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‘Adeleg Xpnong

e To napdv eknaideutikd UNKO undkeiral oe adeleg xpnong Creative
Commons.

e [1a eknaideutikd UAIKS, Onwg €IKOVEG, Mou unokeiral oe AANOU TUMoU
dadelag xprnong, N Adeia xprnong avaQEPETal PNTWG.

@00
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Xpnuaroddétnon

e To napdv eknaideutikd UAIKO éxel avanTuxBei ota nAdiocia Tou
eknaideutikoU €pyou Tou didAaockovTa.

e To épyo «Avoiktd Akadnuaikd MaBripara oro Mavenoripio
Narp@v» éxel xpnuUaTodoTHoe! JAVOo TN avadiaudPPwWon Tou
eKnaldeuTIKoU UNIKOU.

e To €pyo uhonoleital oto NAaicio Tou EnixelpnoiakoU MpoypduuaTog
«Eknaideuon kai Aia Biou MdBnon» kal cuyxpnuarodoreital and 1y
Eupwnaikny ‘Evwon (Eupwnaikd Koivwvikd Taueio) kal and eBvikoug
nopouG.

ENIXEIPHIIAKO MPOTPAMMA

L EKMAIAEYEH KAl AIA BIOY MAGHEH 2 EXNA

: : £rEVOYN GTNV UoLVWwVid. TNE YVIOT: 2007'2013
* ok = T

YNOYPTEIO NAIAEIAL & BPHEKEYMATON, NOAITIEMOY & ABAHTIEMOY  EvPanaiko KOINANIKO TAMEID

Evpwnaiki Evwon EIAIKH YNHPEXIIA AIAXEIPIZHZ

Eopumolis Kowuns Taptlo s, 1 ouyxenuaToBéTon Trc EXAGGaG Kar T Evpumalicic Evwong
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Ykonog Evémnrag

©epeNwdn NPORAAUATA TNG APIBUNTIKAG YPAUUIKNG AAYERPAG.

e Hiepapxia BLAS.

e [M\okadonoinon kal BACIKEG MNPAEEIC GTO UMOAOYICTIKO UOVTENO IEPAPXIKNAG
MVAUNG.

Yneptaxug noAanAaciacuog Strassen kal NapaAayeEG.
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° Apaid unrpwa
a Mapadeiyuara apaiwy PNTewwy

e ZNTJATA OXETIKA e TNV apaidtnta: Tonikdtnta, avanapdoracn Kal
MNEOYPAUMATICUOG
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Yneveuuion Kal npdypauua dIAAeEENS

IV nponyouuevn SIGAEEN WIANCAUE YIa
@ Ttov MoA\arAaciacud MM (npd&En BLAS-3)
@ ovouaToAoyia Kal UEPIKES BIBANIOBRAKEG uhonoinong Twv BLAS.
@ Béuara Yerdepaong - eidikdéTepa 1o loop unrolling.

@ TNV autduaTn eMAoyr BEATICTWY NAPAPETPWY KAl AuTOPATN NApaywyn
‘BéATIoTOU KWOIKA' (project ATLAS) yia ta BLAS

HEBODOUG UNOAOYICHOU MM UEIWPEVNG MOAUNAOKOTNTAG NPAEewV.
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Yneveuuion Kal npdypauua dIAAeEENS

IV nponyouuevn SIGAEEN WIANCAUE YIa
@ Ttov MoA\arAaciacud MM (npd&En BLAS-3)
@ ovouaToAoyia Kal UEPIKES BIBANIOBRAKEG uhonoinong Twv BLAS.
@ Béuara Yerdepaong - eidikdéTepa 1o loop unrolling.

@ TNV autduaTn eMAoyr BEATICTWY NAPAPETPWY KAl AuTOPATN NApaywyn
‘BéATIoTOU KWOIKA' (project ATLAS) yia ta BLAS

@ ueBddoUG UNoAoyIoHoU MM JEIWPEVNG MOAUNAOKOTNTAG NPAEEwWV.
YAuepa Ba culnmooupue Ta eENG:

@ Apaid uNTpwa Kal ePIKA {NTHATa nou npokuntouv otn SIaxeipior) Toug
(Mg elcaywyry)

@ Eicaywyn oto poviéNo apiBunTikAG KIvNTNG unodIaoTONNG KAl OTa OPANJATa
OTPOYYUAEUONG
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Apaid untpwa

‘Eva untpwo m X n anokaAeital apaid (sparse) av 1o NABoG Twv Jn INSEVIKWY
TOoU, NNz, €ival KAtd NoAU HIKPATEPO Tou NARBOUG TwV CTOIXEIWV Tou. LuvABWG,
auté onuaiver 61 nnz = O(min{m, n}).

@ H apaidémra aflonoleital ye (apaieg avanapactacels) oe eIdIKES DOUEG
OedopévwV WOTE Ta apald UNTEWA VA AroBnKeUoVTal GE XWEO NOoAU
pikpSTepo Tou O(mn).

@ [Mpocoxr): IV nepinmwon auTr, ol KWJIKES JIAXEIPIONG TOUG NPEnel va
AdQuBavouv undyn v apdair doun.

@ Av enireAéocoupe pia NpdEn yetafU dUo apaiwV UNTPWWVY, TO ANoTEAECHA
urnopei va eival apaié A éxi. Mx. av A € R™" roidiaywvio 1é1e 10 A"~ 8a
eival nukvo.
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Apaid untpwa

H apaidmra eival n nio cuvnBIouévn douIKr 1IB1OTNTA TWV UNTEWWVY MNou
MEOKUMTOUV OTIC €PAPHOYEG. Tnv aflonoloUpe we eENG:

@ Kard v anoBrikeuon Tou INTPWou, UE APAIEG TEXVIKEG, EIOIKES DOUEG
OedOUEVWVY, KA.

@ Kard v eninoyr neBOBoU Xpriong TOU PNTPWOU OTA NEOBAAUATA TG
UMOAOVIOTIKAG YOAMMIKAS AAyeBpag. M.x. otnv eniAucn cucTuATwyY
XpPNoIJonolouvTal:

o dueceg apaleg yéBodol (n.x. BA. (Daviéb)), i

e enavaAnmmkeg péBodol (n.x. BA. (Saa03))
O1 uéBodol enihuong, XxPNOIMOMNoIoUV eIBIKOUG «UNOAOYICTIKOUG NUPHAVEG» YIA TIG
aniég npdEeig

@ n.x. sparse BLAS, 6nwg «noANAnAacIiacuds apaiol UNTPWoU e dIavucuan.,

@ «KPUQPOC MOANANAACIACHOG» UECW UMOPOUTIVAG «JAUPOU KOUTIOU»

Euotpdrniog FaMénoulog ©  (TMHYT, M. Marpwv) 27 Oxtwppiou 2014 7127



Eidn puntowwv ora BLAS, avanapdcTtacn otn uvAun Kal

KWOIKEG

Mapadeiyuara xpriong OToug CUVOECHOUG

UPLO Triangular matrix 4 Storage in array A UPLO Triangular matrix 4 Packed storage in array AP
an o1z 013 G4 4y a1y @13 @1g ap g apg @y
- azz a3 424 * 422 G 424 ase a3 a4
- an a azs @ aya
v a33 O34 * & Gy au u asy as 11 12 823, 013 993 033, G14 G2 G Gid
[ % % au e
a1y a * * * a1y
. an  ax an am ¥ % an  azn
' L a ay a. Q3 G4y Q33843 .
L ag 6z oy oy ag Ay * L an az asm &t 91 3 a1, oz O Gag 058 03, Gad
a4] 042 043 G44 G4 G4 G43 844 G4 Q49 G413 Q44
UPLO Hermitian matrix 4 Storage in array A
an a1y 613 a4y an a1y 613 4y
. @12 az a2 a4 * 4 am am
u A3 Ay Ay aaq * % ag oy FIp— Band o - D
Gy a3t au % % ay and matrix and storage in array
ay oy
, _ _ # G412 Gz3 O34 Q45
a1 @z Az G4 ap o F an amp an
- a1l a asm G4 ass
. an ax axp 4 an am * % az O3 O3y O34
L _ Qg1 G32 043 Os4 *
az a3y 633 Q43 ag axp ay * Q49 Q43 Ogp G435 4 i @ N
31 G4z Og3
G4 G4 O43 Q4q G4 G4y G4y G4 as3 G54 4G5

YnddeiEn: Aeite pepikoUg and Toug KWAIKES UECW TwV CUVOECUWVY.

Marpwv) 27 Oxtwppit 4 8/27
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http://www.netlib.org/clapack/cblas/dtrmv.c
http://www.netlib.org/clapack/cblas/dtpmv.c
http://www.netlib.org/clapack/cblas/zhymv.c
http://www.netlib.org/clapack/cblas/dgbmv.c

Alaywvia untpwa: MATLAB vs. Octave |

b maTLaB R20026

HI:II:I _'Ij |E s & E L],Q_, Mew \Variable | & Analyze Code E @ Preferences
- | Fi :

4> Open Variable - > Run and Time =l Set Path
New New Open Import Save t:E} éf Layout ﬁ
Script w - Data  Worksy [} Clear Workspace ~ [ Clear Commands ~ ~ - Paralel >
FILE VARIABLE CODE ENVIRONMENT
= ﬁ v T b Users b stratis-hp » Documents ¥ MATLAB »
Current Folder @ | Command Window
Marme - »>» A=rand (1000) ;B=rand (1000) ;E=eye (1000) ;Z=zeros (1000) ;

Eﬂ west0381.mat - >> whos

ﬂTestRectangularSolves... | Hame Size Eytes Class Attributes

fﬂ ref.m

’;ij rand_v.m 3 1000x1000 8000000 double

%) prefisd_test.m B 1000x1000 8000000 double

?:l plott.m = E 1000x1000 8000000 double

%] paracr_coef.m Z 1000x1000 8000000 double

|| paracr_coef.asv
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Alaywvia untpwa: MATLAB vs. Octave I

>>ver

GNU Octave version 3.8.1

GNU Octave License: GNU General public License

operating System: Linux 3.13.0-37-generic #64~precisel-ubuntu sMp wed Sep 24 21:37:11 UTC 2014 x86_64

Package Name | version | Installation directory
miscellaneous | 1. | /home/gallop/octave/miscellaneous-1.2.1
> A=rand(1000); B-rand(lDDD),E-eye(lDDU) Z=zeros (1000);
>> whos
variables in the current scope:
Attr Name Size Bytes Class
A 1000x1000 8000000 double
B 1000x1000 8000000 double
E 1000x1000 8000 double
1000x1000 8000000 double

Tota'\ is 4000000 elements using 24008000 bytes

Mpoocoxn): Aeite yia diaywvia unrpwa omy Octave

Euotpdrniog FaAénourog €  (TMHYM
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https://www.gnu.org/software/octave/doc/interpreter/Basic-Usage.html#Basic-Usage

IXeTIKA pe 1a diaywvia pntpwa otnv Octave

And 10 eyxelpidio Tou

21.1.3 Explicit and Implicit Conversions

The diagonal and permutation matrices are special objects in their own right. A
number of operations and built-in functions are defined for these matrices to use
special, more efficient code than would be used for a full matrix in the same
place. ...

To facilitate smooth mixing with full mairices, backward compatibility, and
compatibility with MATLAB, the diagonal and permutation matrices should allow
any operation that works on full matrices, and will either treat it specially, or
implicitly convert themselves to full matrices.

Instances include matrix indexing, except for extracting a single element or a
leading submatrix, indexed assignment, or applying most mapper functions,
such as exp.
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https://www.gnu.org/software/octave/doc/interpreter/index.html#SEC_Contents

Apaid untpwa (deite TN CUAOYN
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http://www.cise.ufl.edu/research/sparse/matrices/

AuckoNieg/avTiEodTNTEG - NPOKAACEIG

O1 unoAoyiouoi ye apaid PNTewWa NAPousIAlouv OPICUEVA CNPAVTIKA

XOPOKTNPEICTIKA :

©éuara ToniKOTNTAG: MEIWPEVN TNV MV, dnwg ekppdletal and 1o
QVAUEVOEVO [ OE OXEON PE EKEIVO TwV UNOAOYICHWY UE MUKVA
uNTEWA.

Avanapdoracn kail erioyn doung.

MepinA\okog MPOYPAUUATIONOS Yia TNV 0P8N dlaxeipion NG avanapAdotacnc.

AfloonueiwTo: 0 oXxedIaopdg Kal N UACMOINCN anodoTKWV aAyopiBuwv MV yia

apaid pnrpwa (SpMV) eival oAU ueydAng CNUAcIag oe Napa MoAEG

€PAPOYEG.

Euotpdrniog FaMénoulog ©  (TMHYT, M. Marpwv) 27 Oxktwppiou 2014 13/27



H apaidtnra peiwvel v Tonikotnra

Alepeuvoupe 1o avauevopevo i Ynohoyi¢oupe 2, Prin, tmin YIO SPMV Kal
SpMM yia TG npdeig Ax, AB. YnoBérouue &t 1o untpwo A € R™" eival apaid,
e nnz un JNdevika otoixeia kal o1l €xel anoBnkeuTel ue autov Tov Tpdno.

e &, =nnz +2n
e 0= Z}f’:1 2n; = 2nnz énou n; 1o NARBOG TWV N INJEVIKWY ava YR,

® fmn = (nnz +2n)/(2nnz) &~  + -2

nnz

MOANANACCIACUOG TETPAYWVIKWV UNTPWWYV, AB, érou 10 A apaid:
o dy =n°+nnz+2n
°© Q=n3) ", 2n =2mnz.
® fmn = (N +nnz +2n)/(2nnnz) ~ ;2 +

=~
2nnz nnz

Mpooétre én avapévoupe émn < nnz < n?. Na uNTPWa nou eival apKeTd
apaid, nnz = yn yid Pikpo aképaio vy K n, nx. vy = 10

Yuunépaoua: H duvduel tonikdtnta TG npaing MV pe apaid unTpwo JEIWVETA
etariag 1ng apaidnrac.
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Avanapdotaon Kal anoBnkeuon

Mukvr anoBrikeuon

@ o€ nivaka m X n 8écewv (Aoury Aedouévwv — AoYICUIKO)

@ O pvAUN eyypdgetal oe BIadoxikES dieuBuvaoelg (Katd YPAUUEG N
omAeg) (Aoyiouikd — YAIKO)

@ xpeidlovrial mn B€ceig uvAUNG

Apair| anoBrikeuon

@ AnoBnkeUovral uovov Ta N PNdeVIKA KaBwe Kal deikteg yia npdcBacn
@ Yuxva 3 povodidorarol Mivakesg apkoUuv

° BECEIG PVNHNG

@ MOAUMNAOKOTEPOC MPOYPAUUATIONOG

Euotpdrniog FaMénoulog ©  (TMHYT, M. Marpwv) 27 Oxktwppiou 2014 15/ 27



Mapddelyua

AnoBrikeuon COO kai CSR

coordinate CSR
row | col | val \l}_ﬂ col | val
1.0 00 0 0 1 [ [ - DE
—20 00 0 3.0 i > e
2| & [ReE :ﬁ‘ 5 3.
0 0 0 —10 0 e - OE
0 40 O 0 0 412 |4 6|2 |4
—90 0 0 0 o slt]e _
, COO: 18 Bécelg. CSR: 17
25 Bécelg

Beéoelc.
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Compressed Sparse Row (CSR / or CR

1 0 0 -1 O

12 s o fs fs |7 s o Jio [n
2 0 -2 0 3 vak |1 |4 ]2 |2 s s fe Ja s |5 |6
0 -3 0 00 A e 2 o fli |5 s
0 4 0 —4 0 1A 1 315f7—'9~——£[j—/
5 0 -5 0 6

VAL nivakag nnz a.k.u. MNMepiéxel 1ig un INdeVIKES TINEG a.K.u. diateTayuéveg (Je
autavopevo deiktn oTANG) avd ypauun
JA nivakag nnz akepaiwv. To JA (1) eivaln omAn nou nepiéxel 1o VAL (1) .
IA nivakag n + 1 akepaiwv. To IA (i) eival n 8éon tou 1ou oToixeiou NG i-00TNG
yeauung i ota JA, VAL. Av IA()=IA(+1) n ypapun eival undevikr. TuvABwg yia
évdelEn éhoug IA (n+1l) = IA(1l) +nnz

‘AN\EG UEBODOI apalnNG anoBrnkeuonc / apaiEC SOUEG

@ [MoA\ég mpordoeig ot BiBAoypaia (compressed sparse column, modified sparse row,
diagonal, skyline, jagged format, blocked CSR, ...)

@ [Mpénel va npooapudleral o KWAIKAG avAAoyd e ToV TPOMO aroBrkeuong ...

@ H MATLAB anloucteUel yiati avapepduacTe Ge apald UNTPWa wg NMUKVA. n.x. To A (1, J)
etakoAouBei va onuaivel To otoixeio ot Béon (i, j) TOU JNTPWOU A AV KAl ECWTEPIKA,
uloroleital evieAws dIaPopPETIKA.

Euotpdrniog FaMénoulog ©  (TMHYT, M. Marpwv) 27 Oxktwppiou 2014 17 /27



MoAanAaciacuég SpMV

MnTpwo o€ apair) anoBrikeucn

Xpnoiuonoiwvtag opoloyia MATLAB yia 1n doury CSR

1 function [y] = spmv_csr (VAL,IA,JA,vy,X)
% pollaplasiasmos y <- y + Axx opou to A einai se morfh CSR
for i=1:n
k1=IA(1); k2=IA(i+1)-1;
y(i) = y(i)+ dot (VAL (k1l:k2),x(JA(kl:k2)));
end

o o A » N
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MoAanAaciacuég SpMV

MnTpwo o€ apair) anoBrikeucn

Xpnoiuonoiwvtag opoloyia MATLAB yia 1n doury CSR

1 function [y] = spmv_csr (VAL,IA,JA,vy,X)

2 % pollaplasiasmos y <- y + Axx opou to A einai se morfh CSR
3 for i=1:n

4 k1=IA(1); k2=IA(i+1)-1;

5 y(i) = y(i)+ dot (VAL (k1l:k2),x(JA(kl:k2)));

6 end

1 function [y] = spmv_csc (VAL,IA,JA,y,X)

2 % pollaplasiasmos y <- y + Axx opou to A se morfh CSC
3 for j=l:n

4 k1=IA(j); k2=IA(j+1)-1;

5 y(JA(kl:k2)) = y(JA(k1l:k2) + x(j)*VAL(k1l:k2);

6 end
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Ynodopur yia apaid untpwa orn MATLAB

1 function [y] = spmv_csc(VAL, IA,JA,V,X)

2 % pollaplasiasmos y <- y + Axx opou to A se morfh CSC
3 for j=1l:n

4 k1=IA(]j); k2=IA(j+1)-1;

5 vy (JA(k1:k2)) = y(JA(kl:k2) + x(j)+VAL(kl:k2);

6 end

Euotpdrniog FraMéroulog ©  (TMHYT, M. Marpwv) 27 Oxktwppiou 2014 19 /27



Apaid untpwa ot MATLAB

ST [21 G <[y €[] (Gl

SPARSE MATRICES IN MATLAB: DESIGN
AND IMPLEMENTATION

JOHN R. GILBERT*, CLEVE MOLER!, AND ROBERT SCHREIBER!

Dedicated to Gene Golub on the occasion of his 60th birthday.

Abstract. We have extended the matrix computation language and environment MATLAR to
include sparse matrix storage and operations. The only change to the outward appearance of the
MATLAR language is a pair of commands to create full or sparse matrices. Nearly all the operations

of MATLAR now apply equally to full or sparse matrices, without any explicit action by the user. The

sparse data structure represents a matri: portional to the number of nonzero entries,
nd most of the aperations compute sparae reatlts in time proportional o the number of arithmetic

operations on nonzeros.

Key words. MATLAB, mathematical software, matrix computation, sparse matrix algorithms.

AMS subject classifications. 65-04, 6505, 65F20, 63F50, 68N15, GSIL10.

1. Introduction. MATLAB is an interactive environment and programming lan-
guage for numeric scientific computation [18]. One of its distinguishing features is the
use of matrices as the only data type. In MATLAB, a matrix is a rectangular array
of real or complex numbers. All quantities, even loop variables and character strings,
are represented as matrices, although matrices with only one row, or one column, or
one element are sometimes treated specially.
The part of MaTLAB that involves computational lincar algebra on dense matri-
ces is based on direct adaptations of subroutines from LINPACK and EISPACK [5, 23] 5
i smaxsd Page 1" i 24

@ Inuavtikn dieukdAuvon: Ta UNTPWA anoBnkevovtal wg CSR, avagpepduaocte o
autd pe Tov KAaoiké 1pdro, A (1, j) eival to otoixeio om 8éon (i, j) Tou pnTpwou
A.

@ O1 onuavtikétepeg npdelg (dnwg n LU) uhonololUvral kal wg uéBodol yia untpwa

MouU AV KOUV OTNV «apair) KAGoN»
Euotpdrniog FaMénoulog ©  (TMHYT, M. Marpwv) 27 OxtwPpiot 4 20



Apaid untpwa ot Octave

MNa evdiapepduevoug MA\Rpng napouciaon Sparse Matrix Implementation in
Octave.
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http://www.sce.carleton.ca/faculty/adler/talks/2006/bateman-adler-octave2006.pdf
http://www.sce.carleton.ca/faculty/adler/talks/2006/bateman-adler-octave2006.pdf

Apaid untpwa otnv Octave ( )

@ Ta nukva untpwa anoBnkeuovral ue JIATagn column major Kal KaTr avricToIxeia, Ta
apaid pnrpwa oe Compressed Sparse Column format.

@ Ta oToIXeia TwV YPAUPWY arnoBnkelovral oe aufouoa oelpd we Npog To Seikmn Twv
YPAUUWV.

@ O delking oTNAWV NEPIEXE] €va OTOIXEIO EMMAEOV TOU MANBOUG TwV OTNAWV. To
npwrto oroixeio eival ndvra 0. Me autdv Tov 1pdno dev xpeldletal eIdIkn
METaxeipion yia TNV NpwTn f TEAeUTaia OTrAN,.

-10 -20 O 0
0 0 0 -30
0 0 0 —40

anoBnkeUeTal OTouG MivVakes

Mapddelyua To unTPwo

cidx=(0,1,2,2,4):ridx = (0,0, 1, 2); data = (-1.0, -2.0, -3.0, -4.0).
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https://www.gnu.org/software/octave/doc/interpreter/Storage-of-Sparse-Matrices.html

0O ® N o O A o N =

A=rand(1000) ;B=rand(1000) ; E=eye (1000) ;
Z=zeros (1000) ;Es=speye (1000) ; Zs=sparse (zeros (1000)) ;

>> whos

Variables in the current scope:

Attr Name

Zs

Total is 4001000

Size

1000x1000
1000x1000
1000x1000
1000x1000
1000x1000
1000x1000

8000000
8000000
8000
16004
8000000
4004

elements using 24028008 bytes

double
double
double
double
double
double
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Xpnon Epyou Tpitwv |
Qo
(2]
(<]
(]
(5]
o
o
o
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http://www.netlib.org/clapack/cblas/ (BA. ceA 9)

http://www.mathworks.com/products/matiab/ (BA. ceh 10)

https://www.gnu.org/software/octave/ (BA. ceA 11)
https://www.gnu.org/software/octave/doc/interpreter/index.ntmH#SEC_Contents (BA. cel 12)
http://www.cise.ufl.edu/research/sparse/matrices/ (BA. o€ 13)
https://www.mathworks.com/help/pdf_doc/otherdocs/simax.pdf (BA. ceh 21)
http://www.sce.carleton.ca/faculty/adler/talks/2006/bateman-adler-octave2006.pdf (BA. GeA 22)
https://www.gnu.org/software/octave/doc/interpreter/Storage-of-Sparse-Matrices.html (BA. cel 23)


http://www.netlib.org/clapack/cblas/
http://www.mathworks.com/products/matlab/
https://www.gnu.org/software/octave/
https://www.gnu.org/software/octave/doc/interpreter/index.html#SEC_Contents
http://www.cise.ufl.edu/research/sparse/matrices/
https://www.mathworks.com/help/pdf_doc/otherdocs/simax.pdf
http://www.sce.carleton.ca/faculty/adler/talks/2006/bateman-adler-octave2006.pdf
https://www.gnu.org/software/octave/doc/interpreter/Storage-of-Sparse-Matrices.html
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