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" In depth understanding of modern
computer architecture, fundamental
issues, engineering tradeoffs

" How to design a computer

> Understanding how a system works and
why it performs as it does
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Ch1: Computer Abstractions
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The First Generation: Vacuum Tube Computers
(1946 - 1957)

P - W

The first general-purpose computer - ENIAC



ENIAC----Non von Neumann Model
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Integrated Circuits manufacturing process
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Pent1 um/«.)%mébsa-;%w & B

Die Area: 91 mm?

H1t8 inch(200mm)ﬁ’J
Waferiy; % i) {ii 196Die

= 3,300,000 Transistors
Cache: =1M Transistors

296 Pins



PentiumProA s &b & B3h st 44
e |  Die Area: 306 mm?

148 inch(200mm)/
Waferii; % 1] i 78/ Die

= 9,900,000 Transistors

Cache: =1M Transistors

External Cache:

31M Transistors
PentiumPro Package =
PentiumPro+ExternalCache
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Control
Control /O
interface
= Instruction cache
‘ g Data
ST cache
: Enhanced
floating point
and multimedia Integer
datapath Secondary
cache
and
memory
Control interface
Advanced pipelining
hyperthreading support Sl
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Hardware/Software Interface

temp = v[k];
High Level Language v[k] = v[k+1];
Program v[k+1] = temp;
Compiler
L7¢ Iw $15, 0($2)
Assembly Language
# Prngrgm g lw $16, 4(52)
4 sw $16, 0($2)
Assembler sw $15, 4($2)
1000 1100 0100 1111 0000 0000 0000 0000
Machine Language 1000 1100 0101 0000 0000 0000 0000 0100
Program 1010 1100 0101 0000 0000 0000 0000 0000

1010 1100 0100 1111 0000 0000 0000 0100
Machine Interpretation

Control Signal ... , EXTop=1,ALUSelA=1,ALUSelB=11,ALUop=add,
(s Specification lorD=1,Read,MemtoReg=1,RegWr=1,......
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Hardware/Software Interface ()

cottware B {2 Ef éjwh

instruction set

hardware EEE’{L-I: /_

WAEFMEA R 5 E : ISA (Instruction Set Architecture )
IESERREN
MBS HIES KB, BB HEERENIT,
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° System software(RFHM) - FiLgiZid 2, (RS UR A 208 H
- BIERS (Operating System) : WEEJFEER, FHPEED
- IBESAE RG: B+ Linker, Debug, Loader, etc ...
- BFER(Translator)f =38:
ILIRFEF (Assembler): ILIIESHEEFVBES BRER
% VERE P (Complier): REETIRERF~ILRmNBIES BERF

JERERE 7 (Interpreter ): KRBT BB LM FRNLEE QL
BIPAT AN AL B B AR ST

- HAWSERHBEF: . HERABEEER. SNEFSE

° Application software(NFH#A¥) - fi# v B AR R A Ja) 852 Rl B4 B AR 55
o HAREALIEFER: Word/ Image/ Graphics/...

- BEEE RS (MIS)

« Game, ...
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Architecture

Digital Design
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l /"\AZé/\r b EE é
CPU
register file
FC A :,-:u_u
_ ]
"
jr‘-r system bus memaory bus MM
— . L= .i, -
Memory Interface < > b:lifc?ge - > m?r?gr_-.r

2N

! | 110 bus | Expansion slots for
other devices such

UsB graphics disk as network adapters.
controller adapter controller

eleforiont
hallo executable

stored on disk

<

Input/Output

PC: EFiTH%8s; ALU: HEARMEZHHEIU; USB: BHBITELE
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M-

IR P IR B

e

Z MK “ hello.c "C-JRIERF

1 #include <stdio.h>

2

3 int main()

4 {

5 printf("hello, world\n");
6}

FEFFRIZhRER :
#H “hello,world”

hello.cl{JASCIX & FR

# i m ¢ 1l u d e <sp> < s t d i o .
3510511099 108 117 100 101 32 60 115 116 100 105 111 46
h > \n \n i nt <sp> m a i n () \n {
104 62 10 10 105 110 116 32 109 97 105 110 40 41 10 123
\n <sp> <sp> <sp> <sp>printf (" hel
10 32 32 32 32 112 114 105 110 116 102 40 34 104 101 108
Il o, <sp> w o r I d \' n " ) ;5 \n }
108 111 44 32 119 111 114 108 100 92 110 34 41 59 10 125

printf.o

helloc | o |hello.i | compiler |hello.s |assembler|hello.o ™ finker | hello

—  proCessOr | —— ccl) M (as) | 1
C

source (cpp) modified assembly relocatable executable
program source program object object
(text) program (text) programs program
(text) (binary) (binary)

Chapter 1 .52
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HQ"O%‘;%}? E‘J%ﬁ*%ﬁﬁ]ﬁﬁ unix> ./hello [Enter]

hello, world
- unix>
cPO Red: shellfy&4T 4b2#
register file Blue: BT XHAIIER;
|—:} | e
PC r ALu | | Cyan: hellofZfF T2
— ?
| system bus memaory bus
i-'”r : “he"ou

Memory |-1“& Ij t:-:Ege = L m?r?grf “hello,world/n”
|

=xpansion slots for
other devices such

us graphics disk as network adapters.
control adapter controller
mouse keyboard display E'__E_:J
“hello”  “hello,world/n” disk | HelloRJ$AT X #F

BURG M RIS . SOV A E T “B8” B!
A SRR R FE CPUBT 6.4 T A (sl (2B M M A T AT 1.
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ZRENEREZIAR

Tt E iEECPU?
register file
PC . :,-:u_u it B ZkBUS? .
Tf‘-ri:q system bus memaory bus ﬁggg?
Memory Interface < > b:lifc?ge <—> m?ﬁgr_-,r

2N

! | 110 bus | Expansion slots for
other devices such

<

UsB graphics disk as network adapters.
controller adapter controller
eleforiont
hel lo execulable
NN stored on disk
A B iH1/0?

FE GROMEEE) EHENFImARR?
8RBT I?
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Course Outline

° MEREVE (Performance measurement)
° IHEHEAR (Arithmetic for Computer)

- BIBBIRAFIZH
° IS ERE (Memory Hierarchies )

T RS

> CPUiXiT

« &

Sk R 25K (Instruction Set Architecture)

E % (Data path) F

> WMAKELEAR (Pipelining)
° RGHEL (System Buses)
° Wy NIBIH RS (Input / Output system)

%25 (Control Unit)
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° #liEA (manufacturing cost)

T EETHENER R EATER

o WEREFE] (response time)

- BATHFE] (execution Time) . %4
 throughput (FH&)

- #% (bandwidth)
TFEVERNE
84 PATHEE (MIPS. MFLOPS)

° R ( Benchmark)

AT E (latency)
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o] Bi: Integrated Circuits Costs --- manufacturing process

FEEZVERRAT, BB !
BT/ REI T

L RERE (6/8/12°F JEEA £ 1mm)
Silicon ingot Blank wafers

l

Tastad Individual dies

dies fone wafer) Fa wiafers
. IE'I IE'I
Bond die to HaEg W W, e .‘_'-ui"q— Dicer
package ﬂ;.'} taster ﬂ;'I-ﬂ
o [ |
l A Ak i G I 18 Fr 44,
3} =i
7§,§ZJ:—LE;5‘ “EIIEIIEI” /j(fli:
Packaged dies Tested packaged dies 2
L5 |51] [5] » | Fan - =] [ |15 » | Ship to custome
|} s
[=])|[E]| =] tester 5] [5] |E

B T A R P b, ok
1531 22 5 R R B e S, b O F R Y4005 15 T )% |
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Integrated Circuits Costs A =
SR RAESUTRERAXK:

Cost _per wafter

Die cost = Die per wafer xYield < [B|gpin#&
. H pRA|
| wafer area YA A

Dies per wafer = Die area . /N }_JI_ & 7}%2'{2

A1 ALY

- %

\ / N // o=
N B
Die Yield = 1

(1+ (Defect per area x Die area)y
HILItEY: §MEERF LN, ERBEEBRASSSHRHEIREGX!
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THHEALERE R E AT TR bR

© TR PR R R R 5 L 20 (B
> Time to do the task HERABFEHZRZENKIGS, .
— WRZES[E] (response time) AN (BAERERS)
— PATHTE] (execution time)  EsRmyRiRt EIEHISE: Hln:
— SRR ERETIE (latency) HENE RS FEFGEFEEG)
° Tasks per day, hour, sec, ns. .. EXRFHZERE HWNEFEERSE:
— HMH#E (throughput) ATM. X HIR%F2E. Webr%B 8%
— #% (bandwidth)

° EARERIFN PR HER: CPUKITATHT[E]

" X'is n times faster than Y" means T B S
ExTime(Y) _ Performance(X) Eg%g&i%gﬁ
ExTime(X) ) Performance(Y)
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PR RE R R

T BT ENRIRRERT, HSTI R E

« SERLFIRE AR P o i TE) S A IR & THEE AU 2 1 Re B 4 Y

- MELSHEEERS NEFINEEMH, Bk, B RESIRNEFRITR
B FAREF EIERPATRTE (Ahellof FFHAT i AT A1)

o BEIER RS E B e RE 8] 4B B B AN ] -
- CPUR}HE: $ECPURIEHAERFPIT LRI . XBEFERIES:

- FPCPURtIE]: FIREATH AR IR 8]
- RZGCPURTIE: AT HATH PR f BB 1T 8RR AP AR 5]

- FAREIE]: $REAIOBRME SE BB CPUTETE FAt F - 2 I B T8
» RGPERRMCPUERAFN, B —ErIX A

- RYiM:RE(System performance): ZRZNNEFE], 5CPUSMGE
fh 4 AR R R

- CPU:HEE(CPU performance): f /- CPUHTIH]
« AEFEHECPUMERE, Bl CPUEIEHER FPFEFPIT LRIEE
. P CPURY ] 5 R Zimg N (R E A ?
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CPUPATHY R BT

CPIl: Cycles Per Instruction

CPU $ATHA] = CPUR & A HI%L | 72/ X i A 3

=C

PURT i A% | FRFE + B

Y

= 184 2% | F2FF X CPI X B4t B 3

CPUHT&h B A% / 7

2 = R4 %E | P X CPI

CPl = CPURT#F B A% | T2 — R4S FH | EF
CPl AIREE T & T HSZE SR
* Instruction Set Architecture (ISA)

* Implementation of that architecture

* Program (Compiler. Algorithm)

eeeeeeeeeee
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Aspects of CPU Performance

CPU time = Seconds = |Instructions x Cycles x Seconds
Program Program Instruction Cycle
instr. count CPI clock rate
Program
Compiler

Chapter 1 .62

Instr. Set Arch.

Organization

Technology

B%: ZABEREWELHAR?
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Aspects of CPU Performance

CPUtime = Seconds = |Instructions x Cycles x Seconds
Program Program Instruction Cycle
instr. count CPI clock rate
Program X X
Compiler X (X)
Instr. Set Arch. X X
Organization X X
Technology X

. ISA. TFENAA (Organization)  TTFEAEIEFAR (Technology)
=FEHRRERHA?

Chapter 1 .63
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Architecture = Instruction Set Arch. + Organization

Computer Design

Instruction Set Design Computer Hardware Design

> Machine Language > Machine Implementation

o o

Compiler View Logic Designer's View

o

"Computer Architecture” ° "Processor Architecture"

o

"Instruction Set Processor” ° ™ Computer Organization™

"Building Architect” "Construction Engineer™
“BESLR T “giE TR
Theese X5 Wit ZRRAMAME, WMARLSE

B, RERME RiEHRS” RISARTEZREBH RS,  {7TS2BiskEHES (AEITH
T gs it FH — M InEsS+ A 88 52T RAM (Organization) ZERIEE;  WfTAs
2. Atttk T2 TSR TENEEUHE AR (Technology) iR IH &,
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g T H.CPI?

W R R EMESTS, HCPIZ—MAEIE. BR, MTFR—3Ks
&, H—MEF. H—aNEMS, HCPIZ— 1 TE, TRLHESS
ARSI B I S B B RS THENEES CH A

RECPLi # C i3 AR KIS HICPIFIE S K H, NIEFR SR EhEA

AE¥ =y CPI X C,  fiul, CPURE=R# A xy CPI xC,
i=1 i=1

RECPL « FiR&IELCPIMERFTRILININER, NIEFLECPIA:

n C

CPl = Y CPI XF where E — : L
i= 1 b Instruction  Count

SHICPURT(E], BF$pInZER, BATHHE. #5SHKH, NIEFLZACPLA:
CPI = (CPU HJ[a] X By BiER) | 5% = SR o0 FHEL / 159 H

. 84 KICPI. HLEERICPL. FEFKICPLE B8 Sz Bk 7 T B 14 BE 2
HEECPIABERLCPURIPERE ! A4 7 1. BEEAEAAERRCPI=1, {BIEREE!
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Example1

R PENIEEA LIEITEFE10 s, HIEEARK &2 AH400MHz.
PEEET— 688, FHZEREBLIZEITRFEGs.

VIEBET SRR KR T I T HCPIFE I, FEEFPIENLSE
B_L Ao B BB ENL A ER1.24% . VBRI SRZRIARA
%/ DMEA Be R P PEB L AT E E 2A ERI10/6=1.674%?

Answer:
CPURJEA = B 5 i BHEA | B B A
81 A HH%#CA = 10 sec x 400MHz = 4000M}>
I PR B = 9P & 3148 / CPUKY ] B
=1.2 x 4000M / 6 sec = 800 MHz
PLEsBRIMR R AR B, {EVSBRIEEHFARARPIFE !
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Marketing Metrics (7= 5 B FRFEFR)

MIPS = Instruction Count/ Time x10°
= Clock Rate / CPI x 10°¢
Million Instructions Per Second

RAGZRLSTATH EARE, FrEAMIPS 22— FHE.
- RENLEHIRASERR
° ﬁ)? EEZ:‘EIE(J*E/%\‘]E’%W}& > FﬁM|PSﬁ§§ZI—'\“I’$
- $5 18 FH I E B 52240 BREE A FRR?

- Peak MIPS: (As£H)

FrUMIPSEABE i B R BE ISR (T TR B 7R 3 B D
MFLOPS = FP Operations / Time x106
Million Floating-point Operations Per Second

o SHLER A A } FIMFLOPS¥:E 7
FRRBF R E s | HEREFRR!
M. TFLOPS. PFLOPSZ: {4 X A4 2
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Example: MIPSZ{A A] 3¢ !

Assume we build an optimizing compiler for the load/store machine. The
compiler discards 50% of the ALU instructions.

1) What is the CPI ? PR _ EBATARAL, BB RBUETREARE 1 .

2) Assuming a 20 ns clock cycle time (50 MHz clock rate). What is the MIPS
rating for optimized code versus unoptimized code? Does the MIPS rating
agree with the rating of execution time?

Op Freq Cycle Optimizing compiler ! New Freq
ALU  43% 1 21.5/ (21.5+21412+24)=27%  21%
Load 21% 2 27%
21 [ (21.5+21+12+24)=27%
Store 12% 2 15%
Branch 24% 2 12 /(21.5+21+12+24)=15% 319
o
24 | (21.5+21+12+24)= 31%
CPI 1.57 50M/1.57=31.8MIPS 1.73
MIPS 31.8 50M/1.73=28.9MIPS ——— , 289

gk EAAERD T ALUTES (HAlESBEE) , B
BEFHATH A — &> 7, ERALJERIMIPSEUR T FER T .
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T FEA

:BeEUrEFF (Benchmarks)

" HZEAERR PR VP AL R
- BRENRAERF 2RI THRET RPN K —HERF

- R
. R
- BT

& KRN A R R R P
B IBAT SE PR R R BT EALRIHERE
HERR P 2 7 S B8 A HORE B SL 2 ) ] SRR

" EUEREFF IR

CBR:
MR T
. PR

HRF R SR BUE R E VIMRE, <8HHURREIAS
YIE=PS
RGBT N B BRGR RAR T R BT X X B Fr BUEAT R R R

AL, FEEPATIXEAEREEIETE R
- #i1: Intel Pentiumit 3 233247 SPECInti T A 5] PN 5% FH s
TR RSy, MEHMRERE
- B2 SEREFRYEFEFESPECMatrix3004 99% B Rl iZ 4T —{TiEH]

E,

B H SRR RS ZIER, FTEREEVAX11/780)

729.84%!
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Successful Benchmark: SPEC

° 19884E, 5% AF ( Sun, MIPS, HP, Apollo, DEC ) Et&32H T SPEC
(Systems Performance Evaluation Committee)
> SPECAH T —HinERIAER . ERARNNRREG. B —t
SRR, B35 OS calls. /0%,
° BxZ 89: 10 programs = 4 for integer + 6 for FP, & MERFKIPATHS
B3R — SR G PR RE TR AR
° BxZ92: SPECInt92 (6 integer programs) and SPECfp92 (14 floating
point programs)
o BYAE SHBMIR T E&TEr: SPECInt92HISPECfp92
- 470 SPECbase: 2114 HAET 5EFA R BENMITR
° BR4<95: 8 int+ 10fp
° BFhHA: include SPEC HPC96, SPEC JVM98, SPEC WEB99, SPEC
OMP2001. SPEC CPU2000, See http://www.spec.orqg
» “benchmarks useful for 3 years”

« Base machine is changed from VAX-11/780 to Sun SPARC 10/40
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W 45 H

S ETET S R

R R —HERERFFEA RYLES LW T B 1TR A,

FR 2 WAy &%

Program 1: 1 sec on machine A, 10 sec on machine B

VP HLES B PR REDE ?

Program 2: 1000 secon A, 100 secon B

What are your conclusions?

* B is 10 times faster than A for Program2.

XML W TIE
* A is 10 times faster than B for program1. — B ANBHI R
W —AERE
HIMERE !

Total exec. time2—RE&FEEIE, T LAERBHEL:
B is 1001/110=9.1 times faster than A

-

Chapter 1 .71

b, AIERE

r—

FMEFEMEL P REHBE, B

Z
¥
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s HEBE TR B

* AT AR PP 2B R PP -

- Arithmetic mean(ﬁ?k-“lzfj)
AR i—=ifL-i- +—j

G =

(JIR) == (H
°wﬁi*¥ﬁ%ﬁﬁmiﬁﬁé YT

KAERRN

1

n 1T h Tl Tz Tn
« Geometric mean()'Lﬁ-“Iz:l:'J) Q‘E%RFJHE%n

=)

T AR LRI BAT I T A RS IR B I SRAT I R]

T HATH AL (ARSI T2 R R RS -

G.X)

G.Y)

(X X

—G(Y

PR PAT I R A BE R BT R, M RLZ A LA

« program A going from 2s to 1s as important as

program B going from 2000s to 1000s.

(EARFIJEARRBRX— KR! )

G bR, BEARS

AL

FREA KA,

Chapter 1 .72

A R !

2026E3H17THEY =



LR G M AT S 2 B i R

* W REILE BRI RE

T
|= =

» MG X2 4 R T

 Amdah | FE£

1L

EFITE RS

™
HE
&
ﬁ?ﬁ
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SRR G RIS 2 B R

" MRRESHRE
« R tmERAEGHMEFHT I mEEHEEEHNUERRREERF
CPUZAZH ¥ W ik th RBMERME, Rtk aH RRER.
BHARBECKERRD & HEFZ M,
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SR GO BT 5 B I

" Amdahl® &

CCCCCCCCCCC

CHRA CEEEURBEEN BT R
o JH TR R G b R AR RO M

REERRIARAGERKIANEER, WRAMN

S,

* S, XN R A o oy I RE 5 R T B Y 1 e

WAL, BF SR A Gk ot B R AT

BTJ' r‘ﬂ Told"t? &:&Ei

.S, EHAEEA £

ikt

2 P AT B[] T BY PO
, B BB R B U, TR B A
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T EHRZRIERE

VRIS R i

BB ] R e R R ERE T E

it JE] By P B

00,y <1
B0

®QN?1

®rneW: rold/ Trnew

Chapter 1.76

i Ml R R N & i

g 2 R GUE RE VT TR

B & 4 & AT

Fe e
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LRGN AT S R R RS

AT RSO R AT AT S5 AT 1) o 247, K 0B, S, =1

S SR A S AT S 25 [T 1]
Lo _ Lo o8y #TLEEFAH,
L ew (l_fnew)*Told Hew S = 1
B TOZd (l_fnew)
=L e Totd * Lot Tnew o WA ERB RN RATF R
T FRmrEeRE, TRTZ
- _old Bk A R AT B A
(l_fnew) Told +Tola’ /, new ' Tnew Eb,
_ 1 o BE—NMER L
A=f Y+f Ir

new new new
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ARG BTN S R

RS RERFEIE—SMFRILIEERE N
RE1 065, (BiZEMM4 RIS IRA AR ST
BMS1TRIERI40%, NE:J%HEDI]'I%?E)}E

4
1 1 #

= = ~1.56
0.6+ 2% 0064

10

S_

n

IR r,.,=100, S =1.66, THEELRSRNEENI10%, FRLARIZFEERIRESE
abFERERIESERE, AREREEPRE—IGEEHFRIERESEHRR.
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RGN BTN S R B R

ORI R A
o B U] R M — AN B IR R AR DR BT 1
o 2 J] R M B BT IR, AR T AR AR R ATE 1]

Address linear sequence
- n loop iterations -
+*
- .-l"'"_._._._‘_l_l-"""\ u
Instruction * " " )

fetches

Stack
accessas

Data
accesseas

TiI'I‘IE . .. THE#HZ
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TOPERERIRE X — AR AIREFE RO R B] B R S L R BRI AR B R R AR RE

° CPUMREHINIE (AFERFKICPUBTEED

o —RRICFEFF HRE BB [E] R 43 B CPURY [R] RI&E 47 [R], CPURE] X 43 B 7 CPU
i ] A1 R S8 CPURY [H]
B NEE RGN B CRTE R I R T I &R, A1+ 2#EH, Fril, XCPUM
e BTN S — M B i 8B P CPURY TR SR AT .

T EPERRTES Z A HIR R

CPUBT Y THI=CP U #h & #AZ x B4 A B

B ] B AN s B AR BB 3

CPUR 8 FHiZL = BP0 x KIS HI-FIE 4 B B CPI

° MIPSEZER BN T AWM, ARG THHE!

° MRV R LR
o RA—HEHENRERFHTES (ER G0 FHUTFEE) 7.
B EHE RS TR RE R PR E R AERRA T IR R RS, FRNER
RIISIT R RNIEIR S .. B i 2 TR 5B B8 16 BF 19 2

° NTFEMIGFENESERREN, BRETENERERHEERRESR:

- REFHIE (FLE RKR)
Pk ab B 28 P B E B I S5 1 DAREAIRCP (LR /2 B BT K£R)
K HERMTEHRIB DS FZBEFKESERE (BLE B84RS)
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