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Elcaywyn

A’ LEPOC:

e|oTOpLKN avadpoun/eEEALen

e>VyXpoveC TAOELC 0TNV APXLTEKTOVLKN
YrioAoylotwv

B’ LUEpoOC:

e Aopka otolxeia Yriohoylotn/Tu eivat ISA
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BiBAla paBnpatoc

Opyavwon kat Zxebdiaon YrnoAoyiotwv (n dtacuvdeon UALkoU Kat Aoyloutkou), 4n
€kdoon, David Patterson and John Hennessy, petadppaon, ekdooelc KAetdapiOuog, 2010.

sComputer Architecture: A Quantitative Approach, 4th Edition, John L. Hennessy & David A.
Patterson, Morgan Kaufmann, 2006.

sModern Processor Design: Fundamentals of Superscalar Processors, John Shen & Miko Lipasti,
McGraw-Hill, 2004.

=Inside the Machine: An lllustrated Introduction to Microprocessors and Computer Architecture,
Jon Stokes, No Starch Press, 2006.

=Readings in Computer Architecture, edited by Mark Hill, Norman Jouppi & Gurindar Dohi, Morgan
Kaufmann 2000.
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Atdaokovtec/Qpec
MNéumntn 15:15-18:00, N€o Ktiplo HAekTp.
AMO 1 (Tuqpa A-A), AMO 2 (TpuApa M-Q).

Napaokeun 10:45-12:30, Nco Ktiplo HAekTp.
AMO 1 (TuApa A-A), AMO 2 (Tunua M-Q).

KaB. Navaywwtng Toavakag, (Tunua A-A)

Av. KaB. Nektaproc Kolupng, (Tununa M-Q)
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TeXVIKEC NETMTOUEPELEC

* gelpEC aokNoswv (bonus 1 povada)
e www.cslab.ece.ntua.gr/courses/comparch

e ypamtn eéetaon, aplota 10
o gfetdoelc e KAsloTd BLBALa + «okovakw» (1 A4 dUANO)
e LUOTIKO emttuyiac?  TapoakoAouBnon + BLBALo

1 eBéopada dtafaocua otnv e€etaotikn AEN apkel

Q© © Q@ watona
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lotopikn Avadpoun - 1

N

944
-

I
o

I/ 4

ENIAC (1943-1946) by Mauchly and Eckert

Dimension: 3 ft x 8 ft x 100 ft

18,000 vacuum tubes + lots of switches

Memory : Twenty 10-digit registers (2ft = 61cm each)

Speed: 800 operations/sec

General-purpose machine used for computing artillery firing tables.

10 years of service — more calculations than done by the entire human race up to
1946.
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MNpoBAeEPelc (tunnel vision)

“I think there is a world market for maybe
five computers.”
Thomas Watson, Chairman of IBM, 1943

QO I Technical University of Athens AR
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lotopikny Avadpoun - 1951

UNIVAC | (June 1951)
S1 million

48 systems = MpwTo EMUTUXNUEVO EUMOPLKO cuoTnUa!

cslab@ntua 2011-2012 8



lotopiknl Avadpoun

Model 40
1.6MHz, 32-256KB, $225,000 | IBM System / 360

« 1964

- S5 billion investment
Model 50 « 6 implementations
2MHz, 128-256KB, $550,000 X

Model 60 DEC PDP-8

5MHz, 256KB-1MB, $1,200,000 | - 1965
« 15t minicomputer

- cost < $20,000

Model 75

5.1MHz, 256KB-1MB, $1,900,000

- I Technical Unive Athens AT
| oS BT
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...more tunnel vision from “Experts”

“There is no reason for any individual to have a computer in
their home”

< Ken Olson, president and founder of Digital Equipment
Corporation, 1977.

Slide source: Warfield et al.

cslab@ntua 2011-2012 10



lotopikny Avadpoun

Apple IIC

St the Appleo Tlc Ples
]

rexched new hetyt:

« 1977
« Steve Jobs and Steve Wozniak

15t personal computer

IBM Personal Computer (PC)
« 1981

« IBM model 5150

« CPU Intel 8088

« OS DOS 1.0 (Microsoft)

- Best-selling computer of any kind!

© © © © Nahonal Technical Un
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...more tunnel vision from “Experts”

“640K [of memory] ought to be enough for anybody.”
< Bill Gates, chairman of Microsoft,1981.

Slide source: Warfield etal. ____
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OL levIEC TWV eMEEepyAOTWV

o Mpwtn levia, 1946-59: Vacuum Tubes, Relays, Mercury Delay
Lines:

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

» Npwto npoypoappa anodnkevpevo o unoloylotr): EDSAC (Electronic Delay
Storage Automatic Calculator).

e AcUtepn levia, 1959-64: Alakpitda Transistors.

e Tpitn Mevia, 1964-71: MikpoU kal Mecoaiou peyéboug
OAokAnpwpeva KukAwpata.

e TETaptN Mevia, 1971-Present: O MikpoUTOAOYLOTAC.
Mukpoemeepyaotec Baclopevol o€ Texvoloyia OAOKANPWUEVWV

© © © © Nahonal Technical Un
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OL lMevIEC TwV ETeEEpyQOTWV

1971: Intel 4004, 2,3K transistors 12 mm? (clock: 740 KHz, 92K ops, 10um)
1978: Intel 8086, 30K transistors, 33 mm?2

1984: Stanford MIPS, 24K transistors, 34 mm? (Berkeley RISC II: 41K, 60mm?)
1996: Pentium Pro, 5,5M transistors, 306mm?

(11/2007): Penryn (core2 duo parch) quad core: ~820M transistors/die (214 mm?,
45nm).

(12/2008) Nehalem ( 32nm, Core i7 parch)

(12/2008) Tukwila (2 billions transistors-dtadoyoc Itanium 2 kot Montecito-30MB
cache & 4 cores)

cslab@ntua 2011-2012 14



T2: Niagara-2 cpu

500 million transistors

342 square millimeter die size;

11-layer, 65 nm process from Texas Instruments
T2 chip, which has only 720 pins.

200 are used for testing the chip

8 cores, KaBe core TpeXeL TavTOXpova 8 vpata (threads)

2UVOoAo 64 vipata TouToXpovda.....

nal Technical University of Athens CREANEIGS
w 00 Fida
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Moore’s Law: Microprocessor Capacity

-
(=]
[

=)
2

Disk drives

=]
™

m Density, bits/em?

Moore's Law

103
97 73 TS "TT O'T9

Gordon Moore (cuvidpuTHC
G Intel)

1965:n MUKVOTNTA TWV
transistors o€ chips
ULy wywv Ba
Suthaolaletal kabe 24
MNVEG.

Source: IBM, Intel

MOORE'S LAW

Pentiurm®a Pr‘iiffjr/ ,r",/

48E6™ DX Processor
age™ Prﬂfi%;//

286

BOB6 / [
- 'ff'ﬁ. .
8080 '

BOOS
4004 &4

'IEI;.r"D 1875 1880 1985 1890 1995
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Pantium® 4 Processor
Pentiurm® lll Processor
Pentium® Il Processor

-
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Intel
A5nm 6T
SRAM cell

contact

Standard Silicon High-k + Metal Gate
Transistor Transistor

Sio, High-k
Insulator Insulator
i ; § x f I
Soum‘, Source | ‘,‘ Drain
| _‘," kS el X = Gate-drain overlap
‘ P Y = Channel length
Silicon substrate Silicon substrate Z = Gate-source overlap
- X+ +Z = Gate length (printed / manufactured)

17 §§@SLab ;
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PuBuoc avénonc Zuxvotntac PoAoylov

1,000 =
B R10000
100 E )
3 = Pentium100
T - 00
s B o, W
o /" %i80386
g 10 & i80286
© -
< -
< -
E -
C, 18008
i4004
01 I I I
1970 1980 1990 2000
1975 1985 1995 2005

» 30% to XpOvo

OOOO Nahonal Technical Unversity of Athen:
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CPU Clock

3GHz — XEON 3 GHz |
2GHz —
P-I11 1.13 GHz
el [ ATHLON 1 GHz |
900 MHz — P-III 1 GHz
800 MHz —] ATHLON 600
700 MHz —
600 MHz — P-11 400
. ' CPU CLOCK
300 MHz — 100X FASTER
400 MHz —
300 MHz —| 486 DX 100
200 MHz MEMO

100 MHz oX FASTER

LR L . U
89 90 91 92 93 94 95 96 97 98 99 00 Ol 02 03

© © © © Nahonal Technical University of Athens
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Av&non tn¢ xwpntwkotntac twv VLSI Dynamic RAM Chips

€tog pEyeBoc(Mbit)
oe0000000 1980 0.0625

1983 0.25
1986 1
10000000 1989 4
1992 16
1996 64
100000 1999 256

. 2000 1024
1000 : : = = = i 1.55X/€to¢,
1970 1975 1980 1985 1990 1995 2000 5n)\a5r’1 outAao leETal

Year KAOe 1.6 xpovia

I Technical University of Athens <7007
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Clock Speeds

PC
3GHz — ®
= PC
2GHz — ®
ALPHA EV7
= ALPHAEV6R @
1 GHz — @
= X1
800 MHz — ®
= ALPHA
300 MHz — ©
_ C-90
@
250 MHz — ALPHA
= Y-MF @ PC
200 MHz — ® Bl
150 MHz —
— X-MP PC
100 MHz —| CRAY-1 ® ®
®
_ PC
50 MHz —| bl
_ PC
®
e e e e
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2003
1 1 1 1 1 1 1 1 1
100 1 10 100 | 10 100 |
MFLOPS GFLOPS GFLOPS GFLOPS TFLOPS TFLOPS TFLOPS PFLOPS
© © © © Nahonal Technical University of Athens
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OpoLlwG Kol yLa To Xwpo arnodnkevong

EnetepyaoTnc:
2X taxutnta kabe 1.5 €toc¢.
~1000X amodoon tn teAevtaia 10stia.

MvAun:
DRAM xwpntwkotnta: > 2x k&Be 1.5 €10¢.
~1000X xwpntwotnta tn teAevtaia 10etia.
Kootog ava bit: médtel katd 25% to xpovo.

Disk:
Xwpntwkotnta: > 2X kabe 1.5 €1oc¢.
Kootoc ava bit: médtel katd 60% to xpovo.
200X xwpnTtikoTnTa TN TeAeutaia 10etia.

ATIOKALON METAEY XWPNTIKOTNTAC MVAMNG KOl TXUTNTOC MVAMNG

> toxutnTa Lovo 7% to xpovo

| Technical University of Athens <AV
w 0 G $
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Hard drive capacity

1000

100 -

10 4

0.1 -

Capacity (GB)

0.01 +

0.001 . T T |
5/25M19709 11141984 571990 10/28/M1995 4/19/2001
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Microprocessor Clock Rate

& DEC Alphs 21064
— 44— -DEC Alpha 211684PC
—&—DEC Alpha 21164

H e » d
0 ~DEC Alphs 21264 MHz History Chart
---f-- Intel F‘epntium z lr ‘DW i a
— —#—-Intel Pentium MMX
—I—Intel Pentium Pro
---fo-- Intel Pentium II

1000 MH: — —— -Intel Pentiurn II ¥ean
—0—1Intel Celeron
---@-- Intel Pentium III
— —¢— -Intel Pentium III ¥eon
---fa-- PowerPC G601
— -@— -PowerPC 603

—O—PowerPC 603
500 MHz i~ PowerPC 604
— —p— -PowerPC 604e
—B—PFowarPZ 620
—0O—PowerPC K704
---i-- PowerPC 750
— —— -PowerPC 7400

1200 MHz

&00 MH -- - - AMD KD
: ———-AMD K& /,:'
—m—AMD KE-11
—o—AMD KE6-111 T—
——aMD KT Athlon
——&MD KT New Athlon &
---fy-- SMD Curon |
400 MHz —&—Sun UltraSPARC-II "
——#—5Sun UltrasPaARC-III
.
+-l--- ‘_'_:._/-' -~
200 MH:z .
*4
.-k

www . macinfo.de

0 MHz i i | | i
i [32] [yl M b =+ =+ u [Ip] u w0 [ w0 = - - L] o0 L] L) Loy L) (] = (] —
ol o ol o o o o G L T @ T @ o T o il o Ll L o L o =1 o =
= = T T = = T T —_—
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Electronics Magazine, 19 April 1965

The experts look ahead

Cramming more components
onto integrated circuits

With unit cost falling as the number of components per

circuit rises, by 1975 economics may dictate squeezing as

many as 65,000 components on a single silicon chip

By Gordon E. Moore

Director, Research and Development Laboratories, Fairchild Semiconductor

division of Fairchild Camera and Instrument Corp.

The future of integrated electronics is the future of electron-
ics itselll The advantages of ntegration will bring about a
proliferation of electronics, pushing this science into many
TEW Areas.

Integrated circuits will lead o such wonders as home
computers—aor at least lerminals connected to a central com-
puter—automatic controls for automobiles, and personal
portable communications equipment. The electronic wrist-
watch needs only a display to be feasible today.

machineg instead of being concentrated in a central unit. In
addition, the mproved reliability made possible by mtegrated
creuits will allow the construction of larger processing units.
Machines similar to those in existence today will be built at
lower costs and with faster turn-around.
Present and future

By integrated electronics, 1 mean all the various tech-
nologies which are referred to as microelectronics today as
well as anv addiional ones that result inelectronies fiime-

cslab@ntua 2011-2012
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Mnyn: ftp://download.intel.com/museum/Moores_Law/Articles-Press_Releases/Gordon_Moore_ 1965 Article.pdf
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Processor-Memory Gap

processor
1000+ oo ¥ 60%/yr
CPU
“Moore’s Law”
100 " processor-memory
Speed performance gap:
(MH2) (grows 50% / yr)
10 | oo
*H/'memory
o)
DRAM 7A/yr
1 —
O d NN ST ON®WHO A NMSTLW!OINODVNS
OOOOOOOOOOOOOOOOOOOO@@O@O@O@O@O
mmmmmmmmmmmmmmmmmmmmN
™ ™ e 1 e e e e e e e e e e e e el e
Time
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MapaAAnAio oTOUC HEMEEEPYAOTEC

»Ewc to 1985: MNapaAlAnAia og entinmedo bit: 4-bit -> 8 bit -> 16-bit

»Méeoa dekaetiag 1980s cwc peoa dekaetiac 1990: MapaAAnAia os
entimedo evtoAnc (instruction level parallelism)

»1995: MapaAAnAia os eninedo thread (Simultaneous
Multithreading)

»2004: NapaAAnAia oe entimedo tuprvwy (cores)

© © © @ Mahonal Techmcai
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Reuters, Asutépa 11/6/2001:

Ot unxavikoi tn¢ Intel oxediloocav Kol KATAOCKEVAOCOV TO ULKPOTEPO
KOl TaYUTEPO transistor otov KOopo pe peyeboc 0,02 microns. Auto
avolyeL to Spopo yia pkpoemneéepyaotec 1 Stoekatoppupiou
transistors, pe ouyxvotnta ota 20GHz to 2007.

[loti Oev €xoupe 20GHz eneéepyaotec onpepa’?

' 00 | A
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H emavactoon mov cupfaivel orpepa

10,000,000
O «yvAoLOC» VOUOC TOU 1,000,000 /

Moore cuveyilel va / m

-

LoxUeL! 100,000 -
Chip density is continuing increase -

~2x every 2 years 10,000

» Clock speed is not
1,000

» Number of processor cores
doubles instead

100 ﬂr'—_
There is little or no hidden

parallelism (ILP) to be found - /

Parallelism must be exposed to /{ gy Bt
B

and managed by software 11 = Transistors (000) |
LR ¢ Clock Speed (MHz)

s ge & Power (W)
& Perf/Clock (ILP)

Source: Intel, Microsoft (Sutter) and Stanford 0 I | |
(Olukotun, Hammond) 1970 1975 1980 1985 1990 1995 2000 2005 2010

© © © © Nahonal Technical University of Athens <
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FLOPs/MIPs

FLOPs: Floating Point Operations per Second
MIPs: Million Instructions per Second
Eotw OTL £XOUE Evav eTeEEpYOTn TTOU KAVEL 1 tpaén KvNTrC UTTOSLAOTOANC
(artAng akpiBelac) og kaBe kKUKAO poAoylou:
Av n ouyvotntda tou eivatl 1GHz, tote £xeL anodoon 1 GFLOP

Av oAokAnpwvel 1 evtoAn o€ kaBe KUKAO, TOTE €Xel amodoon 1000MIPs

4 x freq FLOPS < {single Core 2 @ 2.93GHz} < 8 x freq FLOPs

E€aptatal amnod tnv npaén, FPADD, FPMUL, FPDIV (amAng akptBeiac-single
precision).

TouAaxwotov 12 GFLOPs/cpu

© © © © Nahonal Technical Un
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2UVESpLO-EKkBeon
ACM/IEEE Supercomputing

WWW.supercomp.org

TOP 500 list:

Byaivel 2 $opEC TO XpOVO:
e NoguPplo

e loUVLO

www.top500.org

© © © @ Mahonal Technical Un
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Supercomputing TOP 500 / Nov 2007

2
@900 Performance Development
100PFlops
-a- #1
10 PFlops - BIBSB2 TR, o #500
s
s -@- Sum
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Fe o oDoo
100 TFlops 1 g oo "
e I—l—l—l—l)
8 ‘j—-"' /
£ 10 TFlops - & L aa® il 5929 ng
o - Boa a8
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-4 S o
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100 GFlops J goo o
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10 GFlops oo
& go”
o, o
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o™ <t uw w0 [y (] o o — o o©y = uw w [
o2 2 2 2 2 2 SiiEl ol s
hitp://www .top500.org/

© © © © Nahonal Technical University of Athens

SIS} RS
cslab@ntua 2011-2012 32 88@5 I Iab 2



Supercomputing TOP 500 / Nov 2007

0 -
500 Projected Performance Development
100FPFlops
-B- #1
10 PFlops o #500
-@- Sum
I-FRops -~ #1 Trend
Line
100 TFlops — #500 Trend
s Line
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E u‘:’u Line
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a o
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TOP 500 29th List (June 2007): The TOP10

Manufacturer Computer IE{Tn;/a:]( Installation Site Country | Year | #cores
1 IBM BlueGene/L 280.6 DOE/NNSA/LLNL USA | 2005 | 131,072
eServer Blue Gene
2 Jaguar
Cray Cray XT3/XT4 101.7 DOE/ORNL USA 2007 | 23,016
3| sandiascray Red Storm 101.4 DOE/NNSA/Sandia USA | 2006 | 26,544
Cray XT3
4 IBM BGW 91.29 |  IBM Thomas Watson UsaA | 2005 | 40,960
eServer Blue Gene
5 IBM New York BlLue 82.16 Stony Brook/BNL USA | 2007 | 36,864
eServer Blue Gene
6 IBM ASC Purple 75.76 DOE/NNSA/LLNL USA | 2005 | 12,208
eServer pSeries p575
7 IBM BlueGene/L 73.03 RPI/CCNI USA | 2007 | 32,768
eServer Blue Gene
Abe
8 Dell powerEdge 1955, Infiniband 62.68 NCSA USA 2007 9,600
K IBM MareNostrum 62.63 |Barcelona Supercomputing Center, Spain 2006 | 12,240
JS21 Cluster, Myrinet ’ ’
HLRB-II
10 SGI SGI Altix 4700 56.52 LRZ Germany | 2007 | 9,728

www.top500.org
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TOP500 31th List (June 2008): The TOP10

Rmax

Manufacturer Computer [TF/s] Installation Site Country Year #cores
Roadrunner - BladeCenter QS22/LS521
Cluster, PowerXCell 8i 3.2 Ghz / DOE/NNSA/LLNL
1 IBM Opteron DC 1.8 GHz , Voltaire 1026 United States UsA 2008 122.400
Infiniband
BlueGene/L - eServer Blue Gene
IBM . DOE/NNSA/LLNL
2 Solution 478,2 , USA 2007 | 212.992
United States
3 IBM . .
Blue Gene/P Solution 450,3 Argonne National Laboratory USA 2007 163.840
4 | Sun Microsystems | Ranger - SunBlade x6420, Opteron Texas Advanced Computing
Quad 2Ghz, Infiniband 326 Center/Univ. of Texas USA 2008 62.976
J - Cray XT4
5 Cray Inc. Qiig)re ;af e 205 | DOE/Oak Ridge National Laboratory USA 2008 | 30.976
6 IBM JUGENE - Blue Gene/P Solution 180 Forschungszentrum Juelich (FZJ) Germany 2007 65.536
Encanto - SGI Altix ICE 8200, Xeon New Mexico Computing Applications
/ 5Gl quad core 3.0 GHz 133 Center (NMCACQ) USA 2007 14.336
Computational Research Laboratories, .
g | Hewlett-Packard | EKA - Cluster Platform 3000 BL460C, | 4, TATA SONS India 2008 | 14.384
Xeon 53xx 3GHz, Infiniband
9 . IDRIS
IBM Blue Gene/P Solution 112,50 France 2008 40.960
Total Exploration Production
10 SGI SGI Altix ICE 8200EX, Xeon quad core| 106,10 P France 2008 10.240
3.0 GHz
www.top500.org
goo umPulr-shnunlrl;ng-rirbdmh-m ' g
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TOP500 37th List (June 2011): The TOP10

Manufacturer Computer [Bl.rp?:] Installation Site Country Year #cores
K computer, SPARC64 VIlIfx 2.0GHz, RIKEN Advanced Institute for
1 Fujitsu Tofu interconnect 8162 Computational Science (AICS) Japan 2011 548,352
Fujitsu Japan
) NuDT Tianhe-1A, NUDT TH MPP, X5670 National Supercomputing Center in
2.93Ghz 6C, NVIDIA GPU, FT-1000 8C 2566 Tianjin China 2010 186,368
NUDT China
3 Cray Inc. Jaguar- Cray XT5-HE Opteron 6-core 1759 DOE/SC/0ak R@ge National Laboratory USA 2009 224,162
2.6 GHz United States
. National S ting Centre i
4 Dawning Nebulae - Dawning TC3600 Blade, Intel 1271 ationa Sl;gi;?er:p(ﬁlslgg’) entren China 2010 120. 640
X5650, NVidia Tesla C2050 GPU China ’
Tsubame 2.0 - HP ProLiant SL390s G7 GSIC Center, Tokyo Institute of
5 NEC/HP Xeon 6C X5670, Nvidia GPU, 1192 Technology Japan 2010 73,278
Linux/Windows Japan
DOE/NNSA/LANL/SNL
6 Cray Inc. Cielo - Cray XE6 8-core 2.4 GHz 1110 ) USA 2011 142,272
United States
Pleiades - SGI Altix ICE
ASA/A R h /NA
7 SGI 8200EX/8400EX, Xeon HT QC 3.0/Xeon| 1088 | />A/Ames Research Center/NAS USA 2011 | 111,104
5570/5670 2.93 Ghz, Infiniband United States
Inc. DOE/SC/LBNL/NER A
8 Cray Inc Hopper - Cray XE6 12-core 2.1 GHz | 1054 OE/SC/LBNL/NERSC us 2010 | 153,408
United States
Commissariat a 'Energie Atomique
9 Tera-100 - Bull bullx super-node
Bull SA $6010/56030 1050 (CEA) France 2010 138,368
France
Roadrunner - BladeCenter QS22/LS21
Cluster, PowerXCell 8i 3.2 Ghz /
’ . DOE/NNSA/LANL
10 IBM Opteron DC 1.8 GHz, Voltaire 1042 USA 2009 122,400

Infiniband

IBM

United States
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Low Power Cluster Architectures : sensitivity to power consumption

1000 1 )
Chip Maximum
Power in watts/cm? Not too long to reach
Nuclear Reactor
100 tanium — 130 watts
entium 4 - 75 watts
FPentium [l — 35 watts
Surpassed
¥ P o Blat Pentium Il — 35 watts
€aling rlate Pentium Pro — 30 watts
10
Pentium — 14 watts
1486 - 2 watts
,1 Iagﬁ — 1 watt ] ] | | ] ] ] ]
1.51 1 0.7u 054 0350 0254 0418y 013  01p 007
1985 1995 2001 Year
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Power Density Limits Serial Performance

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

10000
E 1000 Rocket Nozzle sy
£
E 100 Muclear Eeactur—.h
"E 10 H— H ot Plate
o —
Lk
]
g '1 | I I | I 1
o
o 1996 1998 2000 2002 2004 2006 2008

Power Density Becomes Too High to Cool Chips Inexpensively

Zource. Shekhar Borkar, intsl Cormp
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Aouka otolxetla YrtoAoylotn
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To YroAoyiotiko Movtédo Von-Neumann (1945)

ALY wPLOMOC TNE UTTOAOYLOTIKAG LNXOVAC O€ OUVIOTWOEC:

» Kevtpwkn Movada Ene€epyaoiacg (Central Processing Unit - CPU): Control Unit (instruction
decode, sequencing of operations), Datapath (registers, arithmetic and logic unit, buses).

» Mvnun (memory): AnoBrKeuon EVTOAWV KoL TEAECTWV.
» Elooboc¢/E€oboc (Input/Output - 1/0).

» H évvola tou anoOnKeupévou nipoypappatog: EvtoAég amnd éva cUvolo evioAwv §dyovtal
OTtO TN VKN Kot EKTEAoUvVTAL pia-pia.

Memory
- D —
(instructions,
data) Datapath
registers Output
ALU, buses
Computer System CPU I/O Devices

‘ o2 rechnical Universi Athens é:.n*-“"ﬂ; ;
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PRINCETON (VON NEUMAN) ARCHITECTURE
MICROPROCESSOR

MEMORY 4
CONTROL
{} INSTRUCTION & ADDR
DATAi } {L
N — %
ALU ¢ CONTROL
ouT < CONTROL
1 T |
STATUS CLOCK
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IBM Automatic Sequence Controlled Calculator (ASCC)

IKEN=1BM AUTOMATIC $ EQUENC

«««««

5
‘)’)5’)'?)5’)0300’)02000000")")1
> ))’))J’)OOM’)OOO’)OOO")')" /
Y IIN0ODII NIV
) o )f) )’.)')’)0 f

¢ /65,000 components
ehundreds of miles of wire
esize 16 min length, 2.4 m in height, 61
cm deep.

e4500 kg

Harvard Mark | — IBM ASCC 1944 ( instructions on punched tape (24 bits
wide) and data in electro-mechanical counters (23 digits wide)
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HARVARD ARCHITECTURE
MICROPROCESSOR

DATA INSTRUCTION
MEMORY MEMORY
CONTROL
DATAiE T} & ADDR { INSTRUCTION
|
4I\
IN y
V1 ALU (] conTRoL

OUT < CONTROL

i7

STATUS CLOCK
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2UOTOTLKA TUTTLKOU YrtoAoyloth

Névte gival Ta KAAGOLKA CUOTATIKA OTOLXELX TWV UTTOAOYLOTWV:
1. Control Unit; 2. Datapath; 3. Memory; 4. Input; 5. Output

e

Processor

Computer Keyboard,

Mouse, etc.
Processor (CPU) Memory Devices

(active) (passive)

Control , Input

Unit (mpoypapuata

KoL dedopeva Disk
¢ elval evepya IS
Datapath KQTAL TNV
EKTEAEON)

Display,

Printer, etc.

© © © © Mohonal Technical University of Athens SO
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Computer System Components

Proc

Caches

System Bus

adapters 1/O Buses

Controllers NICs
_ Disks ‘ ‘ ‘
I/O Devices: :
Displays Networks
Keyboards

nal Technical University of Athens CREANEIGS
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Mlordtor FPerdnan CPTT Cache

Clache lewel ]l

W yetetm
DRALT

&G
LI Matth Bridge

T
PCI tus
I I
PLCI e Pl
detrice detrice
aouth Bridge LI0E -
I5E Hard drire
o USE W
ece —=" 1 " -
[ ——1
I54 htus
EIOS ROM aper 10
Foppy drere,
Parallel port,
Saril port
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Audio/ Parallel/ |1/0
MIDI serial
/0. Misc
Four Maemory-
el se Processor
|ISA card
card slots Four
slots SIMM
slots
CPU

To oX£610 TOU CUGTAMATOC TTAQKETWVY
gvoc Npocwmnikol Yroloyioth " Two IDE
(Syste’m Board Layout of a PF) (90% conhectors
OAWV TWV UTTOAOYLOTLKWV
ocuotTnHAtTwyv dLtebvwg).
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Opyavwon tng CPU

o 2xebLaopoc tou Datapath:

» Auvatotnteg & Emiboon Twv XapaKTNPLOTLKWY TWV AELTOUPYLKWV
novadwyv (FUs):

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

» Tpornol Staolvdeonc Twv otolxelwv (ouvdeon Stadpouwv, multiplexors,
etc.).

»Nwc pgeL n mAnpodopia petalL Twv otoxeiwv tou H/Y.
o« 2xebLaopoc tnc Movadac EAcyyou (Control Unit):
» \oyLKN Kal pEoa EAEYXOU TNC pon¢ mAnpodoplac.

»EAEYyX0C KOl CUVTOVLOUOC TNG AELTOUpYLaC TV AELTOUPYLKWY LOVASWV
(FUs) ywa Tnv katavonon thg ApXLTEKTOVLKNG Toulnstruction Set
Architecture mou okomevou e va uAomotooupe (UAomoleital ite pe
EVOL LNXAvNUa TEMepaocpEVWY Kataotaocswy (finite state) N pe

LLLKPOTIPOYPOLLLUOL).

o Mepypadn tov Hardware description pe pia kat@dAAnAn
vAwooa, mbavwc xpnotpomnotwvtoc (RTN).

AT
A B
A i
BE igs
et

" i 3 [

iversity of Athens
i (oXa]
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Branch

Control
Data
cache
Awatagn evoc Turikov
Mwpoeneéepyaotn:
The Intel
Pentium Classic
Bus [Integer
_ data- Floating-
Instruction :
path point
cache datapath
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CLOCK DRIVER |

._ |NSTBUCTION
C%CHEE — Sttt

BRANCH
PREDICTION
LOGIC

-+ coDE INSTRUCTION
« TLB . DECODE

Awataén evog Turikou
— Mwpoenegepyaotn :
The Intel

R 1} 4 4
S

BUS INTERFACE |77/ "~ INSTRUCTION
| LOGIC b ' SUPPORT

Pentium Classic

X e  SUPERSCALER ——
gy 2 il INTEGER
=" ] EXECUTION

Bl UNITS I ——

SCACHE. T | - ~ FLOATING

TS fr it
- e R S et
et SR ;

MP LOGIC i : wm%mmw :
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| HTPHY, link 1 |Apy6 I/0] Aopaheieg
Movéda kivntig
UTTOdIA0TOANG
Twv 128 bit
I\
' ¥ x| Kowo- Movada  [Kpuen pvi-|
1 S| xenom |eséprwong/a-| un dedo- | Keoen
} I - -| kpuen [moBrkeuong| pévwv L1 | Mvrun Muprvag 2
Z| wvin Movada |, L2 twy
T o| L3twv EKTEAEONC EAeyxog | 512 kB
—| 2mB L2
T Mpookoéuion/
Atrokwdiko- | Kpuer
Toinon/ HvAun ev-
AlokAGSWoN | ToAwv L1 D
. D
et o & , , R
feogh | — Bopeia yépupa
el P
I . $
it ™
X
i £
1 RORERE AT ; 3:: Mupnvag 4 Muprvag 3
i 0.
|—
I
[
I I
HT PHY, link 4 |Apyo I/O] AcpaAeieg

AMD Barcelona
4 cpu cores per chip
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O poAoc¢ tou Zxedraotn YmoAoylotwv

« KaBoplileL mola o paKTNPLOTLKA ELVAL CNUAVTLKA LA EVA
VEO UNXAVNMA. 2TN cuveXela oxedLlaleL Eva pnxavnua
IOV VOl LEYLOTOTIOLEL TNV etidoon Ko TtapAAAnNAn va pnv
UTtEPBOlVEL TOUC TIEPLOPLOOUC KOOTOUC

e EMIMEPOUC YO PAKTNPLOTIKA
2xebLAoPOC Tov instruction set
Opyavwon TwV AELToUpYLWV

Noylkoc oxedlaopnoc kat uAortoinon (IC design, packaging, power,
cooling ...)

© © © @ Mahonal Techmcai
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Meplopiopol amo tnv TexvoAoyia

o« ETiola mpoobdog

» Texvohoyila npLaywywv

< 60% TeploocoTepa oToLXela/chip

<+ 15% taxutepa oToLXEL

< Bpadutepa kKaAwdla
»Mvrjun

< 60% avénon XwPNTKOTNTOC

< 3,3% peiwon tou xpovou npocPfaong
» Mayvntikoti dilokot

< 60% avénon xwpnTIKOTNTOC

< 3,3% pelwon tou xpovou npocBaocng
» MAOKETEC KUKAWUATWY

5% avénon otnv mukvoTNTo KAAwSLwyY

»KaAwodia
< Kopio oA ayn

1992

1995

1998

64x MeploooTEPA OTOLXELQ aTto To 1989 4x
ypnyopotepa otolxeia
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lepapyia TG APXLTEKTOVIKAC YITOAOYLOTWV

High-Level Language Programs

Assembly Language

Software Application Programs
hi Operating
Machine Language System
Program %
| Compiler | | Firmware/| ]
Software/Hardware 'RStL‘ftCt":" Set
rchitecture
Boundary Instr. Set Proc. | 1/0 system
Datapath & Control
\ \
Hardware — -
Digital Design Microprogram
' ,__Circuit Design
Layout

Register Transfer

Logic Diagrams
g 8 Notation (RTN)

Circuit Diagrams

© © © © Nahonal Technical Un
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Mopdn npoypappatoc o KAOe eninedo

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

High Level Language

Program
v[k+1] = temp;
Compiler
lw $15, 0($2)
Assembly Language lw S16, 4(S2)
Program sw S16, 0(S2)
Assembler SW 515, 4($2)

: 0000 1001 1100 0110 1010 1111 0101 1000
Machine Language 1010 1111 0101 1000 0000 1001 1100 0110

Program 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)

© © © © Mohonal Technical University of Athens SO
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lepapyila Tov Ixedlacpov YroAoylotwy

e Level Name Modules Primitives Descriptive Media
el 1 Electronics Gates, FF’s  Transistors, Resistors, etc. Circuit Diagrams

O Logic Registers, ALU’s ... Gates, FF’s .... Logic Diagrams

el 3 Organization Processors, Memories Registers, ALU’s ... Register Transfer

. Notation (RTN)

— Low Level - Hardware

e | 4 Microprogramming Assembly Language Microinstructions Microprogram
Firmware
« | 5 Assembly language  OS Routines Assembly language Assembly Language
. programming Instructions Programs
e | 6 Procedural Applications OS Routines High-level Language
. Programming Drivers .. High-level Languages Programs
e |7 Application Systems Procedural Construct Problem-Oriented
N Programs

High Level - Software

© © © © Nahonal Technical University of Athens
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Eneéepyacia tov Instruction Set

L4 Alets KtOVlKr'l ( I SA) = oo TNV MAEUPE TOU TTPOYPOUUOTLOTH/UETOYAWTLOTH

» \eLTOUPYLKN R AVION TIPOC LECO XPNOTH / TTPOYPOUUOTLOTH) CUCTILOTOC

»Opcodes, addressing modes, architected registers, |IEEE floating point

g YAOT[O‘J]O'I‘] (|J.a rChitECtu rE) = amno tnv mAeupd Tou oxedLaotn ENeEQYOOTWV

» N\oykn doun Kol opyavwon TG oPXLTEKTOVLKAG

»Pipelining, functional units, caches, physical registers

L4 npavuaTOTl'.Oir]Gr] (Chip) = amno tnv mheupd tou oxediaotr chip / cuotnudtwy

» Quokn doun tn¢ uAomoinong

» Gates, cells, transistors, wires

| Technical University of Athens <AV
w 0 G $
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CPU Machine Instruction Execution
Steps

Instruction
Fetch , . , , .
Nape tnv evtoAn anod tn 0€on anoBrkeuong tou
' MPOYPGUHOLTOG
Instruction
Decode . . , ,
KaBOpLoE TIG amattoUEVEG EVEPYELEG KOl TO MEYEDOG
| NG EVTIOANG
Operand
FTCh Evtomnioe Kat mape T SESOUEVA-TEAECTEC
Exe_cute
1 YMOAOYLOE TNV T TOU AMOTEAECHOTOG | TNG
Result Katdlotaong
Store . . ,
ATtoOAKEVOE TA AMOTEAEGLATA YLOL LETAYEVEOTEPN
! Xprion
Next
Instr :lction KaBdpLoe tnv eENOUEVN EVIOAR

© © © © Nohonal Technical Un,

versity of Athens < e
| Q0 BA %
cslab@ntua 2011-2012 58 88@ S] ab ol



Instruction Set Architecture (ISA)

o “... TOL XOPAKTNPLOTIKA EVOC [UTTOAOYLOTIKOU] oUOTAMATOC OTtWC daiveTal amo TV MAEUpA
TOU TIPOYPOUUATLOTA, 7T.X. N WOeath doun Kal n Asttoupylkn ocupmneplpopd, StaxwpLlopeEva
arto TNV opyavwon tneg pong eSoUEVwY Kal TOUG EAEYXOUC TOU AOYLKOU OXESLAOHOU KOl TNG
duowkn¢ uhomoinong (as distinct from the organization of the data flows and controls the
logic design, and the physical implementation).”

— Amdahl, Blaaw, and Brooks, 1964.

« H ap)ttektovikn Tov cuvoAou twv evtoAwv (instruction set architecture) aoxoAeital pe:

Opyavwaon tng npoypappati{opevng anodnkevong (memory & registers):
Tupnepthappavel to mooo tng dtevBuvolodotnpévng pvpng (addressable memory) ko Ttov aplOpo twv

SLaBolpuwv Kataywpntwv (registers).
Tunol & Aopéc Asdopévwv: Kwdikonownoeig & napovoiaon (representations).
20voAo EvtoAwv (Instruction Set): Moiec Aettovpyieg mpoodiopilovrad.
Mopdonoinon kat kwdikonoinon EvtoAwv.

Tpornot dteuBuvolodotnong Kat nPoonEAaong SESOUEVWV Kol EVTOAWV

Xelplopog E€apéoswv.

© © © © Nahonal Technical Un
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Computer Instruction Sets

e Aveéaptnta arto TOV TUTIO TOU uTtoAoyLoth, tTn doun
tn¢ CPU, N tnv opyavwon tov hardware, kaBe evtoAn
LLNXavnc npemeL va mpoodlopilel ta akoAovba:

»Opcode: lMota evtoAn ekteAeital. Mapadeyua: add, load kat branch.

»MNov Bplokovtal oL TEAEOTEC, av uTtdpyxouVv: OL TEAECTEC Umopel va elval
amoBnkevpévol o kataxwpntég tng CPU, otnv kUpLa pvApn, i o€ BUpeg
gloodou/e€odov.

»MNou tomoBeteital To anotéAeopa, av UtapxeL: Mrmopet va avadEpeTal pnta 1)
va UTtovoEital amod tov KwdLko tTnG evtoAnc (opcode).

»MNov Bploketal n emopevn evtoAn: Av ev umtdpxouv pnTtéC SLakAadwoELg
(branches), n poc ektéAeon evtoAn €ival n emopevn otnv akoAouBio evtoAwv
TOU TIPOYPAMHATOC. 2€ TtEPLMTWON evtoAwyv jump 1} branch n dtevBuvon
npoodlopiletal anod AUTEC.
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Instruction Set Architecture (ISA) Npodiaypadn

| . o .
Frrm—r— Anauwtioewv (Specification Requirements)
Fetch
}
Instruction « Mopdormnoinon i Kwdikomnoinon EvtoAwv:
Decode . — Nw¢ KwdlkomoLeitay,
1 o Ocon teAeotwy Kal anoteAeopatoc (addressing
modes):
Operand . — MoV aAAoU €KTOC UVAKNG;
Fetch . — [oool pntol TeEAEOTEC;
. — Mwc¢ avtiotolyifovtal (located) ol teAeoTEC
. HVAKNG;
Execute . ~ Mool prtopolv va Bpiokovtal oTn PApN
KOLL TLOLOL OXL;
Posult » TOmoL ko péveBog Sesopevwv.
o [patelc
Store . — Moteg umootnpilovtal
| « Aladoxr eviolwv:
Next . — Jumps, conditions, branches.
. » Fetch-decode-execute umtovoouvtal.
Instruction
|

I Techmical University of Athens <X
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Turotw EvtoAwv oto Instruction Set

e Operator Type Napadeiypata

e Arithmetic and logical Integer arithmetic & logical operations: add, or

« Data transfer Loads-stores (move on machines with memory addressing)
o Control Branch, jump, procedure call, & return, traps.

e System Operating system call, virtual memory management instructions
e Floating point Floating point operations: add, multiply.

« Decimal Decimal add, decimal multiply, decimal to character conversion
e String String move, string compare, string search

e Graphics Pixel operations, compression/ decompression operations

echnical University of Athens AT
‘ oo - B
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Napadeiypoata EVTOAWV PETAKLVNONG

dedopéEvwv
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 (A0),A2 Load the address pointed to by A0 into A2 MC68000

cslab@ntua 2011-2012
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Napadeiypata EvtoAwv tnc ALU

cslab@ntua 2011-2012
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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,r1 Store the negative absolute value of register rl in r2 PPC601
ori $2,51,255 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
©©© © Hoenst b ety
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Napadeiypoata EvtoAwv AltakAadwonc

Instruction Meaning Machine

BLBS A, Tgt Branch to address Tgt if the least significant bit VAX11
at location Ais 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 $S1 and $2 MIPS R3000
are equal.

JCXZ Addr Jump to Addr if contents of register CX = 0. Intel X86

BVS next Branch to next if overflow flag in CC is set. MC68000

© © © © Nahonal Technical Unwversity of
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Napadewypa Xpnonc EvtoAwv:
Top 10 Intel X86 Instructions

Katnyopia EvtoAn MEoO TTOGO0TO GUVOALKNC EKTEAEONC
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%

Napatipnon: Ot armAég EVIOAEG £XOUV TIC LEYAAUTEPEC CUXVOTNTEC XPNOLOTIOINONG.

© © © © Nahonal Technical Un

‘ o wersity of Athens .f’fﬂi."'ﬁ? \
cslab@ntua 2011-2012 66 88@SLab§a)



