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Osnova prednasky

e Zobrazovani cisel v pocitaci
e Zaklady linearni algebry
— Vektory, matice a operace s nimi
— Vypocetni naro¢nost operaci
* Basic Linear Algebra Subprograms
* Blokoveé matice a paralelizace operaci
— Efektivita a Skalovatelnost operaci
 Reseni soustav linedrnich rovnic
— Linpack test a vykon pocitact

e Zagver
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Zobrazeni Cisel v pocitaci

* 1 bit=hodnota 0 nebo 1
e 1Byte (1B) = 8 bitu
* Dvojkova ciselna soustava
100101, = (=)' -(0-2*+0-2° +1-2° +0-2" +1:2") = -5,
Pozice 7]6/5/4/3/2]1]0
Hodnota 1 0000101
e 1B zobrazi -128.. 127, 0.. 255 bez znaménka
e 2B zobrazi -32 768 ..32 767, 0..65 565 bez znaménka
e 32bit architektura: integer =4B (aZz 4 294 967 295)
* 64bit architektura: long = 8B (az 18 446 744 073 709 551 615)
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Jak se zobrazi racionalni nebo realné cislo?

Systém s pohyblivou Fadovou &drkou
25,167=0,25167-10° =

=(-1"-(2-10"+5-107 +1-107 +6-10* + 7-107) - 10°

b=10: zaklad systému (2,10,16) + e=2: exponent
e a=[2,5,1,6,7]: mantisa (0..9) e +znameénko

* Pohybliva radovad carka = Floating point (eng.)
* Cisla uloZend v tomto systému jsou raciondlini

— Ryze realna Cisla nelze presné reprezentovat
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— Dokonce ani néktera racionalni Cisla (4) nelze presné reprezentovat
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Zobrazeni v pocitaci
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p-1
(1+Eak-2'k)-2e =(1+1-27"+0-27+1-:27 +1:27"+0-27)- 2" = 3,375
k=1

 0=[1,0,1,1,0] mantisa (p=6), e=1 exponent

e Single precision (float): 4B

sign exponent (8 bits)

fraction (23 bits)

|

l ,
ofo|1|1fz]1|1[ofo]o|1 0|o|ojo|ofo|ofo]ofo|0 = 0.15625
31 30 2322 (bit index)
* Double precision (double): 8B
exponent fraction
sign (11 bit) (52 bit)
I I |
o o o
63 52 0
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Floating point operation - FLOP

* VWypocetni ndrocnost— pocet operaci v pohyblivé radové carce
FLOPs
* Vypocetni vykon pocitace — pocet operaci v pohyblivé radove
carce za sekundu
— FLOPS = Floating point Operations Per Second (FLOP/s)

e Teoreticky vykon:

FLOP
FLOPS = # cores x frequency x OFs

cycle
e f#cores ... pocet jader procesoru, napr. 2

* Frequency ... takt procesoru, napr. 1.8GHz
* FLOPs/cycle ... pocet instrukci za sekundu, typicky 4 aZ 8.
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Aritmetické vektory

e Aritmeticky vektor = usporadana n-tice realnych cisel

V=[vl,v2,...,vn]

* nse nazyva dimenze vektoru, n=dim v

* [v]. znacii-tou sloZku vektoru v

X

0

P¥iklady:

[1737_2-59300], dimx =4

10,0,...0], 1=[11,...1], e,

[o,...,l,...,o]
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Operace s aritmetickymi vektory

e Ndsobeni aritmetického vektoru skalarem

i

lav] =alv], av = [avl,avz,...,avn]

e Vypocetni ndrocnost: f(n)=n

e Scitdni aritmetickych vektoru stejné dimenze

[u+V]l. = [u]i +[V]l,, u+vs= [“1 +V,u, + V.U +vn]

e Vypocetni ndrocnost: f(n)=n

* Asymptoticka slozitost: O(N) ... f(n)=A+B.n
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Operace s aritmetickymi vektory

Skaldrni soucin dvou vektoru stejné dimenze
Wv=u-v+u v, +..+u v
e Vypocetni narocnost: f(n)=2n-1, tj. O(n)

e Norma vektoru

HVH=\/V2+V2+...+V2 =\Jvv
1 2 n

* Vypocetni ndrocnost: f(n)=2n, tj. O(n)
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Vykonnostni test

e Operace nasobeni skaldrem + scitani vektoru
* Implementace:y<-ax+y

* Vypocetni narocnost: f(n)=2n, tj. O(n)

IT4Innovations
national
supercomputing
center

void daxpy(int n,double alpha, double *x, double *xy) {

for(int i=0;i<n;i++)
yl[i] = alphaxx[i] + y[i];

Testovano na MacBook Air, Intel i7, 1.8GHz
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Vysledky testu procedury DAXPY

VV_DAXPY GFLOPs GFLOP/s time[s] m

1000000 | 0,00186265 0,443569 0,00419922 yotta 102
2000000 | @,00372529 0,399445 0,00932617 zetta 102t
4 000000 | 0,00745058 0,447472 0,0166504 exa 1018
8000000 | 9,0149012 0,431649 0,0345215 peta 1015
16 000 000 | 0, 0298023 0,37537 0,0793945 tera 1012
32000 000 | @, 0596046 0,376412 0,15835 giga 109
64 000000 | 0,119209 0,291303 0,409229 mega 106
128 000 000 | @, 238419 0,189491 1,2582 kilo 103

f@n _20n) _,
f(n) 2n
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Vysledky testu procedury DAXPY

© GFLOPs o GFLOP/s O time[s]

10
yotta 10%
zetta 1021
1 exa 108
peta 101>
0,1 tera 10%2
giga 10°
0.01 mega 106
kilo 103

-
-
O‘

1 000 000 4 000 000 16 000 000 64 000 000
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Matice

 Matice = mnozina m x n realnych cisel usporadanych do m
radkd a n sloupcu

A
a, 4, -+ 4, r
A
a a e A r 4 4 4
A — 21 22 2n — 2 —_ Sl SZ L S
e o o A
aml am2 amn rm

* [A];; znaci prvek v i-téem radku a j-tem sloupci
A _ v . . 7 Vv 7
* r*=[a,, a,,.., 0, ] oznacCuje i-ty radek

* s znaci j-ty sloupec
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Priklady matic

1 1 -1 2 0 0 0 0 1 0
A=lg 1 1 2] 97 . SR . .
Lo V205 0 0 0 0 0 1

11110 |

1 1010

o) A= 1 0 1 11

1 1 11 1

00 1 1 1
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Operace s maticemi

e Nasobeni matice skalarem

[@A], = afA],

A
O{Clll (xalz cee O!Clln Ocrl
A
aa (044 e Add or y y y
A = 21 22 n | = 2 |=| as/, as, , QS
o o o A
aaml aamZ aamn arm

* Vypocetni ndrocnost pri m=n: f(n)=n?, tj. O(n?)
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Operace s maticemi

e Scitani matic stejného typu

[A+B], =[A], +[B]

i

a, +b11 a, b12 B bln
A+B= a21+b21 a22+b22 a2n+b2n

a +b a . +b -« a +b

ml ml m?2 m?2 mn mn

* Vypocetni ndrocnost pri m=n: f(n)=n?, tj. O(n?)
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Operace s maticemi

* Transponovani matic

T
[A7], =[A],
(SA)T
e 1
a, ~ dy a. \
T a a A\ RY RY /SA)T
A = 2 72 m2 | = (rl ) , (r2 ) s eees (rm) =| \72
czln CIZn Clnnz (!;AL)]W

e Zameéni se pocet radkd a pocet sloupct
* Vypocetni narocnost: f(n)=0, tj. O(1)
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Operace s maticemi

* Ndsobeni matice m x n a vektoru dimenze n

[AV] =[A] [v] +[A] [Vv], +..+[A] [V] = E[A]ij[v]j = rl.A Y

all a12 Clln Vl allvl +6112V2 +...+a1nvn

Av = a, G, -~ a4, vl |_[[@&V o, +-Fa,v,

a. a., - am> v amlvl+am2vz+...+amnv>

* Vypocetni ndroc¢nost pri m=n: f(n)=n(n+n-1)=2n?-n, tj. O(n?)
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Vykonnostni test

e Operace ndsobeni skaldrem + ndsobeni vektorem + scitani
vektoru

* Implementace: y <- aAx + By

* Vypocetni ndrocnost: f(n)=3n’+n, tj. O(n?)

void dgemv(int m, int n, double alpha, double %A, double xx,
double beta, double xy) {

int i,73;
for(i=0;i<m;i++) {
y[i] *= beta;
for(j=0;j<n;j++)
y[i] += alpha*A[mxi+jl*x[j]1;
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Vykonnostni test

e Operace ndsobeni skaldrem + ndsobeni vektorem + scitani
vektoru

* Implementace:y := a(Ax) + By
* Vypocetni ndrocnost: f(n)=2n?+3n, tj. O(n?)

void dgemv(int m, int n, double alpha, double %A, double xx,
double beta, double xy) {

int 1i,j; double temp;
for(i=0;i<m;i++) {
y[i] *= beta; temp=0;
for(j=0;j<n;j++)
temp += Almki+jl*x[j];
y[i] += tempxalpha;
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Vysledky testu procedury DGEMV

wv_0oENY |aFtors | aFioPes  |tmefa e

1000 0,0027949 0,554378 0,0050415 Yyotta 10%
2000| 0,0111777 0,560392  0,0199463 et 10%
18

4000| 0,0447072 ©,536932 0,0832642 °° 10
peta 101>

8000 0,178821 ©,520346 0,343658

tera 1012

16000 0,715271 ©,535532 1,33563 . .

giga 10

fQ@2n) 3(2n)* +2n B 12n° +4n—2n B mega 106
f(n) 3n° +n 3n° +n kilo 103

_4(3n2+n)—2n_4_ 2n 4 2
n(3n+1 n(3n+1) 3n+1
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Vysledky testu procedury DGEMV

© GFLOPs O GFLOPs/s © time [s]
.
yotta 10%
zetta 1021
1 exa 108
peta 101>
0.1 tera 1012
giga 10°
mega 106
> kilo 103

1000 2000 4000 8000 16000
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Operace s maticemi

 Ndsobeni matice m x p s matici p x n

AB=A[sf,...,sf]=

[AB], =[A],[s"], +

AB

I
S

a>
ip

:Asf,...,Asf]

b

1j

b

\Ug

ALL[S"], +...+[A], [s%], = Y[A],[B], =
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r*-s®
l J

* Vypocetni ndrocnost pri m=n=p: f(n)=n?(2n-1)=2n3-n?, tj. O(n3)
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Vykonnostni test

* Operace nasobeni skaldrem + nasobeni vektorem + scitdni
vektoru

* Implementace: C := aAB + 3C

* Vypocetni ndrocnost: f(n)=3n3+n?, tj. O(n3)

void dgemm(int m, int n, int k, double alpha, double %A, double xB,
double beta, double xC) {

int i,j,c;
for(i=0;i<m;i++) {
for(j=0;j<n;j++) {
Clmxi+j] *= beta;
for(c=0;c<n;c++)
CImxi+j] += alphaxA[mki+c]l*B[kkc+j];
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Vysledky testu procedury DGEMM

VV_DGEMM  GFLOPs GFLOP/s time(s]  predpona | FLOPS

500 0,349479 0,364412 9,959021 Yotta 10%

2
1000 2,7949 0,218035 12,8186 Z2°ta  10%
exa 1018

2000 22,3555 0,195408 114,404

peta 101>
4000 178,829 0,168494 1061, 34 -

tera 10

giga 10°

f(@2n) 3(2n)’ +2(2n)’ _ 24n’ +8n” +8n”° —8n” _ mega 108
f(n) 3n° +2n° 3n’ +2n° kilo 103

3 . 2 2
=8(3n +2n°)-8n _3g &n g 8 2

3n’ +2n° _n2(3n+1)= 3n+l
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Vysledky testu procedury DGEMM

10000

o GFLOPs ~ © GFLOPls  © time|s] FLOPS
1024

yotta
zetta 1021
exa 108
100 peta 101>
tera 10%2
giga 10°
L mega 106
kilo 103

500 1000 2000 4000
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Basic Linear Algebra Subprograms - BLAS

e Standardizace nejcastéji pouzivanych operaci v linearni
algebre, tj. operaci s vektory a maticemi

* Poprvé zminéno Lawsonem, Hansonem, Kincaidem a Kroghem
v roce 1979.

* Dnes existuje cela rada knihoven implementujici velmi
efektivne BLAS
— ACML - AMD Core Math Library
— ATLAS - Automatically Tuned Linear Algebra Software
— CcUuBLAS - BLAS pro NVIDIA GPU karty
— Intel MKL - Intel Math Kernel Library
— Netlib BLAS ....
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Standardizace nazvu subroutin

 Dle datovych typu
— S... Single precision
— D ... Double precision
— C... Komplexni Cisla
e Dle typu matic:
— GE — GEneral — obecné matice
— GB — General Banded — obecna pasova matice
— SY — Symmetric — symetricka matice
— TR —Triangular — trojuhelnikova matice
* Priklad: DGEMM = Double precision, GEneral matrix, Matrix-
Matrix operation
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BLAS Urovné 1

* Operace s vektory a s asymptotickou narocnosti O(n)

Nazev | Operace | Predpony

_SWAP X >y 5,D,C, Z

_SCAL X ¢— OX S,D,C,Z CS, ZD
_COPY y ¢— X 5,D,C,Z

_AXPY Yy — X +y S,D,C,Z

_DOT dot «— x'y S, D, DS

_NRM2 nrm2 «— |[|x] ], S, D, SC, DZ

_ASUM asum«— | |Re(x)||+||Im(x)| |, S, D, SC, DZ
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BLAS Urovneé 2

* Operace s vektory a maticemi a s asymptotickou ndro¢nosti O(n?)

Nazev |Operace | Predpony

_GEMV y «— 0AX + By, y «— aATx + By S,D,C, Z
_GBMV y «— 0AX + By, y < xATx + By S5,D,CZ
_SYMV y «— 0AX + By S,D
_SBMV y «— 0Ax + By S,D
_TRMV X «— AX, X «— ATx, x «— AHx S$,D,C,Z
_TRSV X — A-1x, x «— A Tx, x «— A-Hx S,D,C,Z
_GER A—oax'y+ A S,D

SYR A— ax™x+ A S,D
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BLAS uUrovné 3

e Operace s maticemi a s asymptotickou ndroc¢nosti O(n?)

Nézev Operace ____________________|Predpony

_GEMM C «— axop(A)op(B) + BC, op(X)=X, op(X)=XT S,D,C, Z
_SYMM C «— &AB + BC, C «— aAB + BC S,D,C,Z
_SYRK C «— aAAT+ BC, C «— aATA + BC S,D

_TRMM B «— xAB, B «— 0ATB, B «— aBA, B «— aBAT S5,D,C,Z

_TRSM B« xA1B,B«— A 'B,B«— aBAl,B«— aBAT S,D,C,Z
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Vykonnostni test DGEMM

e DGEMM: C := aAB + BC implementace Intel Math Kernel
Library

* Vypocetni ndroc¢nost: O(n3), pamétoveé naroky: cca 1,5GB

MKL DGEMM GFLOPs GFLOP/s MT time [s] 1T time[s] VV time[s]
500 0,233063 19,2271 0,0121216 0,0124512 0,959021
1000 1,86358 19,0366 0,0978943 0,101953 12,8186
2000 14,9049 21,6213 0,689362 0,769043 114,404
4000 119,224 21,577 5,52551 5,99673 1061, 34
8000 953,734 21,6729 44,0057 49,2425

Testovano na MacBook Air, Intel i7, 1.8GHz
Teoreticky vykon: 2 x 1,8GHz x 8 = 28,8 GFLOP/s
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Vysledky testu procedury DGEMM

o GFLOPs © GFLOP/s © MTtime[s] © 1T time[s] © VV time[s]

10000

100

0,01
500 1000 2000 4000 8000
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X86_64 cluster Bull Extreme Computing bullx technology

* Vypocetni uzly bez akcelerace

180 uzl(
2880 CPU jader

2x Intel Sandy Bridge E5-2665,
8-core, 2.4GHz procesorl na
jadro

64 GB fyzické pameéti na uzel

1x 500GB SATA 2,57 7,2 krpm
HDD na uzel

Teoreticky vykon:: 19.2 Gflop/s
na jadro

* Vypocetni uzly s akceleraci

27 uzld

2x Intel Sandy Bridge
E5-2470, 8-core, 2.3GHz
procesord na uzel

96 GB fyzické paméti na uzel

1x 500GB SATA 2,57 7,2 krpm
na uzel

23x GPU accelerator NVIDIA
Tesla Kepler K20 1x per node

4x MIC accelerator 1x Intel
Phi 5110P per node
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Vykonnostni test DGEMM na Anselmovi
e DGEMM: C := aAB + BC implementace Intel Math Kernel

Library

* Vypocetni ndroc¢nost: O(n3), Pamétovad ndrocnost: cca 6GB

MKL DGEMM GFLOPs GFLOP/s MT time [s] 1T time [s] MacBook time [s]
500 0,233063 9,32254 0,025 0,015625 0,0121216
1000 1,86358 74,5431 0,025 0,11875 0,0978943
2000 14,9049 198,732 0,075 0,940625 0,689362
4000 119,224 238,448 0,5 7,46562 5,52551
8000 953,734 246,125 3,875 59,3 44,0057
16000 7629,63 255,385 29,875

Teoreticky vykon 1 uzlu: 16 x 2,4GHz x 8 = 307,2 GFLOP/s
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Vysledky testu DGEMM na Anselmovi

O GFLOPs © GFLOP/s © MTtime[s] < 1Ttime[s] © MacBook time [s]

10000

100

0,01
500 1000 2000 4000 8000 16000
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Blokové vektory a matice

* Rozdéleni vektoru do nezavislych bloku

v=12—1\013\-252]

V= [ v, v, v, ]
Pfiklad: u=u,gu,u,] =WV
Blokovy vypocet C W V=90 =00V e=lo 4o Ha
skaldrniho soucinu v =V v V.| ,=u,V,
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Blokové vektory a matice

* Rozdéleni matic do nezadvislych bloku

22

I 21 O -
A= -1 10 1 > A= ALl A
O 0|11 3 A21 A
0O Of1 -1 _
Blokovy soucin matice vektor: u, = A11V
Av = Al AL Vi iy ", = A,V - = .
- Ayl [Ax I Y2 | u, =A,V "
u, = A22V
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Jiny priklad distribuce maticov{/c_

OO
el Nan) Il B\

1
0
1
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Blokovy soucin
matice vektor:

IT4Innovations
national
supercomputing
center



IT4Innovations

’ \ national
} ‘ Katedra

supercomputing
aplikované matematiky

center

N4

Skalovatelnost DGEMM na Anselmovi

* Silna paralelni skalovatelnost: cas potrebny pro reseni ulohy
na N procesorech je T(N)=T(1)/N

O Perfect scalability O time [s] © Perfect scalability O time [s]
60 100

45

30 10

15

0 1
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Skalovatelnost DGEMM na Anselmovi

* Slaba paralelni skalovatelnost: Cas potrebny pro reseni ulohy
se nemeni pri zachovani velikosti ulohy na jeden procesor

DGEMM weak weak scalability time [s]

1000 - 1 core 0,125 0,125
2000 - 2 cores 0,125 0,48125
4000 - 4 cores 0,125 1,89375
8000 - 8 cores 0,125 7,49375
16000 - 16 cores 0,125 30,2188

Chybal!l — VypocCetni naro€nost 2x vétsi

ulohy je osminasobna!
2000 musime spustit na 8 jadrech
4000 musime spustit na 64 jadrech!!!!
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* Slaba paralelni skalovatelnost: Cas potrebny pro reseni ulohy
se nemeni pri zachovani velikosti ulohy na jeden procesor

DGEMYV weak scalability weak time [s]

20000 - 1 core 0,425 0,425
40000 - 4 cores 0,425 0,425
80000 - 16 cores 0,425 0,675

0,7

0,525

© scalability weak

0,35

0,175

0
20000 - 1 core

40000 - 4 cores

80000 - 16 cores



IT4Innovations

’ \ national
}‘ Katedra

supercomputing
aplikované matematiky

center

Soustavy linearnich rovnic

* Jedna linedrni rovnice o jedné neznamé:
b

ax=b< x===a"'b pokud a=0
a

e 2linearni rovnice o 2 neznamych

ax + by e

cx + dy = f
— Redeni substituci nebo seétenim rovnic

* Jak se resi soustavy o tisicich, milionech az miliardach
neznamych?
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Soustavy linearnich rovnic

e Soustava m linearnich rovnic o n neznamych

ax, + apx, + -oax = bl
A, X, + apx, + - a4, x = bz
cznﬂ;rl + C%WZJCZ + o C%wnjrn = lln

 Maticovy zapis

a, dap a., X b,
a a a X b

Ax = 21 22 on 2 | 2 |—p
aml am2 amn ’xn bm
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* Dale budeme uvazovat m=n, tj. n rovnic o n neznamych
 A=LU, kde L resp. U je tzv. dolni resp. horni trojuhelnikova matice

a, dp

ag 1 0 O
A=|la, a, ay |=| L, 1 0 0 wu, u, [=LU
a3 dy A L L] 1 0 0 |us;
— L U _ =
a,=r"-s; =1-u,;+0-0+0-0=1u,,
L U_ i
a,=r"-8, =1u,+0-u, +0-0=u,
_ L U _ _
a,=1"-8; =1-u;+0-u, +0-u, =u,
a,=rr sV =1 u +1-040-0=1, u, =1, =21
2 =6 Sp =l Uy 21 Wy 21
U
U _ _
Ay =18, =b - u, +1-uy +0-0=1, -u, +uy, > uy, =ay, -1 u,
o U _ _
Ay =0y Sy = by -ty + 1ty 0 sy =1 - uyy iy = Uy = ay — 1) -ty
a
— L _ _ 4y
Ay =0y -8, =l uy +10,-0+1-0=0, -4, =, =—
U,
a,,— L, -u
L = _ Gy 3 Uy
Ay, =05 8S; =buy+ 1l +1-0=0 cup, + 1, uyy = 1) =
Uy,
Ay =T3Sy =hyycus+hy uyy+1 wyy > ugy =ag, — by u,— 1, -uy,

U=A; L=I;
for k = 1 to n-1
for i = k+1 to n
L[i,k]=U[4i,k]/U[k,Kk]
for j = k ton
U[i,31=U[i,3]1-L[i,k]1*U[k,]]
endfor
endfor

endfor

Vypocetni narocnost:
f(n)=%n>, tj.0(n°)
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Redeni soustav rovnic LU rozkladem

Ly=b
Ax=b o (LU)x=b & L(Ux)= b
Ux=y
 Dopredna substituce: Ly=b e /Zpétna substituce: Ux=y
Ly, = b >y ) Uy X, +  UpX, + o UX, = V=X )
Ly + = b=y, : ;
un—l,n'xn—l + un—l,nxn = yn—l 4 xn—l
lnlyl + ln2y2 + yn = bn:>yn ) unnxn = ynz'xn )

Vypocetni ndrocnost: O(n?)
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Knihovny pro reseni soustav linearnich rovnic

* Snaha o standardizaci stejné jako v pripade BLAS

— LINPACK, LAPACK, ScaLAPACK

— PLASMA, MAGMA, Intel MKL, ...

 LINPACK benchmark
— J. Dongarra

— Méreni vykonu pocitacd www.top500.org

— HPL - High Performance Linpack

— Vypocetni naroc¢nost 2/3n3+2n?
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Test vykonu

10000

100

n =
(W]

» S—
iPhone 5 \\\“““*-~\\%
MacBook Air p 4
Anselm 1 uzel \ 0,01
GFLOP/s

Anselm




IT4Innovations
national

} ‘ Katedra supercomputing

aplikovane matematiky center

Superpocitace PRACE

Sixth production system
available by January 2013: 1
Petaflop/s IBM (MareNostrum)
at BSC.

First production system
available:

1 Petaflop/s IBM BlueGene/P
(JUGENE) at GCS (Gauss

Upgrade: 5.9 Petaflop/s  centre for Supercomputing)
IBM Blue Gene/Q 7

Fifth production system available'by August
—2011: 2.1 Petaflop/s IIBM BG/Q (FERMI) a

Second production system
available: Bull Bullx CURIE at
GENCI partner CEA. Full capacity
of 1.7 Petaflop/s reached by late
20

Third production system available by the end of
. . . 2011:
Fourth production system available by mid 1 Petaflop/s Cray (HERMIT) at GCS partner HLRS

—2012: 3.2 Petaflop/s IBM (SuperMUC) at . -
GCS partner LRZ (Leibniz-Rechenzentrum). (High Performance Computing Center Stuttgart).
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www.top500.org

Rmax Rpeak Power
Rank Site System Cores (TFlop/s) (TFlop/s) (kW)
o National Super Computer Tianhe-2 (MilkyWay-2) - TH-IVB-FEP 3,120,000 33,862.7 54,902.4 17,808
Center in Guangzhou Cluster, Intel Xeon E5-2692 12C 2.200GHz,
China TH Express-2, Intel Xeon Phi 31S1P
NUDT
e DOE/SC/Oak Ridge Titan - Cray XK7 , Opteron 6274 16C 560,640 17,590.0 27,112.5 8,209
National Laboratory 2.200GHz, Cray Gemini interconnect,
United States NVIDIA K20x
Cray Inc.
DOE/NNSA/LLNL Sequoia - BlueGene/Q, Power BQC 16C 1,672,864 17,173.2 20,132.7 7,890
United States 1.60 GHz, Custom
IBM
RIKEN Advanced K computer, SPARC64 VIlIfx 2.0GHz, Tofu 705,024 10,510.0 11,280.4 12,660
Institute for interconnect
Computational Science  Fujitsu
(AICS)
Japan
o DOE/SC/Argonne Mira - BlueGene/Q, Power BQC 16C 786,432 8,586.6 10,066.3 3,945
National Laboratory 1.60GHz, Custom

United States IBM
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N&§ Minisuperpotita PERMONIK (1GFLOP/s)
o - : -
5 B &

8 ks + 1 ks + 1ks + 2ks + 8 ks + 8ks
(900MHz,512MB RAM)

+ cca tyden intenzivni prace D. & M. Hordka & L. Rihy =
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N&§ Minisuperpoc¢ita¢ PERMONIK (1GFLOP/s)

© Teorie © Permonik
© Teorie © Permonik
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LINPACK benchmark

http://software.intel.com/en-us/articles/intel-math-kernel-library-linpack-download
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LINPACK benchmark

J

Available on the

App Store
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