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BiBAla paBnpatoc

Opyavwon kat Zxebiaon YroAoyiotwv (n dtacuvdean UALKOU kat Aoyioutkou), 4n
¢kboon, David Patterson and John Hennessy, petadpaon, ekdooelc KAeldapiBuocg, 2010.

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

"Modern 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.

© © © © Manonal Technical University of Athens L
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Qpec/Tunuato/AtOACKOVTEC
Tetdptn 15:15-17:00 (18:00), AMO 4

MNéumntn 8:45-10:30, AMO 4

M. Toavakoc (A-KAZ) Aud. 3
Nekt. Kotopnc (KAT-MAMAT) Aud. 4
Alov. Nvevpuatikatoc (MAMAA-Q) Aud. 5

© © © © Mahonal Techmcai
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TeXVIKEC N\EMTOUEPELEC

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

e ypamtn eé€taon, aplota 10
o gfetdoelc e KAslota BLBALa + «okovak» (1 A4 dUANO)
e LUOTIKO emtuyiac?  TtapakoAouBnon + BLBALo

1 eBéopada dStaBaocpa otnv e€staotikn AEN apketl

QO Q@ watona

| Technical University of Athens. CREANEIGS
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lotopikn Avadpopun - 1944

65 'E}l ) \'\

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.

© © © © Manonal Technical University of Athens SO
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MNpoBAeEPelc (tunnel vision)

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




lotopikn Avadpoun - 1951

UNIVAC | (June 1951)
S1 million

48 systems - NpwTo EMITUXNUEVO EUTIOPLKO cUOTNUA!

© © © © Mahonal Techmical Un

hnical University of Athens SREANEIG:
o 8@ e e
o siepil:
8 22 CSLabtul



lotopiknl Avadpoun

Model 40
1.6MHz, 32-256KB, $225,000

- 1964

Model 50
2MHz, 128-256KB, $550,000

IBM System / 360

« S5 billion investment

+ 6 implementations

Model 60
5MHz, 256KB-1MB, $1,200,000

DEC PDP-8
« 1965
« 1t minicomputer

- cost < $20,000

Model 75
5.1MHz, 256KB-1MB, $1,900,000

© © © © Manonal Technical University of Athens L
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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.

10



lotopilkn Avadpopun

Apple IIC

Eh -
ot the Apple Tl Pe

« 1977
« Steve Jobs and Steve Wozniak

1%t personal computer

IBM Personal Computer (PC)
« 1981

« IBM model 5150

« CPU Intel 8088

+ OS DOS 1.0 (Microsoft)

- Best-selling computer of any kind!

© © © © Manonal Technical University of Athens L
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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 et al. 0666 ram

| Technical University of Athens. CREANEIGS
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OL levieC TWV eMeéepyaoTwV

e Mpwtn Mevia, 1946-59: Vacuum Tubes, Relays, Mercury Delay
Lines:

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

» MNpwto npoypappa arnodnkeuvpuévo os urtohoylotr: EDSAC (Electronic Delay
Storage Automatic Calculator).

e AcUtepn lMNevia, 1959-64: Awakptita Transistors.

e Tpitn Mevia, 1964-71: Mwkpou kot Meoaiou peyeboug
OAokAnpwpeva KukAwpata.

e TETaptn Mevia, 1971-Present: O MkpoUmoAoyLOTHC.
Mukpoemeepyaotec Baoclopevol o€ Texvoloyia OAOKANPWUEVWV

© © © © Nahonal Technical Un
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OL levIEC TWV ETEEEPYAOTWV

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

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-6tadoxoc Itanium 2 kat Montecito-30MB
cache & 4 cores)

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 TAvTOXpOova 8 viipata (threads)

2UVOAO 64 vrpaTta TAUTOXpovda.....

nal Technical University of Athens F.ﬂi“'ﬂcu.
: 8@ éfgﬁ I}
15 cs@SLabtal
00 PR,



Moore’s Law: Microprocessor Capacity

108

m Density, bits/em?

105

104

103

Gordon Moore (ocuvidputng

Disk drives

Moore's Law

diya Jad 5J0)515U81} JO JaqUNN @

0%
197 73 75 7T 'T2? 'B1 'B3 'B5 'BT '8% '91 "93 '"95 97 '99 2001 "O3

Source: I1BM, Intel

transistors

Pentium® 4 Processor
Pentium® lll Processor
Partium® Il Processor

100,000,000

¢ Intel) MOORES LAV 10,000,000
Pentium® Processor ‘-’//
, 486™ DX Processor ,/
1965:n TUKVOTNTA TWV /’ 4 | 1,000,000
. ) 386™ Processor ﬂ“:.’
transistors og chips dnc g™
, / { 100,000
NULaywywv Ba 8086 &
’ 1 i : "
dutAhaoilaletal kaBe 24 - / ) | 10,000
! 8008
MNVeG. aooa &4
: 1000
1970 1975 1980 1985 1990 19895 2000
8 8 © © National Technical University of Athens
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Intel
45nm 6T
SRAM cell

Standard Silicon High-k + Metal Gate

Transistor Transistor
Sio, High-k
Insulator Insulator
! ]
Soum', Source l! \ Drain
1
i ¥ e
Silicon substrate Silicon substrate

contact

. . —
A T L

= Gate-drain overlap

= Channel length

Gate-source aoverlap

+¥+Z = Gate length (printed / manufactured)

© © © © Mahonal Technical University of Athens
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PuBuoc avénonc Zuxvotntac PoAoylov

1,000 £
B R10000

100 E
:‘* — Pentium100
= - JOWN
s B ., Woo
- 30386
s 10 E 80286
@ =
o ~
S _
2 -
) ) L

- 18008
14004
0.1 . : ,
1970 1980 1990 2000
1975 1985 1995 2005
> 30% 1o xpovo
18
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CPU Clock

3GHz — XEON 3 GHz |
2GHz —
P11 1.13 GHz
ATHLON 1 GHz

e | [ ATHLON 1 GHz |
900 MHz — P-1II 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

100 MHz

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

© © © © Mahonal Technical University of Athens
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Auénon tn¢ xwpntwkotntag twv VLSI Dynamic RAM Chips

size £€toc pEyeBoc(Mbit)
1000000000 1980 0.0625

1983 0.25
1000000 1986 1
10000000 1989 4
1992 16
10000 1996 64
100000 1999 256

. 2000 1024
T I
1970 1975 1080 1985 1090 1995 200 §nAadn Suthaciaderan

Ve KAOe 1.6 xpovia

OOOO Natonal Technical University of Athen:
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Clock Speeds

PC
3GHz — ®
= PC

2GHz — ®
ALPHA EV7
= ALPHAEV6S @
1 GHz — ©
=] X1
800 MHz —| ]
= ALPHA
300 MHz — O
| C-90
®
] Y-MF @ PC
200 MHz — ® ®
150 MHz —
— X-MP PC
100 MHz —| CRAY-1 ® ®
®
| PC
50 MHz — b
_ PC
L
1T 17T 17T 17T 17T 17T 17T 17T 17T 17 17 17 17T 17T 17T 17T 17T 17T 17T 17T 17 17T 71T
1980 1982 1984 1986 1988 1990 1992 1994 1996 1998 2000 2002 2003
1 1 1 1 1 1 1 1 1
100 | 10 100 | 10 100 1
MFLOPS GFLOPS GFLOPS GFLOPS TFLOPS TFLOPS TFLOPS PFLOPS

SR

© © © © Mahonal Technical University of Athens @
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OpOLWG KOl YL TO XWPO amoOnNKeEUONG

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

MvnAun:
DRAM xwpntwkotnta: > 2x k&Be 1.5 €10¢.
~1000X xwpntwkotnta tn teAevtaia 10etia.
Kootoc ava bit: medtel katd 25% 1o xpovo.

Disk:
Xwpntikotnta: > 2X kabe 1.5 £toc.
Kootog ava bit: médtel katd 60% to xpovo.
200X xwpnTikotNTa TN TeAeuTaia 10stia.

ATIOKALON METAEY XWPNTIKOTNTOC MVAMNG KOl TaXUTNTAC MVAMNG

» 1 TaXUTNTA LOVO 7% TO XpOVOo

| Technical University of Athens. SRR
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1000

Hard drive capacity

100 -

Capacity (GB)

0.1 -

0.01 +

0.001

2/25M 979

11/14/1984

271990

10/28/19935

4/19/2001
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Microprocessor Clock Rate

- &-- DEC Alpha 21064
1200 MHz — 4 -DEC Alpha 21164PC
— B DEC Alpha 21164

; H » g

—©-DEC Alphs 21264 MHz History Chart
---f-- Intel F‘epntium z lr ‘DW i a
— —— -Intel Pentium MMK
—I—Intel Pentium Pro

---fov-- Intel Pentiurm II
1000 MH:z — —s— —Intel Pentium II Xeon
—0—1Intel Celeron
---@-- Intel Pentium III
— —¢— -Intel Pentium III ¥eon
---fa-- PowerPC G601
— -@— -PowerPC 5032

—O—PowerPC 603
500 MHz -~ PowerPC 604
— —p— -PowerPC 604e
—m—PaowerPC 620
—0O—PowerPC K704
---f-- PowarPZ 750
— —— -PowerPC 7400

---fa-- AMD KS

500 MHz — 44— -8MD EA&
—B—AMD KE&-11
— o AMD K&-1II 7‘3/
——aMD K7 Athlan
— MO KT Mew &thlan
--=fy-- AMD Duron

% \

400 MHz —c—5Sun UkraSPARC-II
—%—Sun UlraSPARC-III
. S
o om T A O
+-'--- ‘_'_:.‘_,-" -
200 MHz -
* 4
Y
www . macinfo.de
0 MHz | i i
('] [na] [a2] (] =+ -+ -+ L I L L] L] L] [l -~ [l [an] [un] [an] ()] [n)] ()] (] = (] —
o a0 o o 0 o o ol o T o T o o T o o a0 o o a0 o o =] o ]
i = o ra = o r = o ra = = ra = = I =2 = I = o ra = = = =
& <= 42 & =<2 & & =< 22 &4 = 4 a4 = & &4 a2 & a4 = I & =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 itself. The advantages of mtegration will bring about a
proliferation of electronics, pushing this science into many
MW ATEas,

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

maching instead of being concentrated in a central unit. In
addition, the mproved reliability made possible by integrated
circuits 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 o as microclectronics today as
well as anv addiional ones that result moelectronies fime-

25

MNnyn: ftp://download.intel.com/museum/Moores_Law/Articles-Press_Releases/Gordon_Moore_1965_Article.pdf

© © © © Mahonal Technical University of Athens
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1000

Processor-Memory Gap

“Moore’s Law”

100 processor-memory
Speed performance gap:
(MH2) (grows 50% / yr)
10 | oo
o~ memory
| p—m—=8 o
DRAM 7A/yr
1 1 1 1 : 1 :
O NN SN O VDO o NS WM ON NS
OOOOOOOOOOOOOOOOOOOOO\O\O\O\O\O\O\O\O\CDO
mmmmmmmmmmmmmmmmmmmmN
— ™ 1 4 1 e e
Time
8 8 () © Mahonal Technical University of Athens / F.nawﬂn
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MapaAAnAio oTOUC BLEMEEEPYAOTEC

»Ewc 1o 1985: MapaAlnAia o entinedo bit: 4-bit -> 8 bit -> 16-bit

»Méoa dekaetiog 1980s ewc peoa dekaetiog 1990: MapaAAnAia o€
entimedo evtoAnc (instruction level parallelism)

»1995: MapaAAnAia os eninedo thread (Simultaneous
Multithreading)

»2004: NMapaAAnAia o entinedo nupnvwv (cores)

© © © © Nahonal Technical Un

versity of Athens F_ﬁi‘"ﬂqﬂ_
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Reuters, Asutépa 11/6/2001:

OL unxavikoi tn¢ Intel oxedlaoav Kol KATAOCKEVACAV TO ULKPOTEPO
KOlL TaXUTEPO transistor otov kOopo pe peyeboc 0,02 microns. Auto
avolyeL to 6popo yla pikpoemneéepyaoteC 1 SLoEKATOUMUPLOU
transistors, pe ouyxvotnta ota 20GHz to 2007.

Mot dev €xoupe 20GHz emeéepyaotec onuepa?

© © © © Mahonal Techmical Un

hnical University of Athens AREANEIG:
esLab@l
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H emavaotacn nov cupfaivel ocnpepa

10,000,000
, , oo
O «yvnoLoc» VOUOG Tou 1,000,000 /
Moore cuveyilel va / -
]
Loxuet! 100,000 -

Chip density is continuing increase

~2X every 2 years 10,000

» Clock speed is not

m Transistors (000) [
¢ Clock Speed (MHz)

& Perf/Clock (ILP)
l | |

1,000
» Number of processor cores
doubles instead
100
There is little or no hidden g
parallelism (ILP) to be found - /
Parallelism must be exposed to /{ ¢ oy
and managed by software ) - e
T P 4 Power (W)
Source: Intel, Microsoft (Sutter) and Stanford 0
(Olukotun, Hammond) 1970 1975 1980 1985 1990 1995

29
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FLOPs/MIPs

FLOPs: Floating Point Operations per Second
MIPs: Million Instructions per Second
Eotw OTL £XOUE €vayv €TEEEPYAOTNA TTOU KAVEL 1 TtpA&n KvNTr ¢ UToSLAOTOANG
(artAnc akpiBelacg) oe kaBe kKUKAO poAoylou:
Av n ouyxvotnta tou eivatl 1GHz, tote £xel anodoon 1 GFLOP

Av oAokAnpwvel 1 evtoAn o€ kaBe KUKAO, TOTE £XeL armodoon 1000MIPs

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

E€aptatal amno tnv npaén, FPADD, FPMUL, FPDIV (amAnc akpiBelac-single
precision).

TouAaxwotov 12 GFLOPs/cpu

| Technical University of Athens. SRR
o0 KA N
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2UvEdpLo-EkBeon
ACM/IEEE Supercomputing

WWWw.supercomp.org

TOP 500 list:

Byaivel 2 dopEC To XpOVo:
e NosufBpLo

e loUvLO

www.top500.org
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Supercomputing TOP 500 / Nov 2007

-
@500 Performance Development
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Supercomputing TOP 500 / Nov 2007

" -
500 Projected Performance Development
100FPFlops
-B- #1
10 PFlops - o- #500
-3 Sum
-EFopas — #1 Trend
Line
100 TFlops — #500 Trend
8 Line
S 10 TFops - 5929 — Sum Trend
E udn Line
€ 1 TFops DJ:PD
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TOP 500 29th List (June 2007): The TOP10

Manufacturer Computer ?Tngz)]( Installation Site Country | Year | #cores
IBM BlueGene/L 280.6 DOE/NNSA/LLNL USA | 2005 | 131,072
eServer Blue Gene
Jaguar
Cray Cray XT3/XT4 101.7 DOE/ORNL USA 2007 | 23,016
Sandia/Cray R‘Ed storm 101.4 DOE/NNSA/Sandia USA | 2006 | 26,544
ray XT3
BGW
IBM 91.29 IBM Thomas Watson USA 2005 | 40,960
eServer Blue Gene
IBM New York BLue 82.16 Stony Brook/BNL USA | 2007 | 36,864
eServer Blue Gene
IBM ASC Purple 75.76 DOE/NNSA/LLNL USA | 2005 | 12,208
eServer pSeries p575
IBM BlueGene/L 73.03 RPI/CCNI USA | 2007 | 32,768
eServer Blue Gene
Abe
Dell PowerEdge. 1955, Infiniband 62.68 NCSA USA 2007 | 9,600
MareNostrum i )
IBM 1521 Cluster, Myrinet 62.63 |Barcelona Supercomputing Center| Spain 2006 | 12,240
HLRB-II
SGI SGI Altix 4700 56.52 LRZ Germany | 2007 | 9,728

www.top500.org

© © © © Manonal Technical University of Athens L
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TOP500 31th List (June 2008): The TOP10

Manufacturer Computer [r}"F‘j’:] Installation Site Country Year #cores
Roadrunner - BladeCenter QS22/LS21
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
IB . DOE/NNSA/LLNL
2 M Solution 478,2 OE/NNSA/LLN 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. in‘;i:)re ;‘“1’ 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
7 SGl quad core 3.0 GHz 133 Center (NMCAC) USA 2007 14.336
Computational Research Laboratories, .
g | Hewlett-Packard | EKA - Cluster Platform 3000 BLA60C, | 1+, 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 SGl SGI Altix ICE 8200EX, Xeon quad core| 106,10 P France 2008 10.240
3.0 GHz
www.top500.org
8@0 Hdl,ulfﬁl]ﬂgﬂilb % : i
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TOP500 37th List (June 2011): The TOP10

Manufacturer Computer Frrp?:] 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/0Oak quge National Laboratory USA 2009 224,162
2.6 GHz United States
. National S ting Centre i
4 Dawning  Nebulae - Dawning TC3600 Blade, Inte{ .. ationa S‘;‘;irzchznr:p(‘,jslgﬁ) entre 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 SGl 8200EX/8400EX, Xeon HT QC 3.0/Xeon| 1088 NASA/Ames Research Center/NAS USA 2011 | 111,104
5570/5670 2.93 Ghz, Infiniband United States
Cray Inc. DOE/SC/LBNL/NERSC USA
8 ray Inc Hopper - Cray XE6 12-core 2.1 GHz | 1054 _ 2010 | 153,408
United States
Commissariat a 'Energie Atomique
9 Tera-100 - Bull bullx super-node
EA
Bull SA $6010/56030 1050 (CEA) France 2010 138,368
France
Roadrunner - BladeCenter QS522/L521
Cluster, PowerXCell 8i 3.2 Ghz /
’ . DOE/NNSA/LANL
10 IBM Opteron DC 1.8 GHz, Voltaire 1042 © , > USA 2009 122,400
Infiniband United States
IBM
80 Nutional Technr Iu mmr, -Imh
www.top500.org 36 g%




Top 500 June 2015 (The same as 2014)

Name Development | Hardware Cores Performance Power (KW)
TFLOPS

Tianhe-2( X:a]) | National Intel Xeon E5-2692 12C 3120000 33862.7 17808
(China) University of 2.ZGHz,'_FH Express-2, Intel (54902.4)

Defence Xeon Phi31S1P

Technology
Titan DOE/SC/Oak Cray XK7, Opteron 6274 550640 17590 8209
(USA) Ridge National | 16C 2.2GHz, Cray Gemini (27112.5)

Lab. Intercon.NVIDIA K20x
Sequoia DOE/NNSA/LL | BlueGene/Q,Power BQC 1572864 17173.2 7890
K (IR) RIKEN AICS SPARC VllIfx 2.0GHz 705024 10510 12659.9
(Japan) Tofu Interconnect (11280)

Fujitsu

Mira DOE/SC/Argon | BlueGene/Q Power BQC 786432 8586.6 3945

Top 5 were not changed since June.2013

© © © © Manonal Technical University of Athens L
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Top 500 July 2016

Name Development | Hardware Cores Performance Power (KW)
TFLOPS
TaihuLight(XitA National ShinWei(# &) NRCPC 10,649,600 93,014.6 15,371
Z3) Supercomputing
Center in Wuxi
Tianhe-2( X:a[) National University | Intel Xeon E5-2692 12C 3,120,000 33,862.7 17,808
(China) of Defence 2.2GHz,TH Express-2, Intel (54,902.4)
Technology Xeon Phi31S1P
Titan DOE/SC/Oak Cray XK7, Opteron 6274 16C 550,640 17,590 8,209
(USA) Ridge National Lab. | 2.2GHz, Cray Gemini (27,112.5)
Intercon.NVIDIA K20x
Sequoia DOE/NNSA/LLNL BlueGene/Q,Power BQC 16C | 1,572,864 17,173.2 7,890
(USA) 1.6GHz (20,132.7)
K (&) RIKEN AICS SPARC VIlIfx 2.0GHz Tofu 705,024 10,510 12,659.90
(Japan) Interconnect (11,280)
Fujitsu

TalhuLight got the first place for the first time in 3 years.

© © © © Mahonal Technical University of Athens
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Top 500 June 2018

Name Development Hardware Cores Performance Power (KW)
TFLOPS
Summit - IBM Power
System AC922, IBM
Egi{ f\]f]/,ﬂoo‘:‘;, POWERS 22C 3.076Hz,
1 9 NVIDIA Volta GV100, 2,282,544 122,300.0 8,806
Laboratory .
. Dual-rail Mellanox EDR
United States ..
Infiniband
IBM
. Sunway TaihuLight -
glsheo:gm utin Sunway MPP, Sunway
2 percomputing SW26010 260C 1.456Hz, | 10,649,600 93,014.6 15,371
Center in Wuxi
China Sunway
NRCPC
Sierra - IBM Power System
5922LC, IBM POWER9 22C
DOE/NNSA/LLNL | 3.1G6Hz, NVIDIA Volta
3 United States 6V100, Dual-rail Mellanox | 1272480 71,6100
EDR Infiniband
IBM
. Tianhe-2A - TH-IVB-FEP
?Sr:\lo:'?elrsgzr?:er Cluster, Intel Xeon E5-
4 ~omp 2692v2 12C 2.26Hz, TH 4 981,760 61,4445 18,482
in Guangzhou E > Matrix.2000
China xpress-2, Matrix-
NUDT
AT Bridging Cloud
National Institute | Infrastructure (ABCI) -
of Advanced PRIMERGY CX2550 M4,
Industrial Science | Xeon Gold 6148 20C
5 and Technology 2.4G6Hz, NVIDIA Tesla 391,680 19,880.0 1,649
(AIST) V100 SXMZ, Infiniband D © © Nahonal Technical Unersity of Athens

Japan

EDR
Fuiitsu
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Top Green 500 June 2018

Name Rank in top Hardware Cores Performance Power (kW) | Power
500 TFLOPS Efficiency
(GFlops/watts)

Shoubu system B -
ZettaScaler-2.2, Xeon D-1571
16C 1.3GHz, Infiniband EDR,
PEZY-SC2 , PEZY Computing /
1 359 Exascaler Inc. 794,400 857.6 47 18.404
Advanced Center for
Computing and Communication,
RIKEN

Japan

Suiren2 - ZettaScaler-2.2,
Xeon D-1571 16C 1.3GHz,
Infiniband EDR, PEZY-SC2 ,
> 419 ;ECZY Computing / Exascaler
High Energy Accelerator
Research Organization /KEK
Japan

762,624 798.0 47 16.835

Sakura - ZettaScaler-2.2,
Xeon E5-2618Lv3 8C 2.3GHz,
Infiniband EDR, PEZY-SC2 ,
3 385 PEZY Computing / Exascaler 794,400 8247 50 16.657
Inc.

PEZY Computing K.K.
Japan

DGX SaturnV Volta - NVIDIA
DGX-1 Volta36, Xeon E5-
2698v4 20C 2.2GHz,

4 227 Infiniband EDR, NVIDIA Tesla | 22,440 1,070.0 97 15.113
V100, Nvidia
NVIDIA Corporation
United States

Summit - IBM Power System
AC922, IBM POWER9 22¢C
3.076Hz, NVIDIA Volta
V100, Dual-rail Mellanox EDR
Infiniband , IBM
DOE/SC/Oak Ridge National
Laboratory

United States

2,282,544 122,300.0 8,806 13.889

U (U Wahonal Technical Unwersity of
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GFLOP/sec per Watt

10° |

Theoretical Peak Floating Point Operations per Watt, Double Precision

INTEL Xeon CPUs =——e— |

NVIDIA Tesla GPUs =il |
AMD Radeon GPUs +

INTEL Xeon Phis =g
1 1

2008 2010 2012 2014 2016
End of Year
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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
Pentium [l — 35 watts
Surpassed
¥ P o Blat Pentium Il — 35 watts
ealing Flate Pentium Pro — 30 watts
10
Pentium - 14 watts
1486 — 2 watts
1 Iggﬁ — 1 "I""E'“ I I 1 I I I I
1.5u 1u 0.7 05u 0350 025 018u 013 01p  0.07n
1985 1995 2001 Year

© © © © Nahonal Technical Un
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Power Density Limits Serial Performance

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

—

10000
E 1000 Rocket NoZzZ|e e—p-
E Nuclear Reactor sy
EE 100 _
=Y i
@ 10 Yo Hot Plate
: ¥ =
il
-
i
=
o
o

1996 1998 2000 2002 2004 2006 2008

Power Density Becomes Too High to Cool Chips Inexpensively

Zource. Shekhar Borkar, intsl Cormp

© © © © Manonal Technical University of Athens SO
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B. Mé&poc

Aopka otowyela YrioAoyloth

44



To YroAoytotiko Movtédo Von-Neumann (1945)

ALY wPLoPOC TNE UTTOAOYLOTIKAC MNXOVAC OE OUVIOTWOEC:

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

» Mvnun (memory): AmoBrKkeuon eVTOAWV Kal TEAECTWV.

» Eloodoc¢/E€odo¢ (Input/Output - 1/0).

» H €vvola tou anoOnKeupEVoU ipoypappatoc: EVtoAéc amod éva cUvoAo evioAwv fdyovtoal
OTto TN MVAMN Kal EKTEAoUVTOL pia-pia.

Memory

(instructions,
data)

Computer System

E—
Datapath
registers 0utput
ALU, buses
CPU I/O Devices

© © © © Manonal Technical University of Athens L
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MICROPROCESSOR

DATAi }

ALU

PRINCETON (VON NEUMAN) ARCHITECTURE

MEMORY K —
CONTROL
{} INSTRUCTION & ADDR
< CONTROL
CONTROL
i "‘
STATUS CLOCK

46




IBM Automatic Sequence Controlled Calculator (ASCC)

IKEN=1BM AUTOMATIC S EQUENC

DDV
))’)335’)’)300’}00’)00000’)
AIIDIOOIDIIDNDIINN.
)))3)’)3000'}0’)’)0000000’)
YIINBOINIIDIINOO0O00! i

AIAIAIONO000CDCINNNS| Il [
3))3))"300000( COODDOINO] =Sz
3)3‘\003000000000000‘ ; ¥

T TRRT o

A
............

44 m | s, =i

¢/65,000 components

ehundreds of miles of wire

esize 16 min length, 2.4 m in height, 61
cm deep.

*4500 kg

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

47



HARVARD ARCHITECTURE
MICROPROCESSOR

DATA INSTRUCTION
MEMORY MEMORY
CONTROL
DATAjE ﬁ} & ADDR { INSTRUCTION
|

ALU \———  CONTROL

ouT <— CONTROL

STATUS CLOCK

© © © © Nahonal Technical Un,
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JUOTOTLKA TUTTLKoU YrtoAoylotn

Névte gival o KAAOOGLKA GUOTATLKA OTOLXELO TWV UTTOAOYLOTWV:
1. Control Unit; 2. Datapath; 3. Memory; 4. Input; 5. Output

ey )

Processor

Computer Keyboard,

Mouse, etc.
Processor (CPU) Memory Devices

(active) (passive)

Control , Input

Unit (mpoypappota

KoL dedopeva Disk
r glvat evepya IS
Datapath KQTAL TNV
EKTEAEON)

Display,

Printer, etc.

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

Proc

Caches

System Bus

adapters 1/0O Buses

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

nal Technical University of Athens SAEDEIR

: 8@ ;“ I}
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M caator P etitnun CFPTT Cache

Cache lewell

W yeteim

DRATN

FIYE:S
N o Eridgs
=] |7 memory

=
PCI bnas
I I
PrI e Prl
detrice detrice
aoth Bridge LI0E
T5E Hard drire
o | A 5By T DE ©
EVICE | y 1 - o
o ——
54 bus
EI0S ROM et 10
Foppy drre,
Parallel port,
Serial port

© © © © Mahonal Technical University of Athens
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Audio/ Parallel/ |1/0
MIDI serial
—/O: Misc—
Four Mermory-
Four e Processor
|ISA card
card slots Four
slots SIMM
slots
CPU
To oX£610 TOU GUOTAMATOC TTAAKETWV
gvoc NMpoowmnikoy YroAoyloth " Two
(System Board Layout of a PC) (90% connectors
OAWV TWV UNTOAOYLOTLKWV
cuotnpatwv dtebvwc).

Nahonal Technical University of Athens SRR
(o1 o] SN
- sl
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Opyavwon tn¢ CPU

« 2xebLlaopoc tou Datapath:

» Avuvatotntec & EnMiboon Twv XapaKTNPLOTIKWY TWV AELTOUPYLKWV
pnovadwv (FUs):

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

» Tpormol dLacuvdeonc Twv otolxeiwyv (olvdeon dtadpouwv, multiplexors,
etc.).

»Nwc pgeL n mAnpodopia petalL Twv otolxeiwv tou H/Y.
e 2xedlaopoc tnc Movadac EAeyyou (Control Unit):
» N\oyLKN Kal PEoa EAEyxOU NG pong mAnpodoplac.
»EAeyX0C KOl GUVTOVLOUOG TNG AELToUpyLaG TV AELTOUPYLKWY HOVASWV
(FUs) yla tnv Katovonon tng ApXLTEKTOVIKAG Toulnstruction Set

Architecture mou okomevou e va uAomotjcou e (UAoToLeiTal Elte e
EVOl LLNXAVN O TIEMEPACHEVWY KaTtaoTacswy (finite state) n pe

HLKPOTIPOYPOLLUQL).

 Meplypadn tov Hardware description pe pia KatdAAnAn
vAwooa, mibavwc xpnotpornowwvtag (RTN).

versity of Athens v‘”“""
oo EATH
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Branch

Control
Data
cache
Awatagn evoc Turikov
Mwkpoeneéepyaotn:
The Intel
Pentium Classic
Bus |[Integer
: data- Floating-
Instruction :
path point
SEENE datapath
” c<{CSLab




CLOCK DRIVER |

i |NSTBUCTION
CODE e dE IFETCH ;
C&CHEE = Sl s

BRANCH
PREDICTION
LOGIC

"2k cope IH?’STHUCTION'
D= JHIET e Avdtaén evoc TurkoU

T Tt 1f "
e

el Mwpoenegepyaotn :

BUS INTERFACE [~ "' - INSTRUCTION
LOGIC b ' SUPPORT The Intel

Pentium Classic

(. L2li| SUPERSCALER |——

"m; |  INTEGER 2
TBE | Execdmion

= s

SCACHE.Z i |

PIPELINED
\FEOATING :

MP LOGIC
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El

| HTPHY, link 1 |Apy6 I/0] Aopaheieg
Movdada kivntrig
UTTOdIA0TOANG
Twv 128 bit
a
~| Kowé- Movada  |Kpugr pvi- .
£| xenom [péprwong/a-| pn dedo- | Keuen
0 -| xpuen |mobrikeuong| pévwv L1 | HVAUN MuprAvag 2
E pvApN Movéda |, LE iy
1 a| L3V | geeacone | EAevxos | 512kB
- 2MB L2
T Mpookoéuion/
Atrokwdiko- | Kpuer
Toinon/ HVAMN V-
AiakAGdwon | toAdv L1
e . .
- 2 ¢ - Bopeia yépupa
™
X
e
BT ;—' Muprvag 4 Muprvag 3
o
|,—
I
HT PHY, link 4 |Apyo /O AcpdAeieg

<I7T XTOO0O

AMD Barcelona
4 cpu cores per chip

© © © © Mahonal Technical University of Athens
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O poAoc tou Zxedraotn YroAoylotwyv

. KaeopLZEL moLa XapOLKTr]pLGTLKOL elval Gr]uaerKa yLo Eval

VEO UNXAvVNHQA. 2T OUVEXELD OXESLALEL EVal un)s\ v
TIOU VA LEYLOTOTIOLEL TNV €Mid 00N Kot TTapaAANAN va pnv

UTtEPPBOLVEL TOUC TIEPLOPLOOUC KOOTOUC
e EMIMEPOUC XOPAKTNPLOTIKA
2xedLaopoc Tou instruction set
Opyavwon TwV AELTOUPYLWV

A\oylkoc oxeblaopoc kat uhomoinon (IC design, packaging, power,
cooling ...)

QO Q@ watona




Meplopiopol amo tnv TexvoAoyila

 ETnola mpoodog .

» Texvoloyila nULaywywv
% 60% meploodtepa otoxeia/chip 1992
<+ 15% taxUtepa oToL el
<+ Bpadutepa kaAwdLa

»Mvnun 1995
< 60% avénon xwpnTLKOTNTOC
< 3,3% pelwon tou xpovou npocBaong

» Mayvntikoi 6iokot
<+ 60% avénon xwpPnNTKOTNTOG
< 3,3% pelwon tou xpovou mpocPaong

» NMAOKETEC KUKAWUATWV
<+ 5% avénon otnv mukvotnta KAAWSiwv 1998

> KaAwdLa 64x mepLoootepa otolxela amod to 1989 4x

YPNYyopoTEPQ OTOLXEL

< Koo oA ayn

© © © © Nahonal Technical Un
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lepapyia TG APXLTEKTOVIKAC YITOAOYLOTWV

High-Level Language Programs

Software Assembly Language
L] .
Application Programs

: Operating
Machine Language System
Program
| Compiler | | Firmware | ]
Software/Hardware | 'RStL‘f:t":“ Set
rchitecture
Boundary | Instr. Set Proc. | 1/0 system \

Datapath & Control \
Hardware

Digital Design Microprogram

,_Circuit Design
Layout

Register Transfer

Logic Diagrams
g g Notation (RTN)

Circuit Diagrams

| Technical University of Athens F_ﬁh"’ﬂ
©0 S0 B
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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(S2)
Assembly Language lw S16, 4(S2)
Program sw $16, 0(S2)
Assembler SW $15; 4(S2)

: 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

e e ety 0101 1000 0000 1001 1100 0110 1010 1111

Machine Interpretation

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

Specification Register Transfer Notation (RTN)

© © © © Manonal Technical University of Athens SO
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lepapyia Tov Ixedlacpov YroAoylotwy

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

Notation (RTN)

— 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

Programs

High Level - Software

© © © © Mahonal Technical University of Athens
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Enetepyacia tov Instruction Set

L4 AletEKTOVl.Kﬁ (ISA) = amnd tnv MAEUPAE TOU TPOYPAUUATLOTH/UETAYAWTLOTH
» \eltoupyLkn epdavion mpog HECO Xproth / TPOYPALUOTLOTH CUCTHHUOTOC

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

4 YAOT[O‘.I’]GI’] (I.la rChitECtU re) = and tnv mAeupd tou oxedlootn enefepyaotwy

» \oyikn) Soun Kal opyavwaon Th¢ oPXLTEKTOVLIKAC

»Pipelining, functional units, caches, physical registers

L4 n pav MQTOT[O i.n Gn (Ch i p) = amno tnv mAeupd Tou oxedaotn chip / cuotnudtwy

»Quotkn doun tng vAormoinong

» Gates, cells, transistors, wires

| Technical University of Athens. SRR
©0 S0 B
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CPU Machine Instruction Execution
Steps

}

Instruction
Fetch , . , . .
Nape tnv evioAn anod tn 0éon anoBrkevong tov
' TPOYPAUHUOTOG
Instruction
Decode KaBopLoe TIC amattoUUEVEG EVEPYELEC KOl TO MEYEDOC
1 NG EVTIOANG
Operand
Feltch Evtomnioe Kat nape to SESOUEVA-TEAEOTEC
Exe_cute
1 YMOAOYLOE TNV TLUA TOU AMOTEAECHATOC i} TNG
Result KOTAoTOLoNG
Store ATtoOAKEVOE TA AMOTEAECHOTA VLA LETOYEVECTEPN
' Xprion
Next
Instruction KaBopLoe Tnv ENOPEVN EVTOAR

© © © © Nahonal Technical Un
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Instruction Set Architecture (I1SA)

e “...TO XAPAKTNPLOTIKA EVOG [UTTOAOYLOTIKOU] CUOTAMATOC OTIWCE dailveToL amod tnv MAsLPA
TOU TIPOYPOPOTLOTN, TT.X. N Weati doun Kal n AELToupyYLK cupmepldopd, SLoxwpLoUEVa
aro TNV opyavwaon tng pong d€Sopuévwy Kal Toug EAEYXOUC TOU AOYLKOU OXESLAGHOU KOl TNG
duoknc ulomoinong (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)LteKTtoviKn Tov cuVOAou Twv evtoAwv (instruction set architecture) aoxoAsital pe:

Opyavwon tn¢ npoypappatilopevne arnodnkevong (memory & registers):
TupneplAapfavel to mooo tng dtevBuvolodotnuévng pvnung (addressable memory) kot tov aplOpo twv

SLa0€opwyv Kataxwpentwv (registers).
Tonol & Aopég Aedopévwv: Kwdikonowjoeig & napovoiaon (representations).
ZUvoAo EvtoAwv (Instruction Set): Moieg Aettoupyieg npoacdlopilovral.
Mopdomnoinon ko kwdikomnoinon EvioAwv.

Tpomol 8LevBuvoLodotnong Ko TPoomEAAONG 6E6OUEVWV KAl EVIOAWV

Xelplopog E€apéoswv.

© © © © Manonal Technical University of Athens L
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Computer Instruction Sets

e Aveédptnta aro Tov TUTO Tou urntoAoyLoth, tTn doun
tn¢ CPU, N tnv opyavwon tou hardware, kaBe evtoAn
LLNXavnc npemet va tpoodlopilel ta akoAouBa:

»Opcode: Mota evtoAn ekteAeitol. MNapadeypa: add, load kat branch.

»MNou Bplokovtal ol TEAEOTEG, av uTtapyxouVv: OL TEAEOTEC pmopetl va elval
amoBnkevpEvol o kataxwpntég tng CPU, otnv kUpLa pvrpn, N og BUpeg
gloodou/e€odou.

»Nou tomoBeteital To AMoTEAEOUA, oV UTIAPXEL: MTtopel va avadEpetal pnta i
va UTtovoE(ital armo tov KwdLko tng evtoAnc (opcode).

»MNoU Bploketal n emopevn evtoAn: Av dev urtdpyxouv pnTEC SLOKAQSWOELC
(branches), n mpoc¢ ektéAeon evtoAn €ival n emMOpevVN otnv akoAouBio eVvtoAwv
TOU TIPOYPAPUOTOG. 2€ TtEpIMTWON evtoAwyv jump 1} branch n dtebBuvon
npoodlopiletol ano AUTEC.

© © © © Nahonal Technical Un,

versity of Athens F_ﬁal"e
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}

Instruction
Fetch

!

Instruction

Decode

!

Operand
Fetch

v

Execute

v

Result

Store

!

Next

Instruction

Instruction Set Architecture (ISA) Npodiaypadn
Anoutnoswv (Specification Requirements)

« Mopdormnoinon N Kwdikomoinon EvtoAwv:
. — MNw¢ kKwdikomoleital;

o Ocon teAeotwy Kal amoteAEopatoc (addressing
modes):

. — MoU aAAoU EKTOC UVAMNG;

. — [oooL pntol TEAEOTEC;

. — Mwc¢ avtiotowyiCovtal (located) ot teAeoTEC
HVANG;

. — Moot uropouv va Bplokovtal otn Pvnpn
KOl TtoLOL OXL;

o TUTOL KOl pEYEOOC SebopEvwv.

e Mpacelc

. — Molec utootnpilovtal

o Alaboxn evitoAwv:

. — Jumps, conditions, branches.
» Fetch-decode-execute umovoouvral.

| Technical University of Athens. SRR
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Turotw EvtoAwv oto Instruction Set

Operator Type

Napadeiypata

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

© © © © Nahonal Technical Un
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Napadeiypota EVToOAwWV PETOKIVNONG

dedopévwv
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

| Technical University of Athens. SRR
o0 KA N
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Napadeiypota EvtoAwv tnc ALU

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,rl1 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
©© © @ Mebnat o et
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Napadeiypota 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 $1 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 M€Eoo Moco0TO OUVOALKAC 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%

Napatiipnon: Ot armA€g EVIOAEC £XOUV TG LEYAAUTEPEC GUXVOTNTEC XPNOLHLOToinonG.
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