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MoC: K R#L(Turing Machine,1936)
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EDVACTHENL, 1944~1952

« Electronic Discrete Variable Automatic Computer
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CPU (core)

* Generic Block Diagram of a Typical CPU
— ¥ 4B M datapath, #5588
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Intel 4004 circuit layout, 1971
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. HlEEK o
— CPU— VRS A B KR 1 o7 % I
CHAPE. ALU. B 1RAESS T
— PR 28 B A 27~ VS Bl AR (O O <

o Ah7. 8fi. 16{V. 32f7. 6447
s TR E .
— {71 28 AT A7 A B0 a3 s S B o001
o B ={Flif P I M XFHTK
« MAR=1617, NIHG64KN1F1ifH.J0;
« MDR=232f, M|ILA]{7fi%64K X 32=2Mb
o “@ﬁﬁﬁ» ? —
— MlesN s A, BE, =itHE '
- }EHF 9 i&i/‘l—%‘ 1110 s

1111




PERESS bR: TR, 7R

o~ — S y S N~— N ERE
o FERFPATINE] Com NI Ta], 58 B 1))
- . . o hAEE | ‘ ﬁﬁf%& | s
— TG 2] 56 AT 55 B B T
—————————————————————— D R
- & WHH, Vifs, 110, OS%
Not runnable Blocked
arrival (and start finishing (next) arrival . Executing Locking resource
release) time time time time ] Preempted

— BE = L/AAT I [A]
— T Hﬁ?F)L f 5/5@@%
o HIHEE (i)
— HATIN [R] N SE R 55 B B =
— Mg, W% -0+ 00 .. o
P AH HL 52 Customer | ~Queue
— “PATIFEIGE, HHES"

Queueing system



FEF AT H (1]

o LA BB Wice, I WAL
¢ HEABUBATI D 64 H=n ML A FE HI=m AN
— U Ml Ui R, B2 = e a1
— PAT KRR TR IR % (CPD
© TR TR 1. Instruction 2. Decode/ . 5. Reg.

—_ |PC Fetch Register 3. Execute 4. Memory Write
Read

— R PATIHEEMIPS | |
o FEFHICPUHATHESE] (s)
— FEF HRAIEAT S B 5 FH B CPURY [H]
« CPUR[A] = & S B CPURH b J& BA%K / W 4 %
o TR RICPUR & E BA%L = 27 iI$5 421 x CPI
o ¥ (“Iron Law” of Processor Performance)
CPURTE] = (FEFHITES % x CPD [/ FEMiZ = (IC X CPI) / f




Eil‘%qj /% /:\A ’ *[L%%/% /:\A j:El 7 /% /:\A

1

. —IALEREE . EATCN20MHz , 15 THE I IR B E H

T AL I 2AN A B A R, PB4 445 A T 3ANAL

TR EMIPS.,

[i#]

ST, B 454, WIS ES I T E
FEion 2 ocetel o Execute 4. Memory > [of
Read
I |
1 1
Ay g i HH = =
iz 20MHz
=0.05%x10°°S
— 1
SRS = e
= R AT TE(S)
1

= — —3.33MIPS
0.05%x107° x6



=N

e, feaeEens G

><1¢f

MIPS: 8 H %o —15%
FLOPS: #:fPVF sSis i ikEi——AF

Computer Performance Decimal Binary
term Abbreviation term Abbreviation % Largar

Name FLOPS kilobyte kibibyte KiB 21*J
byte 1IE}r‘3 mebibyte MiB
ottaFLOPS 102 meea
yotia gigabyte GB 10° gibibyte GiB 23‘J 7%
7ettaFLOPS 1021 terabyte B 102 tebibyte TiB 240 10%
petabyte PB 10 pebibyte PiB 250 13%

exaFLOPS 1018 exabyte EB 101 exbibyte EiB 260 15%

15 zettabyte ZB 10% zebibyte ZiB 27 18%
petaFLOPS 10 yottabyte YB 1024 yobibyte YiB 280 219%
teraFLOPS 1012 -
SELEES &1-1

gigaFLOPS 10°
megaFLOPS 106
kiloFLOPS 103




Moore's Law,
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transistor count doubling
every two years
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Microprocessor Performance

Performance (vs. VAX-11/780)

hlsCoveﬂlmslzmtz(mBoo&bISGHz)
Intel Core i7 4 cores 4.0 GHz (Boost 1o 4.2 GH2)

Intel Core i7 4 cores 4.0 GHz (Boost 1o 4.2 GHz)
Intel Xeon 4 cores 3.7 GHz (Boost 10 4.1 GH2)

100,000 Intel Xeon 4 cores 3.6 GHz (Boost 10 4.0 GHz)
mm4waecmmwmna%%;g)
Inted Core (7 4 cores 3.4 GHz (boost 10 3.
intel Xeon 6 cores, 3.3 GHz (boost 10 3.6 GHz)
Intel Xeon 4 cores, 3.3 GHz (boost 10 3.6 GHz)
Intel Core i7 Extrams 4 cores 3.2 GHz (boost 10 3.5 GHz)
Inted Core Duo Extreme 2 cores, 3.0 GHz 21871
Intel Core 2 Extreme 2 cores, 2.9 GHz -
000 == e AMD Athion 64, 2.8 GHz ~~ M= S seerzzse
10, AMD Athion, 2.6 GHz ‘,i:&u‘av 9.48:
Intal Xeon EE 32 T T
Intet DBSOEMVR motherboard (3.05 GHz. Pentium 4 processor with Hyper-Threading Technology) g 6,043
IBM Powerd, 1.3 GHz g7~ 4195
intel VCB20 motherboard 1,0 GHz Pentium Il processor 018
Protessionsl Workstation XP1000, 667 MHz 21264A e
000 s s s Digita) AlchaSeoer 400 6575575 MHR 21264 g
AlphaServer 4000 5600, 500 MHz 21164 g7~
Digital Alphastation 4/265, 266 MHz .‘{B
100 IBM POWERSstation 100, 150 MHz @577
Digital 3000 AXP/500, 150 MHz '.'-5'
HP 90007750, 66 MHz g7 "
/.51
1BM RSE000/540, 30 Mz, 74 52%l/year
MIPS M2000, 25 MHz_gr'ye
MIPS M/120, 16.7 MHZ gf
L S0 6T W e :
VAX 8700, 22 MHz o/t
AX-11/780, 5 MHz :
1 e

1978 1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 206Q_2002 2004 006 2008 2010 2012 2014 2016 2018

50% improvement every year!!

Source: COD5K|1-17 26

What contributes to this improvement?
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Clock Rate (MH

Power Wall: Power Consumption Trends<;

« dynamic power = o. activity X capacitance x voltage? x frequency

— Voltage and frequency are somewhat constant now, while
capacitance per transistor is decreasing and number of transistors
(activity) is increasing

« Leakage power is also rising (function of #trans and voltage)

10,000 o — 120
3300 3400
0 [] ] m -+ 100
1000 -+
Clock Rate 20 | 180 2
. | ©
! > i 7o 2
100 - : 60 =
| L
e
12.5 : +40 Q2
10 + 5
3.3 | 1%
1 ! ' , , % —t—rt % st 0
—_— —_ _ et < T D < o D - —
2Y 388 23 58 g5 TE-EEoc~sc2m5 @Ba
N@ mO) vO’) )] = 2o ) D Uv o % O Ve~ 'S v
Q0 — o0 — Q0 — Q v C~ = oo ‘Emo OEO OmN O>N
o~ ® o gEﬁm“QOmQ‘,O—VO>V

Source: COD5



SOC Era

_ASICEra__ . SoC Era .
1985 1995 MPSoC Era
é 12005

cemamsssssansserans

cnsssssese

ASIC Single-Processor Dual/tripple- Multiple-Processor
SoC Processor SoC SoC

HALIRNZAT M 2 RO 2 ks 2

2013, EPEIA “Ki2” topS00HE#Z 58—, 312 /iM% 1.6J3/N T8,
BN 19510 % (B9intel ivybridge, = ~intel phisb #1238 )
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HAT I3 . Amdahl's Law,

100, =]
1
Performance = ]
increase ratio w4 I;Ix i
cou ceu
x: Ratio of code that must be U llorulicrulicry = X=0%
executed sequentially core | |cora | |cora | | core 22nm B
g N: Number of CPU cores cpu| [cpul [cpul [cPu .
S Core | |Core | |Core | | Core = o
@ =
§ CPU | CPU 32nm %
E 10 Gene Amdahl
x x=10%
g — ~ — FEFFHUTIN ] 2 b
g I : ¥=20%__ | 1) N1, hn#tke
o
PU 2) xgZmaVERESE T !
X1, NI
core X=50%
x=100%7?
90nm —

No significant throughput improvement if ratio o .
of code that can be executed In parallel Is low || 3)5 KINE LY

d x=0%, Nk L=N
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 4) Z#JIH?
the same proportion as the increase in CPU cores. Performance gains are limited by the ratio /\-oo . sk H=1/x
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 5) bRk 35
processing. Years shown for design rules based on Intel planned and actual technology. Core
count assumed to double for each rule generation. 1.$1.10,%$6.2,$6.13
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B R AR e 1988

o M. IR S A 28 8 [F) bE g K
— IR = AHFER A 2% TR =Rz T =
= (s+p*N)/(s+p) =1 - F + F*N
NAZEL, s=eEATHIE], p=FFATH[A], F= p/(s+p)=JF4THS 7] St
— SpeedupfEE NI EIG; HAT R4 BE
120 John Gustafson
N=100, jniE tbREFrIAE4L 2012 AMD GPUH Jif 22 ¥4 Ifi

)

80
[ - g
5 / | :
g 60 : N
o |
@ / I : & e B 2 ;
i b~ ) ,’C -
% — — —_ Amdahi ! Y Parallel
! ‘ Computer
Gustafson / \ o npui
20 - 1, Organization
|

and Design

o A a0 9 D ab ko 9 b 0 A AL D >
Q&u&mﬁ’m&m@o@uﬁ"o&mﬁ"m.ﬁ"
F (0-1)



MemOry Wa”: 1995, Wulf@Univ of Virginia, $J

row-by-row operation

|
o FHE LK) (Computing e as s : e
. co. SRAMRR) | | MEGiREh ]
iIn Memory) . Emcpadtd |
g BB L b L \ S oo, 1 [
— EFES T IRATTERE T, BL e ———= LET EREREEmE
5 »y— Y M — 4 A —_— A
WS A AT T R = 4 B S S R S S SR
R O S T 2 Comcamy | !
|
Conventional all-digital : Proposed in-memory
implementation ! computing
S PO )
1005091 MW FLOPS: 90000x / 20 yrs (3.1x/2yrs) ”‘"'":" T
DRAM BW: 30x /20 yrs (L. 4/ 2yrs) ‘

Inteconnect BW: 30x /20 yrs (1.4 2yrs)
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-
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- Measuring performance (Sys vi

o PATHIE] (CPUKYE]. Elapsed Time)
« IE{H#F (Peak Performance)

» 1% (load)

« JF44 (Overhead)

 FIFI% (Utilization Ratio)

« MIFIERE (Saturate Performance)

« 7% (Bandwidth)

e JEIR (Latency) ’27/
o it (Throughput) Qg\\%‘l{

« ikl (Speedup) e
« ZE (Efficiency)

—
—
T —— —
—




pEEFE R (Benchmark) $1.

SPECcpu2017/(System Performance Evaluation Cooperative)
SPECpower: T Javatif:SPECjbb2005

Lmbench: #AERZgMHEE, SGIH K

— RGN, BT 6, pipe. UDP, TCP. RPCHJIEIR I
i, WAE. Cache. TLBRJEELEM:RE, 1Ffig o) Tt RE

Webstone: WebfiR%1ERE, SGIFE1995FE T K&

— FEILE (MBYS) o SR Com—ANTURTARIART D &4 e i
SUBHL T EEREAR . KK

Netperf: M54

— WA HEIENDLPI (Data Link Provider Interface) , Unix Domain
Socket ) 14 fE

— TCP. UDP)7 % MG 3K W2 4L

PECSTSO7: NFSICAH AR 2545 i 7 e 5 AR ) |2 s (1]
PECjvm98:  JAVARE LI PERE

PLASH: JL=17 4% R 51 Be

now




PCRYEEE) 5 AT

Window 4 5873 H %5
pcw2008 v186.exe: PC
CPU Z

Intel Battery Life Analyzer

— MECPUFIH %

— P E CPUR] I Z A B
— M ECPUIMCHAHY

— BLARIUSBZ#r#%
Sysinternals Process Monitor

— Filemon+Regmon
— 110 (HE#E. PZ%)

Intel VTune

Fraction of time

0.03 [ -
0.025
0.02 [
0.015 |||

0.01 |||

0.005 T

il

Op " 01 02 03

IIf IIf
0.4 05 0.6 0.7 0.8 09 1.0
GPU utilization

Barroso and Holzle,

“The case for energy-proportional

computing” . Computer, 2007




&R BT (convention)
e &it#E R~ (ABC) : iV, 1B X

—_ A: BIOCk dlag Fam Se(rsial;in_i_DS = D5 0 Y o Qo Serialout
B BTN, WRAEN [ [ [l [

¢ State MaChlne: FSM oo Flip-flop connections
» Timing Diagram AUAURUAWAY

—C: Timing DiagramZ% - —
 Clocking methordology SN EEE

— edge-triggered I

— level-triggered

— R = AN

Clock period Rising edge
N2,

o H 1B BT

COD5%4.2, A7, A8, A10, A1l
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» FAAEReg

» BAL7F 747 SR

* ZIIEFEAFMUX
« FEhakDecoder
» 1H##Counter

« RINEFACC

o hmkZsAdder | |
b gsComparator : HUE LA, FHZELLE
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o filik2sFF
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DFA (2B BRBE3IL) : State Machin

- mmif] “Sequential Machines”
— Zsteps (Z T8I

 FSM: 6Jcdl, whnt
— Mealy® (George Mealy, 1955)
*« <§, 1,0, SXI-S, h: S XI-0, g,>
— MooreZ! (Edward Moore, 1956)
e <S, I,0,f: S XI-S, h: S-0, Jo >
« TRKFHR: “one- -step delay”

sigG /

crossing

i tHER &
(RATEME )

RENE  RELK  BBHA

Mealy B4 IR7S
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Inputs

Clock

Inputs

Clock

o
Combinatorial Hqia_:te Combinatorial Outputs
: egister Logic
Moore Machine
Combinatoria State | Combinatoria Qutputs
. Regisisr Logic

Mealy Machine
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Layers and Views of a Computer Sy

UHELETS 2

Programmer

Application programs

Operating
system

Y ;

designer

Utilities

It RIRRHRENER

RiFE () RARF
i <

Operating system

Wi (1E5) — T R
BA 2RI !
HBASIKRER (1SA) .

Computer hardware
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~ RISC-V Privileged Software Stack

° Eip
° Eip

nlication execution environment (AEE)
plication binary interface (ABI)

* supervisor execution environment (SEE)
* supervisor binary interface (SBI)
* hypervisor execution environment (HEE)

* hypervisor binary interface (HBI)

Application Application| |Application
ABI ABI
AEE OS
SEE

Application| |[Application| [Application| [Application
ABI ABI ABI ABI
OS OS
SBI SBI
Hypervisor

HEE
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