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Computer Architecture Vs. Computer Organization

O 6pog Computer architecture (ApxITeKTOVIKA YTTOAOYIOTWY)
KaKw¢ TreplopileTal ouxvd oTo oxe0laopud Kal Thv uAomoinon Tou
Instruction set.

- AkpipéoTepol Opiapoi:
- Instruction set architecture: Efumnperei oav 6pio peralu
software kai hardware. Eivai opathi aTov mpoypappartioTh o€
yMuooa assembly i oTov kataokeuaoTh Tou compiler (registers,

data types, instruction set, instruction formats, addressing
modesg

- H uAomoinon evoc punxaviuartog £xel OUo oUVTEAEOTEG:

- Organization: oupmepiAauPpaver To uynAol emiITEdoU axedIAoOUO
TWV UTTOAOYIOTWY OTTWG: To oUaThUA HvhHWY, Th dopn Tou diadpopou,
To eowTepikd TG CPU 10 omoio oupmepiAapPpdavel uAotroinon Twy
ap1OuNTIKWYV, AoyIKWY evToAWY, evToAwyv 81akAAdwaong Kai HeTagpopdc
dedopévwy (datapath & control).

* Hardware: AvagépeTal ota €18ikd XapakTnPIoTIKA TOU HNXAVAHATOC
OTTWG AOYIKOG 0XEB1A0UOG, TeEXVOAoyia S1aoguvdeons , EWTEPIKES
ouvdéaeig Kar TexvoAoyia packaging.

+ Tevikd, n ApxiTekTovikh YmoAoyioTwy (Computer Architecture)
avagépeTal ota akoAouBa Tpia ouoTaTIKA:

1- Instruction set architecture 2- Organization. 3- Hardware. >
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ENIAC (1943-1946) by Mauchly and Eckert
Dimension: 3 f+ x 8 ft x 100 ft

15,000 vacuum tubes + lots of switches
Memory : Twenty 10-digit decimal numbers
Speed: 800 operations/sec

10 years of service - more calculations than done
by the entire human race up to 1946.
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"I think there is a world market for maybe

five computers.”
Thomas Watson, Chairman of IBM, 1943

cslab@ntua © 2004-05



"Earth Simulator” (2002) by NEC
Earth Simulator Center

5120 Processors (640 Gflops at peak)
Dimension: Two basketball courts
Memory: >20 TB (= 60 trillion bytes)
Speed: 40 trillion operations/sec
Cost: ??
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Oi lN'eviéc Tovu Hardware

YroAoyioTwy

TTpwTtn Mevid, 1946-59: Vacuum Tubes, Relays,
Mercury Delay Lines:

- ENIAC (Electronic Numerical Integrator and Computer):
TTpwTtog H/Y, 18000 vacuum tubes, 1500 relays, 5000
additions/sec.

- TTpwTo mpdypappa amoOnkeupévo oe uttoAoyioTh: EDSAC
(Electronic Delay Storage Automatic Calculator).
AcUtepn Tevid, 1959-64: Aiakpitd Transistors.

Tpitn MNevid, 1964-75: MikpoU kai Meoaiou peyéBoucg
OAokAnpwpéva KukAwpara.

« Tétaptn MNevia, 1975-Present: O MikpoUmoAoyIoTAC.
Mikpoemre€ epyaoTéc Paoiopévol oe TexvoAoyid.
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To YmwoAoyioTikd MovtéAo Von-Neumann

- Ailaxwpiopdc TG UTTOAOYIOTIKAC HNXAVAC OE OUVIOTWOEC:

- Kevrpikh Movdda Emefepyaciag (Central Processing Unit - CPU):
Control Unit (instruction decode, sequencing of operations),
Datapath (registers, arithmetic and logic unit, buses).

- MviAun (memory): AToBRAKeUON EVTOAWY Kdl TEAEOTWYV.
- Eioodog/EEodog (Input/Output - I/0).

- H évvoia Tou amoOnkeupévou TtpoypdppaTog: EvroAéc amd £va alvoAo
evToAWV e€dyovTal amod Th HVAHN Kal eKTeAoUVTAl Hid-pia.

Control Input

Memory

- < E— —
(instructions,
data) Datapath
registers Olltpllt
ALU, buses
Computer System CPU 1/0 Devices 3
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Background

Moore’s Law and More

Computing Power (tflops)
1,000

MICROPROCESSORS

2X increase in
100 f=----------mmm e performance every 18-24

months
ASCI Curve <> ("Moore's Law")

] e T
INNOVATIVE DESIGNS

1 -] Specialized Computers
Cellular Architectures
Processors-in-Memory

1996 1998 2000 2002 2004

Moore’s Law
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AuEnon Tnc xwpnrikoTntac Twyv VLSI
Dynamic RAM Chips

size £Tog péyeBog(Mbit)

000000000 1980 0.0625
= 1083 0.25

100000000 1986 1
10000000 1989 4
1992 16

1000000

1996 64

100000 1999 256
2000 1024

10000
1000 : : ! l ’ 't 1.55X/€T0G,
1970 1975 1980 1985 1990 1995 2000 FnAadA SITTAACIGleTal
Year KAa0g 1.6 xpovia
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cslab@ntua © 2004-05



Trends in Microprocessor

Transistors
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Clock Speeds
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AuEnon tnhc Ewidoonc Tou Workstation-
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Class Microprocessors 1987-1997

DEC Alpha 4/266
ISUN-4/ MIPS MIPS  IBM IBM POWER_100

260 M/120 M2000 RS6000 DEC AXP/500

| ; |  HP QOOQ/750 | | | |

1987 1988 1989 1990 1991 1992 1993 1994 1995 1996 1997 14
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Microprocessor Clock Rate
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Processor-Memory Gap

processor

1000 « oo g‘ 60%/yr

“Moore’s Law”

100 ' processor-memory
Speed performance gap.
(MHz) (grows 50% / yr)
10 |
| . memory
V)
DRAM 7%/yr
1 T T T T T T T T T T T T T T : : :
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Ouoiwcg Kkai yia 1o Xwpo aroOnkevonc

ATIOKAION HETAEL XWPNTIKOTNTAC HVAUNG Kal TaxUTnTac

> H xwpnmikoTnTa auénnke 1000 popéc amo 1980 éwg 1995,
N TaxuTnTa pHovo 2 popEC

O1 peyaAUTEPEC UVALEC €ival TTI0 AdPYEC, EVW Ol

eTTel epyaoTEC YivovTadl TTIO YPHRYOPO!

> AvAyKn HETAWopdC TTeploaoTepwyY 0edopEVWY TTapdAAnAa
> AvayKkn yia paBuTtepec 1epapxiec HVALNG

H mapaAAnAia au€dvel 1o evepyod péyeBoc kdBe emimédou

IEpAPXiAg TNG HVAUNG, Xwpi¢ va au¢nBei o xpdvog
Tpoopaoncg

17
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Taoeic Tnc TexvoAoyiac
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Taoeic oThv ApXITEKTOVIKR YmoAoyioTwy

» Ewg 710 1985: TlapaAAnAia oe emtiedo bit: 4-bit -> 8 bit ->
16-bit

» Méaa dekaeTtiac 1980s ¢wce péoa dekaetiac 1990:
TTapaAAnAia oe emimmedo evroAng (instruction level
parallelism)

~ Emoépevo phua: TTapaAAnAia os emimedo thread

19
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EEEMENn TTapaAAnAiac oTtougc emefepyaoTéc

Bit-level parallelism Instruction-level Thread-level (?)
100,000,000 £
10,000,000 £
1,000,000 FE
@ E %e{tium
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1970 1975 1980 1985 1990 1995 2000 2005
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Branch
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Bus |Integer
Instructi data-
nstruction path
cache

Floating-
point
datapath
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Aiata€n evoc
TumikoU
Mikpoere€ epyaoTn

The Intel
Pentium Classic

21



CLOCK DRIVER e
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To ox£0l0 TOU oUOTAHATOC
wAakeTWv evoc TTpoowmikou
YnoAoyioth (System Board
Layout of a PC) (90% oAwv Twv
UTOAOYIOTIKWY OoUCTNRHATWY
d1e0vwe).

. I/0
Audio/ Parallel/
MIDI serial
I/0: Misc
Four Memory
Four Pl Processor
ISA card
card slots Four
slots SIMM
slots CPU

I/0: Mass Storage

Two IDE
connectors
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Computer System

Proc

Caches

S —

Components

System Bus

Memory
Controllers‘
. Disks
I/0 Devices: Displays
Keyboards
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adapters

/O Buses

T T

NICs

[ Networks ]
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Intel® 875P Chipset

Intel” Pentium™ 4

Processor

6.4,4.20r 3.2 GB/s

Intel Hub | Architecture

Dual Independent®
i e 6 Channel
Serial ATA Ports e

10/100 LAN - . 133
Connect Interface MB/s

Hi-Speed USB 2.0
Legacy 1
ATA 100 8 Ports

intel® RAID Technology
BIOS Supports (ICHS5R only)
HT Technology
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How Fast Can You

Intel Pentium 4

Max Speed: >3 GHz
System Bus: >800 MHz
>100 M tfransistors

Power dissipation???

Go

26



rsnm Low Power Cluster Architectures 8

; Ul T, ey
e sensitivity to power consumphog, o
1000 1 T
Chip Maximum
Power in watts/cm? Not too long to reach

Nuclear Reactor

tanium — 130 watts

100
entium 4 — 75 watts
Surpassed rF‘entlum Il — 35 watts
Heating Plate Pentium Il — 35 watts
J Pentium Pro — 30 watts
10

Pentium — 14 watts

1486 — 2 waltts

I?}gﬁ -1 "I'“'E'“ 1 1 1 1 1 1 1
1.5u 1u 0.7u 0.5u 0.35p  0.25p 018u 013u 01p 007 27
1985 1995 2001 Year




O poAoc Tou 2 xediaoTn
YroAoyioTwy

+ KaBopilel Tola xapakThpIoTIKA €ivadl onpavTikd
via €éva véo pnxdvnud. 2Tn ouvéxela oxedladlel
£vad gnxdavnua Tou va peyioToTolel Thv emidoon
Kadl TTapdAAnAn va pnv uttepPpaivel Toug
TTEPIOPIOUOUC KOOTOUC

- Emipépouc xapakTnpioTikd

- 2.X€01dopoC¢ Tov instruction set
- Opydavwon Twv AgiToupyiwy

- Noyikog oxediaopog kai uhotroinon (IC design,
packaging, power, cooling ... )

cslab@ntua © 2004-05

28



TTepiopiopoi awd Tnv TexvoAoyia

- ETAo1a Tpdodoc .
- TexvoAovia npiaywywyv
+ 60% mepioooTepa atoixeia/chip | 1992
- 15% TaxUTepa oToixeia
* BpadUtepa kaAwdia
- MvAun
« 60% aunon xwpnTiIKOTNTAC 1995
- 3,3% peiwaon Tou Xpbévou
mpoopaong
- MayvnTikoi diokoi
- 60% avfnon xwpnTIKOTNTAC
- 3,3% peiwaon Tou Xpbévou
mpoopaong
- TTAAKETEC KUKAWPATWY

o ’ ’ 1998
» 5% av&non oTnv TUKVOTNTA
KaAwdiwv 64x mepiocoTEPA OTOIXEIA A6 TO 1989
- KaAwdia 4x ypnyopOTEPA OTOIXEid
* Kapia aAAayn 29
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XwpnTikoTnTa HIKpoETEE EPYAOTWY KAl PHVRHWY

100000000

10000000

B P et
L]

| ]
1000000 = 80486

100000

10000

1000
1970 1975 1980 1985 1990 1995 2000

Year

Moore's Law -> 2x transistors/chip kdBe 1,5 xpovo
Reuters, Acsutépa 11/6/2001 :

O1 ynxavikoi Th¢ Intel oxediaoav kar kataokevaoav
TO HIKPOTEPO Kal TaxUTepo transistor oTov KOGUO HE
péyeOog 0,02 microns. Auto avoiyel To 0popo yid
Hikpoeme epyaotéc 1 dioekaToppupiou transistors,

Lcjsﬁag&%éég&ﬂ_%m 20GHz 10 2007.

Alpha 21264 15ekatoppupia
Pentium Pro 5 ,bekatoppipia
PowerPC 620 6,9ekartopupipia
Alpha 21164 9,3ekaTopplpia
Sparc Ultra 5,2ekatoppipia

DRAM  Chip Cycle
Capacity time
Eroc MéyeBoc  Taxurtnta
1980 64Kb 250ns
1983 256Kb 220ns
1986 IMb 190ns
1989 4Mb 165ns
1992 16Mb 145ns
1996 64Mb 120ns
2000 256Mb 10%hs
2002 1G6b ?2?ns




Taoeic Tnc texvoAoyiac YmoAoyloTwv:
Payoaic¢c AAAayéc

Processor:
- 2X in speed every 1.5 years; 1000X performance in last decade.

Memory:
- DRAM capacity: > 2x every 1.5 years; 1000X size in last decade.
- Cost per bit: Improves about 25% per year.

Disk:
- Capacity: >2X in size every 1.5 years.

- Cost per bit: Improves about 60% per year.
- 200X size in last decade.

Expected State-of-the-art PC by end of year 2000 :

- Processor clock speed: 1500 MegaHertz (1.5 GigaHertz)
- Memory capacity: 500 MegaByte (0.5 GigaBytes)
- Disk capacity: 100 GigaBytes (0.1 TeraBytes)

31
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TTeplopiopoi and Tic EpappoyEc

« Q1 epappoy£EC 00nyoUV ThY «ICOPPOTTIA» TWV
UNXavnuaTwy
- ApIOuNTIKOi TPOCOHOIWTEC
- Emidoon apiBuwyv KIvATAC UTtod1d0TOARC
+ Bandwidth kupia¢ pvhung
- AigkTrepaiwon AsiToupyiwyv
- I/0 ava deutepOAeTTO
- Emidoon tnc CPU pe akepaiouc
- 'EAeyxoc oAokAnpwpéVwY
« I/0 xpoviouog
- Emelepyaoia péowv
- XaunAn akpipeia atnv apiBunTikA Twy pixel

32
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2 uoTtartika Tov Hardware

TTévTe eival Ta KAAOOIKA OUOTATIKA OTOIXEIA OAWV TWV UTOAOYIOTWV:
1. Control Unit; 2. Datapath: 3. Memory. 4. Input; 5. Output

—

Processor

cslab@ntua © 2004-05

Computer

Keyboard,

Processor
(active)

Datapath

( Control
Unit

Memory
(passive)

(mpoypdupara
kai 0cdopéva
gival evepyd
KATd Tnhv
eKTEAEDN)

Devices

Mouse, etc.

Input

Disk

Display,
Printer, etc33



Opyavwon tnc CPU

+ 2xed1aopog Tou Datapath:

- Auvatotnreg & Emidoon Twv XapakThpIOTIKWY TWV AEITOUPYIKWY
povadwv (FUs):

- (e.g., Registers, ALU, Shifters, Logic Units, ...)

- Tpoémoi diacUvdeang Twv aToixeiwv (aUvdeon d1adpopwy,
multiplexors, etfc.).

- TTwc péel n TAnpoygopia peTall Twv atoixeiwv Tou H/Y.

+ 2xediaopoc Tne Movadac EAEyxou (Control Unit):

- AovYIKA Kal péoa eAéyxou ThC ponc TAnpoyopiac.

- 'EAeyxo¢ Kai guvToVIOHOC ThC AEIToupyidg TWV AEITOUPYIKWY
povadwyv (FUs) yia Tnv karavonon tng ApXITEKTOVIKAG
TouInstruction Set Architecture mou okomeUoupe va
vAotroinooupe (VAoTtolgiTal €iTe Pe €va NXAvhHA TTETTEPACHEVWY
kataotdoswv (finite state) R pe pikpoTpoOypappa).

- TTepiypaph Tou Hardware description pe pia katdAAnAn
vyAwaooa, mlavwe xphoipomoiwvrac (RTN).

34
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Iepapxia TnC ApXITEKTOVIKAG
YroAoyloTwy

High-Level Language Programs

\ Assembly Language

Software 4

Application Programs
: Operating
Machine Language Svstem
Program y
Compiler| | Firmware ]
Software/Hardware [ | IRStrI:J'?tlotn Set
Boundary Instr. Set Proc. | I/O system rehitecture
Datapath & Control
Hardware — : = \
Digital Design Microprogram
v , C- -I D ] n
Layout

Register Transfer
Notation (RTN)

35

Logic Diagrams
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Mopypn mpoypdpparToc o€ Kade emiwedo

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

High Level Language

Program
v[k+1] = temp;
Compiler
lw $15, 0($2)
Ass;mbly Language lw $16, 4($2)
rogram
? sw $16, 0($2)
Assembler SWwW $15, 4($ 2)
- 0000 1001 1100 0110 1010 1111 0101 1000
Machine Language 1010 1111 0101 1000 0000 1001 1100 0110
Pr'ogr‘am 1100 0110 1010 1111 0101 1000 0000 1001

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

Machine Interpretation

Control Signal ALUOP[0:3] <= InstReg[9:11] & MASK

Specification Register Transfer Notation (RTN)
36
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Iepapxia Tovu Zxediaopol YmoAoyioTwy

Level Name Modules Primitives Descriptive Media
1 Electronics Gates, FF's  Transistors, Resistors, etc. Circuit Diagrams
2 Logic Registers, ALU's ... Gates, FF's ... Logic Diagrams

Registers, ALU's ... Register Transfer

Notation (RTN)

3 Organization Processors, Memories

=1 Low Level - Hardware

4 Microprogramming Assembly Language  Microinstructions Microprogram

Firmware

5 Assembly language OS Routines Assembly language Assembly Language
programming Instructions Programs

6 Procedural Applications OS Routines High-level Language
Programming Drivers .. High-level Languages Programs

7 Application Systems Procedural Construct Problem-Oriented

High Level - Software

Programs

cslab@ntua © 2004-05
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Enc€epyaoia Tou Instruction Set

* AleTSKTOV' Kﬂ (ISA) = amé Tnv TAEUpd TOU TTPOYpdUHATIOTA/UETAYAWTIOTA
- AEITOUPYIKA EPPAvIon TTpoC HETo XPAOTh / TIpoypdpUdTIOTH
OUOTAUATOC

- Opcodes, addressing modes, architected registers, IEEE floating
point

¢ YAO‘I'I’OinO'ﬂ (“Gf'Chi"'eCfo‘e) = amé Tnv mAcupd Tou oxedidoTh e epydaTWV
- Aoyikn dopn KAl opydvwaon ThG dpXITEKTOVIKAC
- Pipelining, functional units, caches, physical registers

* anYHGTOﬂOiﬂO’n (Chip) ~ amé Tnv mAeupd Tou oxediaoth chip / guoTnudTwy
- ®uoikh dopnR TNG UAoTToinong
- Gates, cells, transistors, wires

38
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cslab@nt

CPU Machine Instruction
Execution Steps

}

Instruction , . , , .
TTape Tnv evroAn and Tn Oéon anoOnkeuong Tou
Fetch TPOYPAWMATOC
}
Instruction . . ,
KaBopioe TiIC anaiToUHEVEG EVEPYEIEC Kal TO
Decl:ode HéyeOoC TNC EVTOARC
Operand , . , ,
P Evromioe kai wape Ta dcdopéva-TEAEOTEC
Fetch
}
Execute Y7moAOyIoE TNV TIHN TOU amOTEAEOHATOC N TNG
1 KaTtaotaonc
Result . , ,
AToONKeEVOE Ta amwoTEAEOHATA YId HETAYEVEOTEPN
Store xphon
}
Next KaBopioe Tnv emdpevn evroAn
Instruction 39
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Instruction Set Architecture
(ISA)

.. Td XdPAKTNPIOTIKA €vO¢ [uTToAoyioTikoU] oUGTANATOC OTIWG @aiveTdl ATTO ThV
TTAEUPA TOU TIPOYPAUUATIOTA, 77.X. h 10eaTh QoA KAl N ASITOUPYIKA CUUTTEPIPOP,
dlaxwpliopéva amo Thv opydvwon ThG poh¢ 0edoHEVWY Kal ToUG EAEYXOUC TOU
AoyikoU oxediagpoU Kai ThG Yuoikng VAomoinong (as distinct from the
organization of the data flows and controls the logic design, and the physical
implementation).” - Amdahl,
Blaaw, and Brooks, 1964.

1))

* H apxiTekTovikn Tou ouvéAou Twv evroAwv (instruction set architecture)
acxoAcitTal He:

- Opydavwon Tng mpoypappati{opevng aroOnkeuong (memory & registers):
+ ZupneptAapgpavel To modgd Tng dicuBuvaiodornuévng pviaung (addressable memory) kai Tov

apiBuo Twv diabéoipwv karaxwpntwv (registers).
- TUmor & Aopéc Aedopévwv: Kwdikonoinoeig & mapousiaon (representations).
- ZUvoAo EvroAwv (Instruction Set): Tloiec AsiToupyicc mpoodiopilovrail.

- Mopyomoinon kai Kwdikorwoinon EvroAwv.

-  Tpomoi 31euBuvoi0doTNONG Kal TPooTEAAONC OEDOHEVWY KAl EVTOAWV

40
- Xeipioyoc E€aipéocswy.
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Computer Instruction Sets

«  AveldpTnTa amo Tov TUTIO TOU UTTOAOYIOTR, Th OOHA TG
CPU, n Tnv opydvwon Tou hardware, kaBe svtoAn
Hnxaving mpétel va mpoadiopilel Ta akdAouOa:

- Opcode: TToia evroAn ekTeAciTal. TTapddeiypa: add, load kai
branch.

- TTou ppiokovTal ol TeAeaTég, av umtdpxouv: Oi TeAeaTéC pmropei
va eival amoOnkevpévol oe kartaxwpntéc Tng CPU, otnv Kupia
UVAUN, A og BUpec c106dou/e€Hdov.

- TTouU TomoBeTeiTal To amoTéAeaua, av uttdpxel: Mmopei va
avagépeTdl pnTA R vad UTTOVoEiTdl aTto ToV KWOIKO TG EVTOARC
(opcode).

- TToU ppiokeTal n emépevn evroAn: Av 0ev UTTAPXOUV PNTEC
diakAadwoei¢ (branches), n mpoc ekTéAeon evToAn civai n
ETOHEVN OTNV dKkoAouBia evToAWY Tou TTpoypdUHATOC. 2. €
TePIMTWON evToAWY jump A\ branch n 31eUBuvon mpoadiopiCeTal
amo auTEg. 41
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Instruction Set
Architecture (ISA)

TTpodiaypapn AraiTnoswyv
(Specification Requirements)

Mopyomoinon i Kwdikotmoinon EvroAwv:

- TTw¢ kwdikomoleiTal;

©éon TeAeaTWY Kal aTToTEAEOHATOC
(addressing modes):

- TToU aAAoU eKTOC PVAUNG;

- TToooI pnToi TeEAEaTEC,

- TTwc avrioToixiCovrail (located) o1 TeAeoTéC
HVAUNG:

- TTolo1 pmopoUv va Ppiokovrtal oTn UVAUN Kai
0101 OXI;

TUToI Kal HEyeOoC dedOHEVWVY.

TTpd€eic

- TToie¢ ummooTnpilovrai

Aiadoxh evToAwv:

- Jumps, conditions, branches. 42
Fetch-decode-execute umovoouvrai.



TUmoi EvroAwv oto Instruction Set

Operator Type TTapadeiypara
Arithmetic and logical | Integer arithmetic & logical operations: add, or
Data transfer Loads-stores (move on machines with memory
addressing)
Control Branch, jump, procedure call, & return, traps.
System Operating system call, virtual memory
management instructions
Floating point Floating point operations: add, multiply.
Decimal Decimal add, decimal multiply, decimal to
character conversion
String String move, string compare, string search
Graphics Pixel operations, compression/ decompression
operations

43
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TTapadeiypara EvroAwv
puerakivhonc dcdopEvwy

Instruction Meaning Machine

MOV A,B Move 16-bit data from memory loc. A to loc. B VAX11

lwz R3,A Move 32-bit data from memory loc. A to register R3 PPC601

li $3,455 Load the 32-bit integer 455 into register $3 MIPS R3000

MOV AX,BX Move 16-bit data from register BX into register AX Intel X86

LEA.L (AO),A2 Load the address pointed to by AO into A2 MC68000
44
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TMapadeiypyara EvroAwv tnc ALU

cslab@ntua © 2004-05

Instruction Meaning Machine
MULF A,B,C Multiply the 32-bit floating point values at mem. VAX11
locations A and B, and store result in loc. C
nabs r3,rl Store the negative absolute value of register r1 in r2 PPC601
ori $2,$1,255| Store the logical OR of register $1 with 255 into $2 MIPS R3000
SHL AX,4 Shift the 16-bit value in register AX left by 4 bits Intel X86
ADD.L DO,D1 Add the 32-bit values in registers DO, D1 and store MC68000
the result in register DO
45




TTapadeiypara EvroAwv
AiakAadwaonc

Instruction Meaning Machine

BLBS A, Tgt | Branch to address Tgt if the least significant bit VAX11
at location A is set.

bun r2 Branch to location in r2 if the previous comparison PPC601
signaled that one or more values was not a number.

Beq $2,$1,32 | Branch to location PC+4+32 if contents of $1 and $2 | MIPS R3000

are equal.
JCXZ Addr Jump to Addr if contents of register CX = O. Intel X86
BVS next Branch to next if overflow flag in CC is set. MC68000

46
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TMapadeiypa Xpnonc EvroAwv:
Top 10 Intel X86 Instructions

KaTtnyopia EvToAn Mégo T0000TO OUVOAIKAC eKTEAEDNC
1 load 22 %
2 conditional branch 20%
3 compare 16%
4 store 12%
5 add 8%
6 and 6%
7 sub 5%
8 move register-register 4%
9 call 1%
10 return 1%

Total 96%

Tlapatnpnon: O1 awAéc eVTOAEC €XOUV TIC HEYAAUTEPEC OUXVOTNTEC XpnoiHoToinong.
47
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MeTpIKEC TNC emidoonC
YroAoyioTwy

Epappoyéc —— Execution time: Target workload,
SPEC95, etc.
Mwooa
TTpoypappariopotl

Compiler
(millions) of Instructions/second - MIPS
[TSA ] (millions) of (F.P.) operations/second - MFLOP/s

Datapath

Eheyxoc \—— Megabytes/second.

AciToupyikéc Movadeg

— Cycles/second (ouxvoTnra poAoyioU).

Transistors KaAwdia Pins

KaBe pétpo £xel Eévav okotd Kal kaBéva pmopei va xpnoipotmoinBei AavBaopéva

Each metric has a purpose, and each can be misused. 18
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AfiloAoynon tnc Ewidoonc Twv
YroAoyioTwv:
Cycles Per Instruction (CPI)

O1 Tep10o6TEPOI UTTIOAOYIOTEG «TPEXOUV» KATA TPOTIO GUYXPOVO,
dnAadh £vag KUKAo Tng pHovddag emeepyaaiag (CPU clock)
EKT&?SITGI oc ouyKkekpipévn (oTaBepn) ouxvoTnta pohoyiou (clock
rate

omou:  Clock rate = 1/ clock cycle

Mia evroAn unxavig amoTeAcital amoé Evav apiBud LIKPOAEITOUPYIWY Ol

oTroieC ToIKiAouv og dpiOuod kai ToOAUTAOKOTNTA avdAoyd e ThV eVTOAR

l(&éIIID Tr)lv akpIPpn opydvwaon Kai vAotroinon Tn¢ povddac emeepyaaiac
Mia pikpoAeiToupyia givar pia oToixeidng Aeitoupyia Tou hardware n
oTroid UTTopEi va eKTeAEDTEI ag £vav KUKAo poAoyiov.

- égc')o avTITIPOOWTEVE! [id HIKPO-EVTOAR O€ HIKPOTIPOYPAHHATI{OUEVEG
S.

- Tlapadeiypara: register operations: shift, load, clear, increment, ALU
operations: add , subtract, etc.

Emopévwe pia amAi evroAl unxavig umopei va mdper évav i
TEPIOOOTEPOUG KUKAOUG Yia va oAokAnpwBei. O apiBuédg Twy

anaiToudevwy KUKAwv ovopdletar Cycles Per Instruction (CPI). ¥
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MeTpnoeic Tnec Ewidoonc YroAoyloTwy:
XpovoC EKTEAEONC MPOYPAHHATOC

-+ Tia &va ouykekpiuévo TTpdypappa TToU EXEL ue“TayAungoTsi vid
va eKTEAEITAI OE £VA OUYKEKPILEVO UNXAvnuda A" divovTai ol
akoAouBe¢ TtapdapeTpol:

- O ouvoAIkoc apiBuoc evToAwy Tou TTpoypdpHaToc.

- O péoog ap1Budg Twv KUKAwv avd evtoAn (average CPI).

- O KUKAOC poAoyioU Tou pnxaviparog A"
TTwc pmopei kaveic va geTpRoel Thv emidoon Tou NXAVALATOC KATA Thv
EKTEAEON OU TTpOYPANHATOC auToU;

- AiaioBnTIkd TO pHnxdvnpa gaivetar va éxel kaAuTtepn emidoon 600
HIKPOTEPOC €ivdl 0 OUVOAIKOC XpOVoC eKTEAEDONC.

- Emopévwg To avTioTpowo Tou SUVOAIKOU HETPOUHEVOU XpOVOU EKTEAEONG
(execution time) eival éva mBavé pétpo Tng emidoong (performance):

Performance, = 1 / Execution Time,

TTwce ouykpivovTal d1a@opeTIKA UNXAVALATA;
TToio1 gapc’xvovng emtnpedalouv Tnv emidoon; TTw¢ pmopei va PeATiwOei n
gmidoon;

50
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Comparing Computer Performance Using
Execution Time

Ma va ouykpivoupe Thv emtidoon 2 pnxavnudtTwy "A" "B" Ta omoia
eEKTEAOUV éva Oedopévo TTpoypappa:
Performance, = 1 / Execution Time,
Pem‘ormanceB 1 / Execution Timeg

AV To gnxdvnua A eivail h gopéc¢ ypnyopoTEPO Ao To Hnxdvhua B
onuaivsu oTI:

_‘_ = Performance, / Performancep, = Execution Time; / Execution
ime,

TTapddeiypa:
MNa éva dedopévo poypappa :
Execution time oto A:  Execution, = 1 second
Execution time oto B: Execution; = 10 seconds
Performance, / Performance; = Execution Timey / Execution

Time,
=10/1=10

H emidoon Tou A civai 10 popéc kaAUTepn améd Thv emidoon Tou B dTav
TPEXEI TO OUYKEKPIUEVO TTPOYpaAUUd
51
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CPU Execution Time

‘Eva tpoypappa amoteAcitTal amod £vav dplOpo evroAwv
- MeTpoupeveg ae:  instructions/program

Na tnv oAOKAnpwon Hiag péong ev*ro)\nc_; amaiteital évac apiOpoc
KUKAwv avd evToAn (cycles per instruction - CPT).

- MeTpoUuevog oe:  cycles/instruction

H CPU éxe1 otaBepd xpdvo KUKAou poAoyioU = 1/clock rate
- MeTpoupevo oe: seconds/cycle

« O xpovo¢ ekTéAeong amdé T CPU (CPU execution time)
gival To yIvOHeEVO TwV 3 TTApdTTavw TTApapETPWV:

CPU time _ Seconds Instructions o Cycles ~ Seconds
~ Program  Program Instruction Cycle

52
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CPU Execution Time:
TTapadeiyua

‘Eva mmpoypappa eKTeAEiTal 0€ £va OUYKEKPIHEVO HNXAVNHA TTOU €XEI TIC
akoAouBe¢ TapapéTpoug:

- 2 UVOAIKOG apiBuoc evtoAwv(instruction count): 10,000,000 instructions

- Méoo CPI Tou mpoypdupatog: 2.5 cycles/instruction.
- 2ZuxvoTnta poAoyioU The CPU: 200 MHz.

TTolog civai o xpovog ekTéAeang (execution time) Tou Tpoypduparog:

CPU time  Seconds Instructions o Cycles « Seconds
~ Program ~ Program Instruction Cycle

CPU time = Instruction count x CPI x Clock cycle
10000000 x 25 x 1/ clockrate
10,000,000 x 25 x b5x10°
0.125 seconds

53
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TTapayovrec wou emnpealouv Tnv
ewidoon the CPU

CPU time  Seconds  Instructions « Cycles ~ Seconds
~ Program ~ Program Instruction Cycle
IHS?UCt'on CPI Clock Rate
ount
Program X
Compiler X X
Instruction Set x x x
Architecture (ISA)
Opyavwon X X
Texvoloyia X

cslab@ntua © 2004-05



Xpovoc eKTEAEONC

XPOVOC apleuog KUKAOI xpovog
eEKTEAEONC ~ EVTOAWV EVTOAN 1 KUKAOU

_ apiBuég , [KUKAoI CPU | KUKAoI pvAung | Xpovog
- EVTOAWYV EVTOAN EVTOAN 1 KUKAOU

apleuog KUKAol CPU {avacpopeg KUKAOI uvnung} Xpovocg

* EVTOAUV | EVTOAR EVTOAN avagpopd *1 KUKAOU

Tepapxia
MvApung kai
Cache

APXITEKTOVIKA
TOU
Instruction

Set
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YAoToinon
Tnhe CPU

TexvoAoyia To
Compiler
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MéTpa Tnc Ewidoonc YmoAoyioTwy :
MIPS (Million Instructions Per Second)

lMa éva ouvxsxplusvo TIPOYPAHHA TIOU EKTEAEITAI OE €va ouerKplusvo
uttoAoyioTh, MIPS (millions of instructions per second) eivar éva pétpo
TOU TTO0Ad €EKATOHHUPIA eVTOAEC eKTEAOUVTAI TO OEUTEPOAETITO!

MIPS = Instruction count / (Execution Time x 10°)

Instruction count / (CPU clocks x Cycle time x 10°)

(Instruction count x Clock rate) / (Instruction count x CPI x 109)
= Clock rate / (CPI x 10°)

Fpnvoponpog XPOvoC ekTEAEONC ouvRBwC onpaivel ypnyopotepo MIPS:
Ae xpnopomoicitar o apiBuéc Twy evroAwv (No account for the instruction
set used).

- EZdpTnon amé 1o mpbypappa: KdOe pnxdvnua dev £xer povo éva MIPS yiatin
eKTignon Tou MIPS e€aptdral améd 1o XpNoIHOTTOIOUHEVO TIPOYPAHHA.

- Easy to abuse: Program used to get the MIPS rating is of ten omitted.

- Ccmno‘r be used to compare computers with different instruction sets.

- A higher MIPS rating in some cases may not mean higher performance or
be‘r’rer' execution time. i.e. due to compiler design variations.

56
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MéTpa Tne Ewidoonc YmoAoyioTwy :
MFOLPS (Million FLOating-Point Operations Per Second)

Mia mtpdén floa’rmggpom’r eival TpéoOeon, apaipeon, ToA/oudg A
diaipeon peTagL apiBuuy pe TapdoTtacn amAng A JITAAG akpipeiag
floating-point.

MFLOPS, yia dedopévo mpoypappa mou ekTeAciTal oe dedopévo
UTIOAOYIOTR, £ival £va PETPO TWY EKATOUHUPIWY TWYV TIPAE sWV We
floating point (megaflops) avd deutepdAemTo:

MFLOPS = ap1Bué¢ Twy mpagewv floating-point / (Execution time x 109)

MFLOPS civar éva kahuTepo HETPO oUYKpIONG HETALU BIAPOPETIKWY
pnxavnudatwy amoé ot to MIPS.

E€dptnon amé To mpoypapua: AiagopeTikd TpoypdupdaTa £xouv
01apopeTIKd TT0000Td evToAwy pe floating-point mpageig. .x. O

compilers dev mepiéxouv mpdgei¢ pe floating- point kar divouv
pundevikd MFLOPS.

E€apTdrar amé o €idog Tng mpdEng pe floating-point mou
TPAYHUATOTIOIEITAI OTO TIPOYPApHA.

Y
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Choosing Programs To Evaluate
Performance

Levels of programs or benchmarks that could be used to evaluate
performance:

- Actual Target Workload: Full applications that run on the target
machine.

- Real Full Program-based Benchmarks:

- Select a specific mix or suite of programs that are typical of targeted
applications or workload (e.g SPEC9%.

- Small "Kernel" Benchmarks:
- Key computationally-intensive pieces extracted from real programs.
- Examples: Matrix factorization, FFT, tree search, etc.
- Best used to test specific aspects of the machine.

- Microbenchmarks:

- Small, specially written programs to isolate a specific aspect of
performance characteristics: Processing: integer, floating point, local
memory, input/output, etc.

58
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Types of Benchmarks

Pros

Cons

* Representative

Actual Target Workload

* Very specific.

* Non-portable.

- Complex: Difficult
to run, or measure.

* Portable.

- Widely used.

* Measurements
useful in

Full Application Benchmarks

reality.

- Easy to run, early
in the design cycle.

- Identify peak
performance and
potential
bottlenecks.
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Small “"Kernel”
Benchmarks

Microbenchmarks

* Less representative
than actual workload.

- Easy to "fool” by
designing
hardware to run

them well.
* Peak performance

results may be a long
way from real

application performance
59



SPEC: System Performance
Evaluation Cooperative

The most popular and industry-standard set of CPU
benchmarks.

SPECmarks, 1989:
- 10 programs yielding a single number (*SPECmarks").

SPEC92, 1992

- SPECInt92 (6 integer programs) and SPECfp92 (14 floating
point programs).

SPEC95 1995:

- Eighteen new application benchmarks selected (with given inputs)
reflecting a technical computing workload.
- SPECint95 (8 integer programs):
- go, m88ksim, gcc, compress, li, ijpeg, perl, vortex
- SPECfp95 (10 floating-point intensive programs):
-+ fomcatv, swim, su2cor, hydro2d, mgrid, applu, turb3d, apsi, fppp, waveb
- Source code must be compiled with standard compiler flags.

60
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SPEC95 For High-End CPUs
First Quarter 2000

140 - =
& Intel Xeon-800
120 & Intel Merced-800
O AMD K7-800
CJHP PA 8600-560
100 m Alpha 21264.667
@ Alpha 21364-1000
BO B SUN UiraSparc I1-600
1 SUN UltraSparc ll-750
60 o
40 1 =
20 —
D — — RN

Spec9s int Spec 95fp
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2 Uykpion Ewidoong: Example

ATIO To TTponyoUUEVo Tapddeiyua: Eva TpOYpauUa eKTeAEITAl OF
OUYKEKPIHEVO pPnxdvnua He TIC akdAouBecg TapapéTpoug:

- 2UVoAIkOC apiBuoc evroAwyv: 10,000,000 instructions

- Méoo CPI Tou mpoypdupaTog: 2.5 cycles/instruction.

- 2uxvoeTtnTta poAoyioU The CPU: 200 MHz.
XpnoigotoloUpe To id1o Tpoypappa pe TiIc eENC aAAayEc:

- Néog compiler: Néog ap1Buég evroAwv 9,500,000

Néo CPI: 3.0

- TpnyopoTepn uhomoinon Thng CPU: Néa auxvoTnTa poAoyioU = 300 MHZ

TToia givai n emitdxuvon (Speedup) ye TIG aAAayég auTég;

Speedup MaAié Execution Time lane X CPI 06 X Clock cycle,q
Néo Execution Time ~ | x CPI

x Clock Cycle

véOo véo

véOo

(10,000,000 x 2.5 x 5x10-°) /(9,500,000 x 3 x 3.33x10-7)
0.125/ 0.095 = 1.32

R 32 % ypnyopoTepn HETA TIC aAAayEc.

62
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TUro1 EvroAwv & CPI

- AiveTal éva mpoypdpparocg He 7 TUTTOUC R KATNYOPIEC
EVTOAWYV e Ta ak6AouBa xapakTnpioTIKA:

C; = ApIBUOC evToAwy TUTTOU,
CPI. = Méooc apiBuog KUKAwvV/evroAn TUTTOU.

ToTe:

CPU clock cycles = Zn: (CP] X C,)

i=1

63
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TUmol evroAwv & CPI:
TTapadeiypa

2.¢ Instruction Set pe 3 karnyopieg evroAwv:

Katnyopia evtoMjg CPI
A 1
B 2
C 3
2 akoAouBiec mpoypappdTwy pe Tov akoAouBo apiBud evroAwv:
ApOpog evTor®V Y10 KAOE KOTNYOPLo EVTOANS
Code Sequence A B C
1 2 1 2
2 4 1 1

CPU cycles oto mpoypappa 1 =2 x1+1x 2 + 2 x 3 = 10 cycles
CPI oto mpoypappa 1 = clock cycles / instruction count

=10/5=2
CPU cycles oto mpoypaupa 2 =4 x1+1x 2 +1x 3 =9 cycles
CPI oto mpoypappa 2=9/6 =15 64
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2uxvornta EvroAwv & CPI

- AiveTal éva mpoypdpparog He 7 TUTTOUC R KATNYOPIEC
EVTOAWYV e Ta akOAouBa XapakTNpPIOoTIKA :

C; = ApIBuoc evroAwyv TUTTOU;
CPI. = Méooc apiBuoc KUKAwv/ evToAn TUTTOU;
F. = ZuxvotnTta ThG evToAng TUTTOU,

= C./ ouvoAIKOGC apIBpPOC eVTOAWY

ToTe:

cri =Y (CPI < F))

i=1

65
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2uxvornta EvroAwv & CPI :

TTapadeiyya oe RISC

Base Machine (Reg / Reg)

Op Freq Cycles CPI(i) % Time
ALU 50% 1 05 23%
Load 20% 5 1.0 45%
Store 10% 3 0.3 14%
Branch 20% 2 0.4 18%

CPI
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Typical Mix

crt =Y (CPI < F))

i=1

= 0bx1+ 02xH +01x3+02x2 =2.2
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TTapaAAayéc Compiler, MIPS & Ewidoon:
TTapadeiyua

2. ¢ Instruction Set pe 3 karnyopie¢ evroAwy :
Katnyopia evtoh)c CPI

A 1
B 2
C 3

Ma dedopévo mpoypappa, 2 compilers mapdyouv Toug akéAouBoug
ap1Ououg evToAWv:

ApOpnog evtorV (0€ EKATORROPLY)
Yo KaOg KaTnyoplo EVTOL®Y

Koowkog amo: A B C
Compiler 1 S 1 1
Compiler 2 10 1 1

To pnxavnua é€xer ouxvornta 100 MHz.
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TTapaAAayéc Compiler, MIPS & Ewidoon:
TMapadeiypa (Zuvexilerai)

MIPS = Clock rate / (CPI x 10%) = 100 MHz / (CPI x 109)
CPI = CPU execution cycles / Instructions count

n

CPU clock cycles = Z(CPL X Cl)

i=1

CPU time = Instruction count x CPI / Clock rate

Ma Tov compiler 1

- CPT,=(5bx1+1x2+1x3)/(b+1+1)=10/7=143

- MIP,=100/ (1.428 x 10%) =70.0

- CPU time; = ((b+1+1)x10°x 1.43)/ (100 x 10¢) = 0.10 seconds

Ma Tov compiler 2:
- CPI,=(10x1+1x2+1x3)/(10+1+1)=15/12=125
- MIP,=100/ (1.25 x 10%) = 80.0
- CPU time, = ((10+1+1) x 100 x 1.25) / (100 x 10¢) = 0.15 seconds
68
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