture: Increase in Parallelism

« 1985 ARifii4%(4-8-16{ii)FH1T (Bit level parallelism)
— 32-bit IR E MRS
— 90ELRA64-bit . 128-bit REENI LQH%MEET%‘ HE
- BEARRIER: 32 MBS NEFEMTE— T

+ SOFHEIFRBEHEEZERBIESHHIT (Instruction
Level Parallelism)

— FiUKZ. RISC. IRIFHAREL > BiEIESHRFFIT
— F_Ecache RINBESMAAIIENN-> EIRENIT
— ERIOAEON: BRI TR O AT

- IK: FIERFTHHELS4IEZE (thread level

parallelism and chip multlprocessors)
— RRRFTEN TIESET

— EENTHAPERES MR N B
- EREETRRNZ 4\232 EHTHAT
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ING-ITEIRF DS

- MTRNRS
- M ARRE (PMD)

« Emphasis on energy efficiency and real-time

— =H[H]

_ £

IT& (Desktop Computing)

« Emphasis on price-performance

— IR5%28 (Servers)
« Emphasis on availability, scalability, throughput

— 7
ZEE‘

Sca
« Emphasis on availability and price-performance

— ANITENL (Embedded Computers)

« Emphasis: price

3/12/2021

/CiEgITENL (Clusters / Warehouse

e Computers)
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£13ZEA9504E, Moore’ s lawfllDennard scaling (BREIERILLHIERE)
FEESOCRFIRLZRE

— Moore 655FF0l: RAEHEMERIRE/IMIRTFHRAEK

— Dennard 74F500: @AERIZ/N, INFE=EHEZN (BRER FINFEAER)
- TZHEARNHSAERSEEIREERENER T, FEtiRERFIE6E/88F7EL
mIE105FE, TZRANRRZE 7TRAHIL

— Dennard scaling over (supply voltage ~fixed)

— Moore’ s Law (cost/transistor) over?

— Energy efficiency constrains everything

RS EY R
— Parallel systems
— Heterogeneous systems
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BRINRREERFT B

Old Conventional Wisdom

: Power is free, Transistors expensive

New CW: “Power wall” Power expensive, Transistors free

Old CW: B%Ri¥. BRESIEEIFEIEIMESHFT (Out-of-order,

speculation, VLIW, ...)

New CW: “ILP wall” 2}

RS RTINS i SR )y

Old CW: REEERIE, IFRELLIRIR

New CW: “Memory wall” ;LR EIRH T, BTk IARR
(200 clock cycles to DRAM memory, 4 clocks for multiply)

Old CW: BBz 1EEE2X

/1.5 yrs

New CW: Power Wall + ILP Wall + Memory Wall = Brick Wall
— EAQLTERRIERE 2X / 5(?) yrs

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

3/12/2021

+ B RV IERR LTI RE
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1. Ceze L, Hill M D , Wenisch T F; “Arch2030: A Vision of Computer Architecture Research over the Next 15 Years” ; 2016;
(https://research.cs.wisc.edu/multifacet/papers/ccc16_arch2030.pdf ).

2. A community white paper; “21st Century Computer Architecture”; Computing Community Consortium; May 25, 2012;
(http://cra.org/ccc/docs/init/21stcenturyarchitecturewhitepaper.pdf)

3. John Hennessy and David Patterson; “A New Golden Age for Computer Architecture: Domain-Specific Hardware/Software
Co-Design, Enhuanced Security, Open Instruction Sets, and Agile Chip Development”; June 4, 2018;
https://www.youtube.com/watch?v=3LVeEjsn8Ts
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o} Personalized Virtual Global-scale Autonomous
© medicine reality computer vision systems

NEFIRREXERDN (BEENA)
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215t Century Comp Architecture
20" Century |21 Century |

Single-chip in  Architecture as Infrastructure:
stand-alone Spanning sensors to clouds

computer Performance + security, privacy,  cross-
availability, programmability, ... Cutting:

Performance Energy First

via invisible e Parallelism Break

instr.-level e Specialization current

parallelism e Cross-layer design layers with

Predictable New technologies (hon-volatile new

technologies: memory, near-threshold, 3D, interfaces

CMOS, DRAM, photonics, ...) Rethink: memory &

& disks storage, reliability, communication

16

A community white paper; “21st Century Computer Architecture”; Computing
Commrunity Consortium; May 25, 2012; 58
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Driving
applications

N .
Personalized Virtual Global-scale Autonomous
medicine reality computer vision systems

5N )

liml
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RS & EAIE

Observation

1. Specialization gap

2. Ubiquitous cloud:
innovation abstraction

3. 3D stacking 1s real

4. Getting “closer to
physics”

5.Machine learning as key
app. component

Implications for next 15 year

Democratize HW design: tools and
open source designs

Cloud model provides practical
deployment path for new architectures

Opportunities for new architectures
and integration models

Need for more adventurous
architectures

New architectures are enablers: need
real collaboration with core ML
community
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- BHEGIT “ARIL”

- =TRERR A A EMEtsE, aTLLSEER,
{ERk AR IR (- B FRAVIRIR
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* Open Architectures
— BRI RN R SR BFT
- N 2EARRYRIERs. BRFRFTEHIAJISA
— RISC Five S8Fa{{Berkeley RISC
* Domain Specific Languages and Architecture
— 12E4AEAYER12: Domain Specific Architectures(DSAs)
— HRIEN RO R R SRR SEI BB SRR
- TR, EEMRYEETTEHTT
« WTHRERIE, EERHIFIARTTSR
- [EEAVENFEE
— FAALETS—1EI IR FE(ASIC), BB HY TR HE N F— .
- FIAHSRFEICH, BERECGH. TPUGH
* Agile Hardware Development
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New memories and devices

Carbon nanotubes

Quantum computing and superconducting logic

Borrowing from biology

Access Time Capacity  Durability

Flash ps-ms TBs ~5 yr8
HDD 0sms  100sTBs  ~5yrs
Tape minutes PBs  ~10syrs

DNA-based Archival hours ZBs  ~1000s yrs

[Bornholt et al.]

Compute

BW

Memory Energy

1

|

1 1

10°

0.25 102

{102

10+ 10¢

[Doug Carmean, ISCA’16 Keynote]

DNA manipulation productivity is growing

Productivity

= = Transistors on Chip
—— Reading DNA
Writing DNA

1980

1990
Year

And cost is decreasing...

2000
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- BREE—EixPEE, (BiRBRIFER
— . IASFEAE
- (UFERAKR, AEFHERE
- IEFRE: WIHEEZHIRINEEE
— FEFIGIE
- WiZ&. AP
« Spectre & meltdownifgid: FHIEETITHLE
=>HFIE
- FEHMIPRFEFEXERR, XERRAEPRE
taE X bug
+ R2CA2.03EiEEFIAXXRERIINE
- B ABITFEERRREL
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