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Which one is a Computer?
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Some Keywords

You probably know
» Truth table, logic gates

» Combinational circuits, Adder, MUX
» Sequential circuits, Latch

You will learn in this course
» Instruction Set » Datapath

> Pipelines » Virtual Memory
» Cache

4 RRGAEMERLHATFR



Text Book

Computer Organization & Design (MIPS, ARM, RISC-V)
—The Hardware/Software Interface

John L. Hennessy  (Stanford University)
David A. Patterson (University of California, Berkeley)
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Schedule

Chapterl: Computer abstractions

and Technology L BELE

%9&_‘&-_ m) | 2 | Chapter 3: Arithmetic for Computer | ~2 weeks

3 Chapter 2: Language of the Machine ~3 weeks

4 Chapter 4: The processor ~3 weeks
5 Chapter 5: Memory Hierarchy ~3 weeks
6 Appendix: Storage, Networks and -1 week

Other Peripherals
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Schedule of Experiments
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Course Grading

0B 5 209%
o /EMb. PRE. R
0 BAH P (3 30 F R (S — i R Bt) 10%
O BAR A6 (R 30)F 40%
O sS4 5 30%
= Lab00~03: FA 2L 30%
= Lab04 ELFEHHCPU 30%
= Lab05 : iii7/KZCPU 40%
s Mo 2efih: LTSRS (Fhn s A it 10047)

VE: BRS04 HES1005)E, BIFAKK.
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One more thing: Attend on time
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Outline

O Introduction

O Computer organization

O How to build processors ?

O Computer design: performance and idea

O What you can learn from this course ?
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Outline

O Introduction

O

O
O
O
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History of Computers

O Pre-computer - ~ 1946
= Non-electrical, non-programmable (AEHL T, ANAJ 2R L)
O First Generation — 1946 ~ 1956
= Vacuum tubes, programmable (BT, w4mfe, BR7%ES)
O Second Generation — 1956 ~ 1964
= Transistor, programming languages (Sp/R%E , ZRfEis = 6N H)
O Third Generation - 1964 ~ 1971
= Integrated Circuit, OS (FEEFRES, #RAE RGN H)
O Fourth Generation — 1971 ~ now
= Microprocessor, GUI, Personal Computer

CR AL AL B2, ETER] P 54 1H L, S N HLING M)
O Fifth Generation — future
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Pre-computers: iTZE95EENT{E

Asian abacus
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The First Mechanical Calculating Machine

The 17t century: the beginning of mechanical
calculators

17128 HUETHEER TR B

Pascaline (Pascal’s calculator)
Invented by Blaise Pascal in 1642-1645 (19-22% ! )
Addition and Subtraction: Two basic operations
ANERIRE: INS5HE Blaise Pascal (1623-1662)
Multiplication and division: through repeated addition or
subtraction —

SR ME(FED ESHINELFEIE

Kkt

ZSEIR

|

PascalZmfEis 5 LR N T &£ Blaise Pascal

Pascaline (1645)
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Turing Machine (1936)

Alan Turing described a theoretical device called
the Turing machine, formalized the concepts of
computation and algorithms in 1936

s Offset print raised for a ‘mark"

eraser —,
electric eye looking Eraser
attape WWP \%ﬁ - Offset-printing + eraser roller

/' < UA‘ ~—— Tractor roller
g R .—TAPE

tractor hole 1 —mdexﬁnq hole /

o bt
e \ & \ / \—malkonlape \—mank square
\ JmOlOKSJ

o
e \ markin process of erasure
- s
N =5 A\
\ \_T ¢/ “—heAD
v e
S [ Current Current Current
% symbol TABLE |staeA Sate B SateC

N ~ »
‘*\\ 4 Print, Erase

—4]Left, Right Wiite Move Next| Wrte Move Ned | Wite Move Nedt

d symboi tape state | symbol tape state |symbol tape state
tape symbol is 0 1 R B 1 L A 1 L B
| tapesymbolis t[ 1 L _C 1 R B 1 N HALT|

Control unit

A fanciful mechanical Turing machine's TAPE and HEAD. The TABLE instructions might be on another
"read only" tape, or perhaps on punch-cards. Usually a "finite state machine" is the model for the TABLE.

A.M.Turing (1912-1954) Turing machine as a mechanical device
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First Electronic Digital Computing Device

Atanasoff-Berry Computer(ABC) 1942

O First electronic digit computing device #F—& 4 BT 15T
[RGASES

O Invented by Professor John Atanasoff and graduate student
Clifford Berry at lowa State College between 1939 and 1942

O Special purpose. neither programmable, nor Turing-complete

a2, Lo s S| At =y = Add-subtract modul
LI ENL, EATRE. EERE S R

WMA T RINLZRIER R
s FH ko
JREELIER RSN N
HIZHIEH

a1 X
N N ¥
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e . o s
P 3 & oy -
id 8 f BA, Q08 ABE
[ el ks
== L R
£ L X 1 A A A7 AR AT A RS 1
Eafsile of s oL AR TN [Crv
PRl £anoall |
. “

VHEANTE i 7 i

Atanasoff-Berry Computer
(1942)

John Atanasoff (1903-1995) Clifford Berry (1918-1963)
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The First Generation (1946-1956):
Vacuum Tubes

: |
:
\

o 55— B4R P

0 BRGIE: SREABFEIEEE)SEM. ki
vacuum tubes for circuitry and magnetic drums for
memory, programmable
O Examples:
= ENIACS
m EDSAC
= UNIVACI, UNIVAC 11, UNIVAC 1101

Vacuum tubes

) i 18 RIS RS LTS




First General-Purpose Electronic Computer

ENIAC (Electronic Numerical Integrator and Computer) in 1946

O First general-purpose electronic computer S6—&nEHEFITE

O Designed by John Mauchly and J. Presper Eckert of the University
of Pennsylvania

O General-purpose instruction set, decimal, programmable & Turing-

complete
BEREESKE. Tiddl, iz, BR=E

O But NOT stored program iEBIEFIFAEEES]




von Neumann Architecture (1945)

O Computation and memory are separated

IHESFERE

O Memory that stores data and instructions
SR SESHFFER—1FhE=s

O Input and output mechanisms

O Instruction set architecture

Central Processing Unit

Control Unit

Input Arithmetic/Logic Unit Output
Device

i\ ol N < a-:.w
“von Neumann Bottleneck”™
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Analog Computing

vdd

Digital computing Analog computing 0

NMOS
Accurate Less precision o
when encoded in many bits affected by noise PNOT Gaty = CMOS gates
Scalable Difficult to integrate

reliable CMOS circuits with Noise and error accumulate in L _‘
billions of transistors cascaded circuits ' \

Analog signéls

General ication- ifi |

purpose Application-specific w iy

[ Lo

. gy hwh ]
Computational heavy Fast by nature Digital signal (3-bits)

S d actuat Ve 7\

ensors ana actuators \i_ I j \

Compute-only A / o “L |

Digital signal (4-bits)

Resurgence of analog computing in Al applications to overcome von
Neumann bottleneck and to emulate brains (neuromorphic)

) 72§ RGN SRER LW




Analog Computing

(Inverting) (Inverting)

Inverter : ;
Summation Integration

i R1 R2 R1 R2 R1 c1

Vin Vout V1 —W— Vout Vi Vout
R3
V2 —W—
Vout = - R2/R1 * Vin Vout = - (R2/R1 * V1 + R2/R3 * V2) dVout/dt = - 1/R1*C1 * Vin

Computing Circuits

10ka 10k | 10MQ dzw,/dtz -d\.rojdt
Vin _ '

REAC Analog Computer

US Navy, Project Cyclone,
1945

10Mﬂ 10 MQ [}1|.1F IOMQ inF

: M il ::Wf‘ I
| sooka [ [

,,,,,,,, L “In a typical application, such as the simulation of

a guided missile in three dimensions, the average
runtime for a single solution on the analog
. , computer facility was approximately one minute.
. ct The check solution by numerical methods on an
IBM CPC (Card Programmed Calculator) took 75
hours to run; on an Elecom 100 it took from 60 to
Ity ? 19%0 hours to solve the same problem.”

VT T Ty T YT T

Vin - 100 Vo - 20 dVo/dt = d*Vo/dt2

ZHEJIANG UNIVERSITY




The Second Generation (1956-1964):
Transistors

'i‘“iii‘élsz I:> 'i. Yy =

B A BEA IR

0 EFGI: REEENBTFE
Transistor replace Vacuum tubes
= Smaller, faster, less power, more reliable
R EEMR, TEERSE
O Programming: from binary machine language to symbolic
languages
O 1/0O: Punched cards for input and printouts for output.

O Examples: UNIVAC I1I, RCA 501, Philco TransactS-2000, NCR
300 series, IBM7030 Stretch

@

Transistors
RIS

23 RRGHRERMERLHATFR




IBM 1401 (1959)

m announced by IBM on October 5, 1959.
= a variable-wordlength decimal computer (AIZEZFi<. iHFl)

m installed more than 10,000 units between 1960 and 1964. @ik
LERIRRLIN

1402 Card Read-Punch | S 1403 Printer

IBM 1401 system IBM 1401

24 RRGHRERMERLHATFR




UNIVAC 11l (1962)

m  UNIVersal Automatic Computer 111 (1962)

Designed by John Perper Eckert and John
Mauchly (ENIAC designers)

An improved transistorized replacement for
UNIVAC I and UNIVAC I

25 RREENESNMEZ LA



https://en.wikipedia.org/wiki/Transistor_computer
https://en.wikipedia.org/wiki/UNIVAC_I
https://en.wikipedia.org/wiki/UNIVAC_II

The Third Generation (1964-1971):
Integrated Circuits

ST E> Q

% ft A AR AP

0 BFFHIE: SBESHNROE

Integrated Circuits Replaced Transistors
= smaller and cheaper than their predecessors

(B, BfEH)

= Electronic components on single chips of silicon

O Operating systems: run many different
applications at one time

O Examples: IBM System/360, Honeywell 200

26 RRGHRERMERLHATFR



IBM System/360 Family (1964)

B Announced in 1964, delivered in 1965
Model 30: up to 34,500 instructions per second, with memory
from 8 to 64 KB.

Model 91 in 1967: up to 16.6 million instructions per second,
with memory from 1M to 4M

Extremely successful in the market fEgdl_E{RFRELI

m Backward compatibility [RBIFEE
Computer System Architecture Specification
Chief Architect: Gene Amdahl (NAE in 1967)
A Single Operating System for All: OS/360 IBM System/360 Model 30
Dynamic address translation (virtual memory) &+, N £

Time-sharing 43-Hsf

s 7 it f 27 RRGHRERMERLHATFR




The Fourth Generation (1971-now):
Microprocessors

A CH HEA

0 BESIE: IRz ERRIE
Microprocessors replaced Integrated Circuits
= smaller, cheaper, more powerful

O Microprocessor: entire CPU fits on a single chip.

m Three companies developed the microprocessor independently at
the same time: Texas Instruments, Intel, and Garrett AiResearch In
1971

O Emerging of Personal Computers ™ ATES 4

28 RRGHRERMERLHATFR




The First Modern Personal Computer

Alto Mouse

Xerox Alto in 1973 at Xerox PARC

designed mostly by Charles P.
Thacker

Mouse-driven Graphical User
Interface

Turing Award 2009

Charles Thacker (1943-2017) Xerox Alto (1973) Xerox Star (1981)

BT SEHURRE RO TR 2, AR th A ME AR5 HE/E | Chuck Thacker, X (B3R
T R R AR B . A TIRAE AR A AR BT, T ChuckIl
R A HERBREIERIERION . — PR B




Commercial Personal Computer

m IBM PC: with an Intel CPU

& Microsoft’s DOS in 1981

m Price started at $1,565

= 300,000 sold in 1981 _
= 3274000s0ldin1982 ™ Apple (Steve Jobs)  R.-— -
developed Macintos

OS with GUI in 1984

AWA
MACHINE $-YEAR

= 5-Dis 1ve I lWrite - READE . DOCENS
(File Uiew Special ile Edit Search
.(:7-.;: Character Paragraph

m Microsoft (Bill Gates) . ™y led™ wpmer i
released Windows 1.0 ~. | . /&

Uersion 1.01

coa.0 Copgright B 1985, Microssft Corp. L’;:’_’:Ea‘;

In 1985, the fi I D X

I n ! t e I rSt E:: Disk Space Free: JDRMK ,"ff"i’:'f

' CLec Menory Free: 30K ol
version. :

TIME named in 1982
Machine of the year

oAt | 30 RRENSMERLWTFR



RISC Architecture (1980s) :

SESRIERE

m RISC (Reduced Instruction Set Computer): a computer instruction set
fewer cycles per instruction (CPI) than a Complex Instruction Set

Computer (CISC).

B PAT R EAD 2P A . 82 miB KIS E KSE > mCPUE gl
= Now used in 99% of new computer chips, e.g. smartphones
IMEBKESTHERMBRISCEN, MMARMESH. EHaeF

Turing Award 1987 Turing Award 2017
1975-1980: IBM 801 MIPS project of a

The 1st RISC system Stanford graduate course
> IBM PowerPC in 1981

Espent his entire career as an - found MIPS company
industrial researcher for IBM in 1985

in1956-1992.

B President of Stanford Univ.
(2000-2016)

B Chairman of Alphabet
John Cocke o
(1925-2002)

John L. Hennessy
(1952-)

31

Turing Award 2017

Berkeley RISC project
from 1980

- commercialized as
the SPARC.

B one of the innovators of
RAID in 1989-1993

David Patterson
(1947-)

RS REE ST


https://en.wikipedia.org/wiki/PowerPC

The Computer Revolution

m Progress in computer technology
- Underpinned by Moore’s Law
m Enable novel applications
- Computers in automobiles
- Cell phones
- Human genome project

- World Wide Web
- Search Engines

m Computers are pervasive

32 RARGESMERZLHATRFR




Classes of Computers

m Personal computers

General purpose, variety of software
Subject to cost/performance tradeoff

B Server computers
Network based
High capacity, performance, reliability
Range from small servers to building sized

B Supercomputers
High-end scientific and engineering calculations

Highest capability but represent a small fraction of the overall
computer market

® Embedded computers
Hidden as components of systems
Stringent power/performance/cost constraints

33 RRGAEMERLHATFR




The PostPC Era

1400

1200

1000

800

600

400

200

/‘\_/__\ Tablet

/ Smart phone sales

PC (not including
Cell phone (not

including smart phone)

2007 2008 2009 2010 2011 2012
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The PostPC Era

m Personal Mobile Device (PMD)
- Battery operated
- Connects to the Internet
- Hundreds of dollars
- Smart phones, tablets, electronic glasses

m Cloud computing
- Warehouse Scale Computers (WSC)
- Software as a Service (SaaS)

- Portion of software run on a PMD and a portion run in
the Cloud

- Amazon ,Google , Alibaba, Huaweli

35 RRGAEMERLHATFR




The Fifth Generation?

RREREI
AR EEA 3
BFitH R 89
EEBTFNYFEERNLABHEA R FER AR A

Finally, subcommittee members are aware of recent announcements from china, Europe and Japan
related to Quantum Computing and Neuromorphic Computing that foretell a high level of international
competitiveness in the post-Moore Computing era

---3% [ Advanced Scientific Computing Advisory Committee, 2019.3.26

BEEAIRSRIO. PEEFNYFZ
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Neuromorphic Computing

Spiking neural networks (SNN): 3= 2 {8+ 5 40k

THERE ~ SREK

— R dendite ! === E >
?ﬂiiz— X 2§ ( O 5 ey spikin:
"‘ITC‘ synapse i) H 00101 2, = v
N e N-oeee c 4 o 100 i T axon
(ﬂ’i’ ¢*$g:|: gg) @ \ i 2295 ' &“\ei
------- compartment | ol i o
ﬁ“ W Dendritic f P i 7 ' soma
nonlinearity e e e e e e s ———— e
& >'\\L% H ANN neuron: without dynamics H ANN neuron: without dynamics
BT A ) ] 1
s]o A i i )
éBUAlmgg Tamont ,\/?} g som ? ' p'e'ac"vauon
4RI domain - \ v > ' \ activation
(AIW-::Zg) | : sclivation 1 &8 8 o
/ i : axon i s
--------- axon ) 2908 : gere®
i A Some i soma

SIRET  ARMSEER SRR

High - PER(%)
D2, dou- =S | I'14
z T~ ~
F s S % 12
g| 0w \12% 10
2 \
° A\ \ Ig
A \,
» Low 4 6 7 & & 10 11 12
Conv 4 g 100% High
' H
5 |60%
- 3
5
a
Mode: Autonom Conv #5 e S5 s

Maptic We i :;ﬂl -
~aptic Weights Optimi: Number of transformer layers

SIERATTWAREREI B TSRS, RIF OISR A S SIS A I B MLS, TERE
P B E MR ANEERRIFTIRE THEFTH T SCHUESES OTAERER

Lechner et al, Nat. Mach. Intell. 2020 Shen et al. PNAS, 2023, Han et al. arxiv
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Neuromorphic Computing

o e -.\
{' Neuromorphic Computer ‘:
E Neuromorphic Hardware Neuromorphic Software :
1
: . . Neuromorphic Neuromorphic Programming : .
1 Neuromorphic Neuromorphic . 1 Neuromorphic
I . . Hardware Operating & " .
: Sl / ERE / System / Systems / Development / : el et /
\ /
N e e e e e e e e e o e o e o e o o o o o B o B o e P o o e e e i R

Prosomaptec Post-synaptic
Nowaon Neuron

| T EERTR R

) A F 38 RASBSMER LHFRFR
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What is a Computer?

O Computer is an electronic device that manipulates data according to a
list of instructions (program), with capability of a Turing machine.

= Electronic realization EBF{LAISCINA T

m Aset of instructions in a well-defined manner i8S £ >
general-purpose

= Execution of a pre-recorded list of instructions BJH#{TIES >
program-controlled

= Memory that can store instructions and data AJ{ZEIE S 5£E >
stored program

= Turing-complete in theory itEEEN FEER=L >
equivalent to Turing machine

)i g 30 RGOS MER LR




Outline

O
O Computer organization

O

O
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Computer Organization

0 Decomposability of computer systems

&
Q
0p)
>
p)
g
=
o
e
o
O

~ Software

- CPU

N

~ Hardware< Memory

- 1/O interface

41

.Datapath

<

rControl unit

r

Path: multiplexors
ALU: adder, multiplier
Registers

" Input: keyboard

Bidirectional: RS-232,USB

~ Output: VGA, LCD
RRSHEEMER LWATFFR



Five Classic Components of Hardware

1/O: input data

I Interface

N
/l 1/O: output data

Memory: store data

42 RRGHRERMERLHATFR




Opening the Box

"

! E [ o I
'S Y @ | processor | Processor
Yol ata Pal

rrrrrrrr

rrrrrrrrr

DDR SDRM_ TY=E 2 AR
Tmer vyt PTG L E R R

Logical Board (main board: F-1%)
Integrated Circuit on it Central Processor Unit (CPU)

Components of Apple iPad

) ik f 43 RGNS MER TR
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/0 Interfaces

O 1/0O dominates this device.

O Input device: A mechanism through which
the computer is fed information

Multitouch LCD

_ N Front/near
= Multitouch LCD (i 5 5%) facing camera
= Front/near facing camera(fi & %1% 3k) &

= Microphone, headphone(ZZ 7. )
Gyroscope([E21%)
= WIFI, Bluetooth(i# 1)

O Output device: A mechanism that conveys the
result of a computer to a user, such as a
displayer, or to another computer

= Speaker(#75 &%)
= Multitouch LCD
= WIFI, Buluetooth

WIFI, Bluetooth

Logical Board

Components of Apple iPad

*‘@ itk f 44 RREHNSRMER LT




Through the Looking Glass

O LCD screen: picture elements (pixels)
= Mirrors content of frame buffer memory

Frame buffer

Raster scan CRT display

|
|
|
|
' 1
|
/ol
Yi ,:_ 4’! Yy T
/
7/
7/
‘ | |
X, X X, X

) i 52 F 45 BRGNS RER TSR
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Logical Board

O Composed of integrated circuits:

m CPU(Apple A5): Dual ARM i Flash
processor, IGHZ, 512MB DDR ~ ==--===-~- ‘
inside package. }  Flash o

= Flash(I4f7): 32GB Flash, 3, i

= Power controller: start up(J& 21), ) ey

shutdown(3<41), standby(£F#1)

= 1/O controller: e.g. Control
Touchscreen , control microphone

Power
Controller

O Composed of integrated circuits
(chips: ZERCEES, TH): A

device combining dozens of

millions of transistors. | W

46




CPU (Processor)

O CPU(Processor): active part of the
computer, which contains the datapath |
and control and which adds numbers,
tests numbers, signals I/O devices to
activate, and so on.

= Datapath (B8 #%): performs
arithmetic operation

= Control (#%#]3& B%): commands the
datapath, memory, and 1/O devices

S DR S TR

according to the instructions of the o s, Rl
program

“ ﬁ/’*? 47 RERERESMET LT




Memory: A Safe Place for Data

O Memory(f#fi): the storage area programs are kept and that contains the data needed by
the running programs

O Main Memory(FEF#): volatile; used to hold programs while they are running.(e.g.
DRAM in computers)

O Second memory: nonvolatile; used to store programs and data between runs. (Flash in
PMD, magnetic disks)

o \olatile (B5E)

= DRAM (Dynamic Random-Access Memory): i Z5FEH A7 0i# %4
= SRAM (Static Random Access Memory): FASBENIAT 1% 7%

O Nonvolatile (JER K1)
= Solid state memory (Flash Memory): &l 256 %% or [N 17
= Magnetic disk (Hard disk) : figi#

Memory Price Speed Capacity Used for
SRAM volatile / Fastest KB~MB Cache

DRAM volatile $3~4/GB Fast MB~GB Main memory
Hard disk nonvolatile $0.05~1/GB Slow TB~PB PC Storage
Flash Memory nonvolatile $0.75~$1/GB Medium  GB~TB PMD Storage

48 RRGAEMERLHATFR




Computer Organization

0 Decomposability of computer systems

Computer System

-

\.

Software <

Hardware

Application software(MH#4): word, PPT, office

( Operation systems:
Linux, MacOS

System software < Compiler (ZRi%32):

GCC
~ Firmware(Driver software):

Blin: M-RIES)

49 RRGHRERMERLHATFR



Software Categorization

O Categorize software by its use

m Systems software ---- aimed at
programmers

= Applications software ---- aimed at users
0 Operating system
= Handing basic input and output operations
= Allocating storage and memory po— ‘

= Sharing the computer among multiple Operating System
applications using it simultaneously

Compiler ‘ Firmware ‘

0O Compiler: Translation of a program | insiuction St Arcitecure

Wi tten in HLL (_I%& g& gﬁ ﬁi%% | ‘ Instruction Set Processor ‘ 110 System ‘ ‘

Datapath & Control

O Firmware(3¥31): Software specially | Dlgta Desan |

| Circuit Design ‘

designed for a piece of hardware | Layout |

o it f 50 RRESMER SRR



From a High-Level Language
to the Language of Hardware

O Lower-level details are hidden to higher levels

O Instruction set architecture (#§4-4£) ---- the interface
between hardware and lowest-level software

O Many implementations of varying cost and performance can run
Identical software

Applications |
SﬂfTWﬂl‘"E Cperating System
- Ccompiler | | |

Firmware
P msfr'ur:fmn 521'

| Instruction Set Architecture |

| Instruction Set Processor | 11O System |

| Datapath & Control |

| Digital Design |

hardware

| Circuit Design |

| Layout |
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From a High-Level Language
to the Language of Hardware

O High-level programming language(fF & miE

High-level swap(int v[], int k)
“E“‘_—l_‘: language {int temp;
‘Ll:' ':' p_rogram temp = v[K];
. (in ©) VIK] = vik+l];
= Notations more closer to the natural language vl = teme:

ex. A+ B

}
: : 4
= The compiler translates into assembly language

= Advantages over assembly language

o Think in a more natural language language i 52, $5.4
program add $2, $4,%$2
o Programs can be independent of hardware formies) e e
\ ‘E‘——L“ 2a $16, 0($2)
O Assembly language(JL4wiE ) su s15. 4(52)

m  Symbolic notations ex. addA, B

m The assembler translates them into machine
instruction

Assembler

.ﬁ

1 “E,“_—l_‘: Binary machine 00000000101000010000000000011000

D M aCh I ne Iang uage(m%%‘l'n |:' language 00000000100011100001100000100001
. . program 10001100011000100000000000000000

m  Computers only understands electrical signals on/off (for MIPS) 100021.0011.17:00100000000000000100

10101100011000100000000000000100

] Binary numbers EXPress machine instructions 00000011111000000000000000001000
ex. 1000110010100000 means to add two numbers

) A F 52 RASEHSMERLHTER
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Outline

O
O
O How to build processors ?

O

O
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RO WM9aES R is& ERIRHNIIZ—!

>1K devices/cm? >1B devices/cm?2
~30 cm ~3cm length = few um length = few nm
~=1/3000 cm ~=1/3000000 cm

. Nanotechnology !
kR # EH 4% =500 um = 1/20 cm

ZHEJIANG UNIVERSITY
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Transistor GBI E

> R TeR AR, By Al LS AR H Ao
> PRIE SR (B E IR KT/, NERE SR (73 RO

WA
(Control)
‘ TRtk
R (Output)
(Input)

Back-to-back PN, no current! Switch off!
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Transistor GBI E

> R TeR AR, By Al LS AR H Ao
> PRIE SR (B E IR KT/, NERE SR (73 RO

AR
(Control)
‘ T ‘
R (Output) Ipn
(Input) i
Vpn
PN&5
FL R BE PR AN

Back-to-back PN, no current! Switch off!
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Transistor GBI E

> R TeR AR, By Al LS AR H Ao
> PRIE SR (B E IR KT/, NERE SR (73 RO

MK

(Control)
‘ i N
R (Output) Ipn

(Input)

A 4

Vpn

T BEPNSE
YNGR ]

Locally at interface, P-type becomes N-type, switch ON!
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How to make a chip?

How does transistor look like in nanoscale?

AT 4 58 RRGAEMERLHATFR
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Skyscraper in nanoscale

59 RRGAEMERLHATFR




Intel Core i7

0 300mm wafer,
280 chips,
32nm technology

O Each chip is:
20.7 X 10.5 mm

|
]
|
i
|
1
|

| |
R TR e

L A R AT
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The Chip Manufacturing Process

B B
Chip design

Wafer production

Ry ERE
Chip package

O i
Chip test

|
[ 5 B
|
|

|
|
|

5]
q 3
P :ng
o A 7/ .

ZHEJIANG UNIVERSITY

““““

Circuit design(Fi# &) Layout design(i % it)

<>

=

Ingot cutting(¥54c ) #]) Photo resist(Ot %)

-
Slicing(# V] 1)

Final test(/ k)

Wire Bond(}54k)

)

Finished chip(:t: H )

61

Package(:}3%)

Wafer test(ds [F]ik)
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The fabrication process of a chip

s I =

STEP 01: INGOT PRODUCTION STEP 02: WAFER SLICII
CRYSTAL GROWTH - SHAPING OF INGOT DIAMETER GRIND AND F

7b—/sand/silicon

STEP 04: PHOTORESIST LAYER
HIGHLY SENSITIVE TO LIGHT

STEP 09: METAL FILL STEP 08: COAT STEP 06: DEVELOPMENT STEP 05: EXPOSURE
EXAMPLE: INTERCONNECT OR METAL LAYER EXAMPLE: BARRIER LAYER, DIELECTRIC, SPACER, ETC DISSOLVE EXPOSE: PROJECT MASK PATTERN ONTO WAFER — WITH OPTICS FROM ZEISS

- P =~z
courumon
—
30 CHIP STRUCTURE STEP 11: WAFER CUTTING STEP 11; WAFER PACKAGING
PROCESS STEPS REPEAT MANY TIMES SEPARATE INDIVIDUAL CHIPS CHIP ASSEMBLY
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Intro video on how a chip is made
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iIs made

Ip

Intro video on how a ch
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64

¥

ZHEJIANG UNIVERSITY

-,

;’z

X




Hardware advancement push computing forward

Nvidia BlackwellZ5f4

>EFE Anm 1.2
> #2001 iR

> % $5192GB HBM3e
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Development of integrated circuits

Relative performance per unit cost of technologies used in computers over time

Technology used in computers Relative performance/unit cost

1951 | Vacuum tube 1
1965 | Transistor 35
1975 |Integrated circuit 900
1995 | Very large-scale integrated circuit 2,400,000
2013 | Ultra large-scale integrated circuit 250,000,000,000
LZHAR (um)

5 10 1 01 0.01

% 10,000,000000 1 _

4 1.000,000000 4

% 100,000,000

% 10,000,000 4

3] 1,000,000 4

i 1000001 e gmmae

10,000 4
E
H 100 4

101

1940 1950 1960 1970 1980 1980 2000 2010 2020
o
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Challenges of Integrated Circuits Manufacturing

O The integration of SoC increases rapidly(1billions transistor on single
chip), and complexity augments increasingly.

(B SR vy, A2 2% P DR S )

O The size of the IC process reaches physical limitation(5nm now). More
and more precision requirements and more and more difficult to
manufacture.

(LERSFERIP B PR, in RS BEORORER Ry, 1) 36 X JEE O EK)

O Involved many technologies: Electronics, optics, Mechanics, computer
science... Each technology 1s hard to break through.
(EDERRIERN: BT, Jbsr, P, THENL B EoRAREXER

%)
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Integrated Circuit Cost

O Yield: proportion of working dies per wafer

Cost per wafer
Diesper wafer x Yield

Costper die=

Diesper wafer ~ Wafer area/Die area

1
(1+ (Defects per areaxDie area/2))”

0 Nonlinear relation to area and defect rate
= Wafer cost and area are fixed
s Defect rate determined by manufacturing process
= Die area determined by architecture and circuit design

Yield =
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Outline

O
O
O

O Computer design: performance and idea

O
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Response Time and Throughput

O Response time/execution time
M) o2 B ) /40 AT B [
= How long it takes to do a task

O Throughput (bandwidth)

il

= Total work done per unit time
O e.g., tasks/transactions/... per hour

O How are response time and throughput affected by

= Replacing the processor with a faster version?
= Adding more processors?

O We’ll focus on response time for now...

70 RRGHRERMERLHATFR




Relative Performance

O Define Performance = 1/Execution Time
O “X is N time faster than Y”

Performance, /Performance,
= Execution time, /Execution time, =n

O Example: time taken to run a program
= 10son A, 15son B

= Execution Timeg / Execution Timex
=15s5/10s=1.5

m S0 Ais 1.5 times faster than B

o it f 71 RRGEHEMBRLHARFR



Measuring Execution Time

O Elapsed time

= Total response time, including all aspects
o Processing, 1/0, OS overhead, idle time

= Determines system performance

O CPU time
= Time spent processing a given job
0 Discounts I/0O time, other jobs’ shares

= Comprises user CPU time and system CPU time

= Different programs are affected differently by CPU
and system performance

) A F 72 RN SRERLHTFR



Measuring Execution Time

O Operation of digital hardware governed by
a constant-rate clock

<«—Clock period—s

Clock (cycles)

Data transfer
and computation

Update state . . '

O Clock period: duration of a clock cycle
= e.g., 250ps = 0.25ns = 250x101%s

O Clock frequency (rate): cycles per second
= e.g., 4.0GHz = 4000MHz = 4.0x10°Hz

) i 52 F 73 BRGNS RER TSR
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CPU Time

CPU Time = CPU Clock Cyclesx Clock Cycle Time

_ CPUClock Cycles
Clock Rate

O Performance improved by
= Reducing number of clock cycles
= Increasing clock rate

= Hardware designer must often trade off clock rate
against cycle count

) A F 74 RN SRERLHTFR



CPU Time Example

O Computer A: 2GHz clock, 10s CPU time

O Designing Computer B
= Aim for 6s CPU time
m Can do faster clock, but causes 1.2 x clock cycles

O How fast must Computer B clock be?
_ Clock Cycles, 1.2xClock Cycles,
CPUTime, 6S

Clock Cycles, = CPU Time , xClock Rate ,

Clock Rate,

=10sx2GHz =20x10°

1.2x20x10° 24x10°
6s 6S

) A F RN SRERLHTFR
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Instruction Count and CPI

Clock Cycles =Instruction Count x Cycles per Instruction

CPU Time =Instruction Count x CPIx Clock Cycle Time

B Instruction Count x CPI
Clock Rate

O Instruction Count for a program
= Determined by program, ISA and compiler

O Average cycles per instruction
m Determined by CPU hardware

= If different instructions have different CPI
o Average CPI affected by instruction mix

) A F RN SRERLHTFR



CPIl Example

O Computer A: Cycle Time = 250ps, CPI =2.0
O Computer B: Cycle Time =500ps, CPI = 1.2
O Same ISA

O Which is faster, and by how much?

CPU TlmeA = |nstruction Count><CP|A x Cycle TlmeA

=1x2.0x 250ps =1x500ps <« | Aisfaster... |

CPU TimeB = Instruction Count x CPIB x Cycle TimeB

=1x1.2x500ps =1x600ps
CPU TimeB _ 1x600ps

me, Ix500ps T2 by i much
CPU Time | x500ps

) i 52 F 77 RS MR LSRR
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CPIl in More Detail

O If different instruction classes take different
numbers of cycles

Clock Cycles =) (CPI, xInstruction Count,)
i=1

0 Weighted average CPI

CPI=

Clock Cycles Z”:

Instruction Count.
_ CPI. x |
Instruction Count ‘=

Instruction Count
\_ /

) mi g 78 RS RER LT




CPI Example

O Alternative compiled code sequences using
Instructions in classes A, B, C

Class A B C

CPI for class 1 2 3

IC in sequence 1 2 1 2

IC in sequence 2 4 1 1

O Sequence 1: IC =5 O Sequence 2: IC =6

= Clock Cycles m Clock Cycles
=2%x1 + 1x2 + 2x3 =4x]1 + 1x2 + 1x3
=10 =9

= Avg. CPI1 =10/5=2.0 = Avg.CPI=9/6 =15
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Performance Summary

CPU Time — Instructions y Clock cycles  Seconds

X
Program Instruction  Clock cycle

O Performance depends on
m Algorithm: affects IC, possibly CPI
= Programming language: affects IC, CPI
= Compiler: affects IC, CPI
= Instruction set architecture: affects IC, CPI, T,

) kg 80 BRSNS SR LW



Where is the Performance Bottleneck?

Hardware or software

component
Algorithm

Where is this
topic covered?

Other boo

How this component
affects performance

Determines both the number
of source-level statements
and the number of I1/0
operations executed

What we

Programming language,
compiler, and architecture

could do ?

Determines the number of )

machine instructions for each
source-level statements

Processor and
memory system

Determines how fast
instructions can be executed

Chapter 4, 5

I/O system(hardware
and operating system)

Determines how fast I/O Other books

operations may be executed
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CPIl in More Details

O Suppose a new CPU has
= 85% of capacitive load of old CPU
= 15% voltage and 15% frequency reduction

P.. _ C,y*%0.85x(V,, ><O.285)2 xF 4 x0.85 _0.85%—052
Py Coa X Vo *XFog

O The power wall
= We can’t reduce voltage further

m We can’t remove more heat

s 7 it f 82 RREBSMERLHRTFAR



Power Trends

10,000 — - 120
oggp o800 2667 3300 BADDD
N 1100

T 1000 + _
= T% £
aQ =
E 100 + +60 =
+ 16 Z
E 0 %5 - T40 &
O 4

3.3 4.1 + 20 Voltage Scaling

| | o—T—— | | | | | | ——+0 vy St
(el © = w o p— . % =+ = = o 2 W O s ' b Non-Scalability
8 8% 38 28 E5g eS8 EST Y25 082 928 g2 e
— = — = == SECS =2 52 g 0 e c = o Smo g 15 1, =CouVer Waa =V3s)
o @I @ T = c= £852 E05 ccﬁgﬁwg & § .l v R
A= 2o =2 gagog=Pg—92~ 8 T, I, =1,107"
& o= o x - .. gty 0N
01995 w0 w05 w0 s
Year
Constant field scaling worked before
D n eC n O Ogy Recent years, voltage scaling has slowed down

Power = Capacitive load x Voltage® x Frequency
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F @R

- Lighting / Switchgear /
Project Management Cooling Auxitaries UPS Generator PDU Fans Power supoly Chips
System Monitorin ‘ 5% Power a% % 6% 1% 3% 3% 17% 7%
1% \ Equipment
/ 18%
Space
15% — Cooling
Equipment
Racks 6%
2% |
Service Engineering & l i
15% Installation | | l
EIe;(t):/ncny 18% Energy info data center Energy into servers Energy into chips
A oty
Notes: PDU = power distribution unit; UPS = uninterruptible power supply © E Source; data from APC
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Single Core Performance

100,000

Intal Xeon 4 cores 2.6 GHz (Boost to 4.0)
Intel Core i7 4 cores 3.4 GHz (boost to 3.8 GHz)

Intal Xeon & coras, 3.3 GHz (boost to 3.6 GHz) 34,067
Intal Xeon 4 cores, 3.3 GHz (boost to 3.6 GHz) 000
Intal Cora i7 Extrame 4 cores 3.2 GHz (boost to 3.5 GHz) 04 125'
- v

r:‘;;f1,3?1

Intal Cora 2 Extrame 2 cores, 2.9 GHz

A0, D - - e oo e o e e e oo - AMID) Athlon 64, 2.8 GHZ -
AMD Athlon, 26 GHz __ -~
Intel ¥eon EE 3.2 GHz

Intel DESOENMY R motherboard (2.06 GHz, Pantium 4 procassor with Hy per-thraading Technology )
IBM Powerd, 1.3 GHz

Intel WCE20 motherboard, 1.0 GHz Pentium 1l processor

Professional Workstation XP1000, 657 MHz 212644
4000 - e wem oo Didital AlphaSarver 8400 575, 575 Mbz 21264,

_____________________________________________________________________________________

_.1BM POWERstation 100, 150 MHz

L e Lt
Digital 3000 AXP/500, 150 MHz

Pearformance (vs. VAX-11/780)

IBM RSE000/540, 30 MHz
MIPS M2000, 25 MHz
MIPS MA20, 16.7 MHz

52%/year

1.5, VAX-11/785

I I T T T T T T I I I I I
1978 1880 1982 1984 1986 1988 1980 1982 1064 1906 1988 2000 2002 2004 2006 2008 2010 2mz 2014
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Multiprocessors

O Multicore microprocessors
= More than one processor per chip

O Requires explicitly parallel programming

= Compare with instruction level parallelism
o Hardware executes multiple instructions at once
o Hidden from the programmer

= Hard to do

o Programming for performance
o Load balancing
o Optimizing communication and synchronization
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SPEC CPU Benchmark

O Programs used to measure performance
= Supposedly typical of actual workload

O Standard Performance Evaluation Corp (SPEC)
= Develops benchmarks for CPU, 1/O, Web, ...

O SPEC CPU2006

= Elapsed time to execute a selection of programs
o Negligible 1/0, so focuses on CPU performance

= Normalize relative to reference machine

= Summarize as geometric mean of performance ratios
o CINT2006 (integer) and CFP2006 (floating-point)

”\/H Execution time ratio,

i=1
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CINT2006 for Intel Core i7 920

Instruction Clock cycle time 'I'II'IlI
Description Name Count x 10° (seconds x 10-9) | (seconds) | (seconds) | SPECratlo

Interpreted string processing | perl 2252 0.60 0.376 B08 9770 18.2
Block-sorting bzip2 2390 0.70 0.376 529 9650 15.4
comprassion

GMNU C compiler goc 794 1.20 0.376 368 8050 225
Combinatorial optimization mif 221 2.66 0.376 221 9120 41.2
Go game (Al) W] 1274 1.10 0.376 527 10490 19.9
Search gene sequence hmrmer 2616 0.60 0.376 540 0330 15.8
Chess game (Al) sjeng 1548 0.80 0.376 586 12100 20.7
Quantum computer libguantum 550 0.44 0.376 109 20720 180.0
simulation

Video compression h264avc 3793 0.50 0.376 713 22130 31.0
Discrate avent omnetpp 367 2.10 0.376 280 6250 215
simulation library

Games,/path finding astar 1250 1.00 0.376 470 7020 14.9
*ML parsing ralanchrmk 1045 0.70 0.376 275 5200 25.1
Geometric mean - - - - - - 25.7

LA 88 RREREMERLWATFR
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SPEC Power Benchmark

O Power consumption of server at different
workload levels

= Performance: ssj_ops/sec
= Power: Watts (Joules/sec)

10 10
Overall ssj_ops per Watt = (Zssj_opsij / (Zpowerij
i=0

I=0
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SPECpower ssj2008 for Xeon X5650

Performance Average Power
Target Load % (ssj_ops) (Watts)

100% 865,618 258

90p6 786,688 242

80% 698,051 224

70% 607,826 204

60% 521,391 185

50% 436,757 170

40% 345,919 157

30% 262,071 146

20% 176,061 135

10% 86,784 121

0% 0 80

Overall Sum 4,787,166 1,922
Yssj_ops/Xpower = 2,490
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Pitfall: Amdahl’s Law

O Improving an aspect of a computer and expecting
a proportional improvement in overall

performance
T
T — affected +T
improv ed imprOvemen t faCtOr unaffected

O Example: multiply accounts for 80s/100s

= How much improvement in multiply performance to get 5x

overall?

80
20 = P 20 = Can’t be done!

O Corollary: make the common case fast

91 RRGHRERMERLHATFR




Fallacy: Low Power at Idle

O Look back at 17 power benchmark
= At 100% load: 258W
= At 50% load: 170W (66%)
= At 10% load: 121W (47%)

0 Google data center
= Mostly operates at 10% — 50% load
= At 100% load less than 1% of the time

O Consider designing processors to make
power proportional to load
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Pitfall: MIPS as a Performance Metric

O MIPS: Millions of Instructions Per Second

m Doesn’t account for

o Differences in ISAs between computers
o Differences in complexity between instructions

Instructio n count

MIPS = _ : -
Execution time x10
B Instructio n count _ Clock rate
~ Instructio n count ><CPI><1O6 ~ CPIx10°
Clock rate

= CPI varies between programs on a given CPU
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Concluding Remarks

O Cost/performance Is improving
= Due to underlying technology development

O Hierarchical layers of abstraction
= In both hardware and software

O Instruction set architecture
= The hardware/software interface

O Execution time: the best performance
measure

O Power is a limiting factor
= Use parallelism to improve performance
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Eight Great Ideas

Ui

Design for Moore’s Law (T REREE/R ERE)

Use Abstraction to Simplify Design (& H# & ik i)
Make the Common Case Fast (J13E K2R H4t)
Performance via Parallelism (G&id 34T 5 1#EAE)
Performance via Pipelining GE i i 7K 2638 & 1 AR
Performance via Prediction G M & 68)
Hierarchy of Memories (f#-fi& s 2 1K)

Dependability via Redundancy GEidJT &3 & 7] &)

A

O
O
O
O
O
O
O
O
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Ideal: Design for Moore’s Law

O One constant for computer designer is rapid change.

O Design for where it will be when finishes rather than design
for where it starts.

LZHA (um)

Gordon Moore, a cofounder of Intel, predicts g — w@ 7

that the number of transistors which can be § o) et

placed on a single chip will double every 2 year. | # Fﬁ“*ﬁ"*ma??° N\ iz e

It has held steady and was dubbed “Moore’s How)

Law” around 1970 oo mo w0 w
Why Moore's law?

O Smaller Transistor, more function on same chip area;
O Smaller Transistor, low power
O Smaller Transistor, smaller area for same function, low cost;
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Idea2:Use Abstraction to Simplify Design

O Lower-level details are hidden to offer
a simple model at higher level

HTTPZUE KER HTTPZIiE
HTTP,FTP,SMTP
TCPE = TCP& =
HTTPZIEE EHE HTTPZR
Applications | P P I
Operating System TCPEZI MER TCPEE
HTTP211R 1P, ARP, FEEHE HTTPE R
Compiler | | Firmware |
Instruction Set Architecture | l I
[ Instruction Set Processor l 170 System ] - [
| Datapath & Control | P =
| Digital Design | TCPE %E_ﬁ]?r_z TCPE
| Circult Design | HTTPEIR e HTTPZIR
I Layout I R
sEsRmEs x5 Fesn A

ZHEJIANG UNIVERSITY
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Idea3: Make the Common Case Fast

O Making the common case fast will tend to enhance
performance better than optimizing the rare case

for(i=0;i<2;i++){
BeAE /N

}

for(i=0;1<1000;i++){
EYEERE LN

¥

for(i=0;i<2;i++){
(G EANIN]

| think I should buy a car first.

)i g %8 RASSMER LT
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ldea4:Performance via Parallelism

O Get more performance by performing operation in
parallel
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Idea5: Performance via Pipelining

O A, B, C, D all have some clothes to wash, dryer and fold

Total time ?

(30+40+20)x4 = 360
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Idea5 :Performance via Pipelining

6 PIM not f(an. 8 9
|

| Time
T 3040 %0 %0 %0 70
e | @[Tl Extra Cost?
. Py
d t

| @ lC):@;:— i
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Ideab :Performance via Prediction

O To guess and start working rather than waiting until you
know for sure

O The mechanism to recover from a misprediction iIs not
too expensive and prediction is relatively accurate

RRGAEMERLHATFR
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Idea? :Hierarchy of Memories

O With the fastest, smallest, and most expensive memory per
bit at the top of the hierarchy and the slowest, largest, and
cheapest per bit at the bottom

Smaller /\ fast
Registers
L1-Cache
(On-Chip)
/ L2-Cache (SRAM) \

Siager /" MainMemory ORAM) N\ _
/ Disk , Tape, ect.
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Idea8: Dependability via Redundancy

O Not only be fast, also to be dependable.
O Any physical device can fail.

O Make systems dependable by including redundant
components that can take over when a failure occurs
and to help detect failures

104 AR EEEMEZLHARAR




Outline

O
O
O
O
O

What you can learn from this course ?
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Contents

0 Chapterl: Computer Abstraction and Technology
O Chapter2: Instructions: Language of the Computer -
O Chapter3: Arithmetic for Computers

O Chapterd: The Processor: Datapath and Control

O Chapter5: Large and Fast: Exploiting Memory Hierarchy |

O Chapter 6: Parallel processor from client to Cloud (&3, EERHNE)

O ;I?\pgeindix: Storage, Networks, and Other Peripherals (Ch8 of \Version 3, g
E}EJE\
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After the course, you should know

O The internal organization of computers and its influence on the

performance of programs (A ¥ 3% PN &R 20 2R 55 4 Je Ho A e 5 M)
O The hierarchy of software and hardware

m  How are programs written in high-level language translated into the language of the
hardware, and how does it run?

(RZ0E S S FIRE R AT AR A 18 =, e i TARR? )

= What is the interface between the software and the hardware, and how does software
instruct the hardware to perform?

(AEAE 2 Rl HE LAt 4, BT 4 A TA)

m  What determines the performance of a program, and a programmer improve the
performance?(fI 4 k& | — MHEFF B fE

m  What techniques can used to improve performance?

(F A BORFATAT VLA RS = i g
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Homework
0l1l2 15 16,1.7,1.13
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@END




	Slide 1
	Slide 2: Which one is a Computer?
	Slide 3: Curriculum System：三位一体、循序递进
	Slide 4: Some Keywords
	Slide 5: Text Book
	Slide 6: Schedule
	Slide 7
	Slide 8: Course Grading
	Slide 9: One more thing: Attend on time
	Slide 10
	Slide 11
	Slide 12
	Slide 13
	Slide 14
	Slide 15
	Slide 16
	Slide 17
	Slide 18
	Slide 19
	Slide 20: von Neumann Architecture (1945)
	Slide 21
	Slide 22
	Slide 23: The Second Generation (1956-1964):  Transistors 
	Slide 24: IBM 1401 (1959) 
	Slide 25: UNIVAC III (1962)
	Slide 26: The Third Generation (1964-1971):  Integrated Circuits
	Slide 27: IBM System/360 Family (1964)
	Slide 28: The Fourth Generation (1971-now): Microprocessors
	Slide 29
	Slide 30: Commercial Personal Computer
	Slide 31
	Slide 32
	Slide 33
	Slide 34
	Slide 35
	Slide 36: The Fifth Generation？
	Slide 37: Neuromorphic Computing
	Slide 38: Neuromorphic Computing
	Slide 39: What is a Computer？
	Slide 40
	Slide 41: Computer Organization
	Slide 42: Five Classic Components of Hardware 
	Slide 43: Opening the Box
	Slide 44: I/O Interfaces
	Slide 45: Through the Looking Glass
	Slide 46: Logical Board
	Slide 47: CPU (Processor)
	Slide 48: Memory: A Safe Place for Data
	Slide 49: Computer Organization
	Slide 50: Software Categorization
	Slide 51: From a High-Level Language          to the Language of Hardware
	Slide 52: From a High-Level Language          to the Language of Hardware
	Slide 53
	Slide 54
	Slide 55
	Slide 56
	Slide 57
	Slide 58
	Slide 59
	Slide 60: Intel Core i7 Wafer
	Slide 61: The Chip Manufacturing Process
	Slide 62
	Slide 63
	Slide 64
	Slide 65
	Slide 66
	Slide 67: Challenges of Integrated Circuits Manufacturing
	Slide 68: Integrated Circuit Cost
	Slide 69
	Slide 70: Response Time and Throughput
	Slide 71: Relative Performance
	Slide 72: Measuring Execution Time
	Slide 73: Measuring Execution Time
	Slide 74: CPU Time
	Slide 75: CPU Time Example
	Slide 76: Instruction Count and CPI
	Slide 77: CPI Example
	Slide 78: CPI in More Detail
	Slide 79: CPI Example
	Slide 80: Performance Summary
	Slide 81: Where is the Performance Bottleneck?
	Slide 82: CPI in More Details
	Slide 83: Power Trends
	Slide 84
	Slide 85: Single Core Performance
	Slide 86: Multiprocessors
	Slide 87: SPEC CPU Benchmark
	Slide 88: CINT2006 for Intel Core i7 920
	Slide 89: SPEC Power Benchmark
	Slide 90: SPECpower_ssj2008 for Xeon X5650
	Slide 91: Pitfall: Amdahl’s Law
	Slide 92: Fallacy: Low Power at Idle
	Slide 93: Pitfall: MIPS as a Performance Metric
	Slide 94: Concluding Remarks
	Slide 95: Eight Great Ideas
	Slide 96: Idea1：Design for Moore’s Law
	Slide 97: Idea2:Use Abstraction to Simplify Design
	Slide 98: Idea3：Make the Common Case Fast
	Slide 99: Idea4:Performance via Parallelism
	Slide 100: Idea5: Performance via Pipelining
	Slide 101: Idea5 :Performance via Pipelining
	Slide 102: Idea6 :Performance via Prediction
	Slide 103: Idea7 :Hierarchy of Memories
	Slide 104: Idea8: Dependability via Redundancy
	Slide 105
	Slide 106: Contents
	Slide 107: After the course, you should know
	Slide 108: Homework
	Slide 109

