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NEPIAHWH

H a&loonueiwTtn TTpoéodog TTou TTapaTtnpeital otnv laTpiki Pe TRV TTAP0dO TwV XpOvwv
OXETICETAI AUECA PE TNV TAXEIA KAl EUPEIa EEATTAWON TNG XPNONG TWV UTTOAOYIOTWY OTIG
emoTnpeg vyeiag (latpikf, BloAoyia, BiotexvoAoyia). O1 TTOAUTTAOKOI UTTOAOYICUOI TTOU
ATTAITOUVTOI O€ €PEUVNTIKO KAl TTEIPAMATIKO OTAdIO KABIOTOUV TOV TOpEA TNG lAaTPIKAG
AppPNKTa oUVOEDEPEVO [E eKEiVOV TNG MNMANPOPOPIKAG.

‘Eva atro 1a QAEyovTa Kal evOIAQEPOVTA EPEUVNTIKA {NTHUATA OTOV TOMEQ TNG laTpIKAG —
OUYKEKPIPEVA TNG VeEupoAoyiag - €ival n Asitoupyia Tou avOpwtTivou gyke@daAlou. Mia
Oladedopévn HEBOBOG avaAuong TNG eYKEQAAIKAG dpaocTnpIdTNTAG TOU avOpwITTou Eival
n Aeitoupyiky ATtreikovion MayvnTtikoUu 2uvtoviopou (fMRI). Eivar un emepBarikn
MEBODBOG PEOW TNG OTTOIAG UTTOPOUME VA PEAETAOOUNE TIG TTEPIOXEG TOU EYKEQPAAOU TTOU
evepyoTTolouvTal KaTd TN OIGPKEIO EKTEAEONG MIAG EVEPYEIOG (TT.X. OMIAIa, TTapaTApnon
MIaG €IKOVAG).

2TNV £pyacia pag acxoAoUPaoTe e TNV epappoyr alyopiBuwyv Dictionary Learning kai
Factorization o€ fMRI. M0 CUYKEKPIYEVA ETTIKEVTPWVONOOTE OTOUG aAyopiBuoug k-SVD,
MM kai PARAFAC2. Z16X0G Jag €ival n €MTAXUVON TWV TTAPATTAVW AAYopPiBuwV HEow
TNG XPAONG KAPTAG YPAPIKWY, N OTToia TTAPEXEI TN dUVATOTNTA TTOAAATTAWY TTAPAAANAWY
TTPAgewV TTAvw oe oykwdn Oedopéva. Ta meipduata pag dlevepyndnkav Pe xpron
CUDA kai Matlab.

OEMATIKH MNMEPIOXH: Emitdxuvon aAyopiBuwv pe xprion KapTag ypagikwy, Dictionary
Learning, NapayovtoTtroinon, fMRI

AEZ=EIZ KAEIAIA: fMRI, k-SVD, MM, PARAFAC2, GPU



ABSTRACT

The remarkable progress observed in medicine over the years is related to the rapid
and widespread deployment of computer use in health sciences (Medicine, Biology,
Biotechnology). The complex calculations required at the research and experimental
stages make the field of medicine inextricably linked to that of computer technology.

One of the burning and interesting research issues in the medical field is the function of
the human brain. A widespread method of analyzing human brain activity is functional
Magnetic Resonance Imaging (fMRI). It is a non-invasive method through which we can
study the brain regions that are activated during the performance of an activity (for
example speech, observation of an image).

In our thesis we deal with the implementation of Dictionary Learning and Factorization
algorithms in fMRI. Specifically, we focus on k-SVD, MM and PARAFAC2 algorithms.
Our goal is to accelerate the above algorithms through the use of GPU, which offers the
capability of multiple parallel operations over big data. Our experiments were conducted
using CUDA and Matlab.

SUBJECT AREA: Algorithm acceleration using GPU, Dictionary Learning,

Factorization, fMRI

KEYWORDS: fMRI, k-SVD, MM, PARAFAC2, GPU



2TIC OIKOYEVEIEC UQS VI TNV EUTTPAKTH OTHPIEN TOUS



EYXAPIZTIEZ

MNa N diektTepaiwon NG TTapouoag MNruxiakng Epyaciag, 6a BEAape va euxapioTHOOUNE
Tov emBAETTOVTA, KAO. Zépylo Oeodwpidn, TTOU pag Pondnoe va eVIOTTIOOUPE Ta
EVOIOQEPOVTA POG KAl pag kaBodriynoe o€ OAn Tn JIAPKEIQ TNG EPYOTIiAG PE TN PEYAAN
TOU EUTTEIPIA KAl TIG TTOAUTTAEUPEG YVWOEIG TOU.

[OlaiTepn pveia Ba TPETTEl va KAvoupe oTov d10AkTopa lwdavvn Kowivn kal oToug
uttoyneioug d1dakTopeg Xprioto XarlnxprnoTto kai Manuel Moreno Morante, e Toug
OTTOIOUG PBPIoKOPACTAV OE dIAPKNA ETTIKOIVWVIA KAl Jag KaBodrynoav oTToTEAECUATIKA
KaBoAn Tn didpkeia NG Epyaciag.
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NMPOAOIOZ

H mapouoa Mruyioki Epyacia ektrovABnke otnv ABriva katd 1o akadnuaiké érog 2016-
2017. AtroteAei amrapaitnTn TTPOUTTO0E0N yia TN AWn TOU TITUXIOU PAG WG TTPOTITUXIOKOI
@oitnTég  oto  TuApa  TIANPOQ@OpPIKAG  Kal  TnAemKoivwviwy Tou EBvikou  kai
KarmrodioTtpiakou [avemoTtnuiou ABnvwv. Katd 1 dIdpKkeEld @OITNOAG Hag  Kal
TTaPAKOAOUBWVTAGS TTANBWPA HABNPATWY SIAQPOPETIKWY UETAEU TOUG, £€va aTTo Ta BEuaTta
TTOU PAG KEVTPIOE GNPAVTIKA TO evBIAQEPOV ATAV O TPOTTOG TTOU AEITOUPYEI O avOPWTTIVOG
EYKEQOAAOG, O TPOTTOG TTOU AVTIAQUPBAvETAl, ETTECEPYALETAI KAl avTIOPA OTa gpebiopara.
MapdAAnAa, TTaAvTa cixaue Mia 181QiTEPn KAiON TTPOG TOV TTPOYPAMPaATIoONS. O K.
Oe0dwpidng pag kaBodriynoe divovtag pag £va BEua yia TNV TITUXIAKN JOG Epyacia TTou
ouvduddlel kal Ta OUOo. A@evog uev dloBdAcape Kal KATAVONOAPE Tov TPOTIO TTou
OUAAéyovTal pe Tn pEBodOo Tou TMRI Ta dedopéva TTou TTAPAYOVTal ATTO TOV EYKEPAAO Kal
MEAETAOANE TOUG OAyopiBuoug TTou Ta Xelpiovtal, a@eTépou O& QOXOANBNKaPE
TTPOYPAPMATIOTIKA JE TNV ETTITAXUVON TWV GAYOPIBUWY auTwy.



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2
1. EIZAIQrH

21NV evOoTNTA TNG £I0QYWYAGS Ba TTAPOUCIACOUNE TIG BACIKES £VVOIEG TNG TITUXIOKNG MAG
epyaciag. OTTwg cival @avepd kal armmo Tov TiTAo, Ba PINAooUPE yia TIG €VVOIEG TOU
Dictionary Learning, Tng Acitoupyikng Ateikoviong MayvntikoU Zuvtoviouou (fMRI), Tng
TTOPAYOVTOTTOINONG TTIVAKWY KOl TAVUOTWY. 2TIG ETTOPEVEG EVOTNTEG BA DOUUE TTWG AUTEG
ol évvoleg ouvduddlovTal Kal oxeTiCovTal PYE TOUG aAyopiBuoug TTou avagépovTal oTov
TiTAO (k-SVD, MM, PARAFAC?2).

1.1 Dictionary Learning

Toéoco o1 Quaoikoi aioOntpeg (UdTI, auTi) 600 Kal Ol TEXVNTOI (KAUEPES, MIKPOPWVA)
OUAAEYOUV KABE BEUTEPOAETTTO TEPAOTIO OYKO aTTO dedouéEva PeyAAwY dlaoTdoewy. Ol
ailodntpeg autoi dev cival oe Béon va emeEepyacTouv Ta Oedopéva, OTTOTE TA
OEIYMATOANTITOUV PE UWNAOTEPO PUBPO aTTd TNV eyyevn didotaon Twv dedoueévwy. H
eyyevng didoTtaon (intrinsic dimensionality) j 1IoxUouca didoTtaon (effective dimension)
gival To TTAABOG TWV TTAPAPETPWY TTOU PAG ETTITPETTOUV VA TTPOCEYYIOOUNE UE CNPAVTIKN
akpipela Ta Oedopéva Kal gival PIKPOTEPN aTTd TNV TIpayuatiky didoTacn. TNV
TTPAYMATIKOTNTA, OPWG, N TTANPOPOPIa TTOU XPEIACOMOOTE Eival  €KEIVN TTOU OXETICETAI
ME TA AiTIO TTOU TTPOKOAOUV TO QAIVOPEVA TTOU KATAYPAPOUV Ol aiodnTthpes. Me GAAa
AGyIQ PJTTOPOUNE VA PEIWOOUUE TN dIAoTACH TWV JEIYUATOANTITAPEVWY OEdOUEVWY OTNV
eyyevr d1IdoTaon TNG BaCIKNG dIAdIKACIAG XwpPig alodNnTr ATTWAEIA OTNV ETTIOOON.

‘Evag d1a100NnTIKOG TPOTTOG va TTPOC0EYYioouue TO TTPORANUA TNG HEiwoNG dIACTACEWY
(dimensionality reduction) €ival va evTOTTIOOUYE TI TTPOKAAEI TO XAOUA OIOOTACEWV
METAEU TOU QUOIKOU QaIVOUEVOU Kal TNG TTapatripnong. O 1o ouvnBiopévog Adyog gival
n dlagopd aTnNV avatTapdcTacn Twv 0edOUEVWY OTOV aIoONTAPa o€ OXEON PE TO PUOIKO
XWPO. 2& WJEPIKEG TIEPITITWOEIG Eival, Yia TTaPAdEIyua, €vag atrAOG  YPAUMIKOG
METAOXNUATIOPOG TOU XWPEOU avattapdoTaonG TTOU UTTOPEI va UTTOAOYIOTEI HECW TNG
Avaihuong Kupiwv Zuviotwowv (PCA). Ze dAA\eg TEPITTTWOEIG, O AIOBNTAPES
KATaypA@ouv Tautoxpova OUo 1 TrepIocoOTEPEG OladIKAOIEG ME TA QiTIA TTOU TIG
TTPOKAAOUV va BpiokovTal o€ dIaQOPETIKOUG UTTOXWPEOUGS Kal aTraitouvtal GAAeC péBodol,
ommwg n AvdAuon Avegdptntwv 2uviotwowv (ICA), yia va TTPocdIOPICOUNE TIG
Ol0QopeTIKEG dladikaaieg Tiow atrd Ta dedopéva TTou TTapaTnpoupe. H péBodog ICA
MTTOpEl  va  dlaxwpicel  dIAQOPETIKA aiTia 1 TNyéG avaAloviag Ta OTaTIOTIKG
XOPAKTNPIOTIKA Twv OedOPEVWY KAl €AAXIOTOTIOIWVTOG TNV auoifaia TTAnpogopia
(mutual information) avaueca ota TTaparnpoupeva dciypara. To ICA diagépel ammd 1o
PCA o010 yeyovog OTI uTTopei va dlaxwpioel TTnyEg Ox1 JOVO o€ oxéan Pe deUTeEPNG TAENGS
OUOXETIOEIG HEOoa 0€ €va oUVOAO dedouévwy, aAAG Kal o€ oxéon Kal PJe uwnAdTeEPNGS
T&GENG OTATIOTIKA.

Opwg, n avammapdoTaon Twv dedoUEVWV PTTOPED va gival uTTEPTTARPNS (overcomplete),
OnAadn} 0 apIBPOS TwV TTNYWYV | 0 APIBPOS TWV UTTOXWPWY TTOU XPNCIKJOTTOIoUVTal YIia
TNV TTEPIYPAPL Twv OedOPEVWV Va gival JeEYaAUTEPOG aTTO T diIdoTach Twv deQOUEVWV.
H xpnowdtmta t¢ peiwong OIaoTACEWY O€ QUTAV TNV TIEPITITWON aQopd Tnv
ammodoTikéTNTa. MapdAo 1Tou 10 TTARBOC Twv TMOAvwy dlEpYacIwV OTov KOOMO E€ival
TEPAOTIO, TO TTANBOG TWV AITIWV TTOU KATAYPAPOUV oI aloBNTAPEG YaG OE MIa XPOVIKA
OTIYUA €ival TTOAU PIKPOTEPO: Ol TTAPATNPOUMEVEG DIEPYATIES gival apalég (sparse) oTo
oUvoAo OAwv Twv mlavwyv airiwv. Me dAa Adyia, TTapoAo TTou TO TTANBOG Twv
UTTOXWPWYV TTapaThpnong eival yeydAo, povo Aiyol ammd autoug Ba TTepiExouv deiyuata
Oedouévwy ammd TIC MPETPNOEIC Twv aiocbnmpwyv. [Mpoadiopilovrac autolug Toug
UTTOXWPOUG, BPICKOUME HIa avaTTapdoTacn TOU OUVOAOU TwV UTTOXWPWYV OE PEIWHUEVO
XWPO MIKPOTEPWYV dIACTACEWYV ATTO TOV APXIKO.
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To onuavTikG epwTnUa TTou TIBETAI €ival TTwG Ba TTPOCDIOPICOUNUE TOUG UTTOXWPOUG TTOU
BpiokovTal Ta dedopéva TTou KaTaypd@el o alocdntipag. H mmAoyn gival ammro@acioTIKAG
onuaciog yia TNV ammodoTIKA peiwon Twy dlaoTdcewy. AuTr n avaykn TupoddTnoe Eva
VEO Kal UTTooXOpevo Tredio €peuvag TTou ovopddletal pddnon ue Ae€iké (Dictionary
Learning). To Dictionary Learning €0TIAlel OTnNV KATAOKEUR VEWV OAyopiBuwv atrd
droya (atoms) 1R UTTOXWPOUG TIOU TTOPEXOUV OTTOTEAECUATIKEG AVATTOPACTACEIG
KATNyopIwv onudaTtwy. Ta atopa eivalr oToixeiwdn diavuouata yovadiaiag vopuag Kal
OTO OUVOAO TOUG OUVBETOUV TO AeCIKO. OI TTEPIOPIOHOI OTTAVIOTNTAG (Sparsity constraints)
gival KAEIBi oToug TTEPICOOTEPOUG aAyopiBuoug TTou AUvouv TO TTPORANPa Tou Dictionary
Learning, 81011 emBAAAOUV TNV avayvwpion Twv KUPIWV QITIWV TwWV TTAPATAPOUPEVWV
OedopEVWV KAl EUVOOUV TNV akpIB avattTapdoTacn TNG OXETIKNG TTANPOPOPIAG. 2TOX0G
TNG apaing avatrapdoTtaong (sparse representation) €ival va ek@pdoel éva onua wg
YPOUMIKO OUVOUAOHO €VOG PIKPOU OpIBUoU onudtwy TTou TTpoépxXovTal atmd pia TTnyn
TToU ovouddletal Ae€ikd. ‘EoTtw K n didotaon tou Aegikou kal k n didoTaon Tou orRuaTog
e K>k, To Ae€Ikd eival utteptTAnpeg (K>k) 61av KOAUTITEI TO XWPO TOU OANOTOG Kal TA
dtoua €ival YPAPUIKWGS eEapTNUEVA. Z€ QUTHV TNV TTEPITITWON, N AvaTTapAdoTaCch TOU
onuarog dgv gival povadIki.

H épeuva otov Topéa Tou Dictionary Learning akoAouBei TpeIG OIAQOPETIKES
KATEUOUVOEIG TTOU QVTIOTOIXOUV O€ TPEIG KATNYOPIiEG aAyopiBuwv: i) ol TTBavoTIKEG
MEBODOI, i) o1 pEBodol TTou Bacilovtal oTnv opadoTtroinan (clustering) 1 otnv KR&vTwon
dlavuopdTtwy, iii) o1 uEBodOI EKUABNONG AECIKWY PE OUYKEKPIYEVN Oopr). EIdiIkdTEPO OTN
0eUTEPN KaTNyopia evidooovTal oI aAyopiBuol TG Katnyopiag K-means, 0Toug OTToioug
avikel o aAyopiBpog k-SVD. O1 K-means aAyopiBuol, OTTwg TTpoTddnkav atrd Toug
Schmid-Saugeon kai Zakhor, BeAtioTotroiouv éva  Ae€IkO pe Bdon €va ouvoAo atmd
TUAMaTa (patches), apxikd opadoTrolwvTag TTPATUTIA (patterns) €101 WOTE N ATTOOTACN
ME KATTOI0 ATOMO va gival N EAAXIOTN KAl OTN CUVEXEID EVAPEPWVOVTAG TO ATOUO, WOTE N
OUVOAIKN a1TOé0TaCN OTAV OPAdA TWV TTPOTUTTWYV va gival EAAXIoTn. H éuueon utrdBeon
edw €ival OTI TO KABE TUAUQ UTTOPEI va avaTrapacTaBbei pJe €va pévo ATouo Kal JE €va
OUVTEAEOTN i00 Pe éva, TTou TTeEplopidel T diadikaoia peiwong diaotdoewyv o€ K droua.
evikeuon Twv aAyopiBuwv K-means eivar o k-SVD pe 1 diagopd 0TI KABE TuRua
MTTOpEl va avatmrapaoTafei pe TTEQIOCOTEPA ATOMA KAl PE OIAQOpPETIKA Bdpn. Oa
emavéABoupe avaAuTikoTepa atov k-SVD o€ emOuevo Ke@AAaio.

To Dictionary Learning €xel e@appoyf Kal €XEl TTPOOQPEPEI CNPAVTIKN PBEATIwON
ammodoong O€ TOMEIG TToU XeIpiCovTal Oedopéva PEYAAWY BIOOTACEWY, OTTWG EIKOVQ,
NXog, Bivreo, aAAG kal oTnv latpikr). Ocov agopd Tov Topéa TNG laTPIKAG, TTOU OXETICETAI
ME Tnv TTapouca [Mtuxiakry Epyacia, 1o Dictionary Learning €xel pia evdiagépouca
duvatdTNTa VA @QAVEPWVEI CTATIOTIKA TTOU ATAV a priori AyvwoTa O€ Ofuata TTou
ammoBnkevovtal a1rd OIAPOPETIKA CUCTHUATA METPHoEwWV. TETola oApaTa €ival yia
TTOPAdEIYUA TO NAEKTPOEYKEPAAOYPAPNUA, TO NAEKTPOKAPDIOYPAPNUA, N HayvnTIKA
TopOypA®ia, N WYN@IOKA PayvnTIK TOPoypa@ia Kal n Topgoypagia utrephxwy, OTTou TO
TTOPATNPEOUMEVO CHPA TTPOKAAEITAI ATTO OIOPOPETIKEG PUOIKES QITIEG.

1.2 TMapayovroTtroion mTIVAKWY

H mrapayovtotroinon (factorization) evog Trivaka €ival n avdAuon Tou o€ yIivouevo dUo N
TTEPICTOTEPWYV TTIVAKWY CUPPWVA PE KATTOIO AOYIKA TTOU €EUTTNPETEI TNV €TTIAUCT €VOC
TTPOBANMATOG. ZTOUG aAYOPIBUOUG PE TOUG OTTOIOUG OOXOANBRKAUE aTTapaitnTn ATAV N
xprion Twv SVD, QR kai Cholesky.
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1.2.1 AvdaAuon Id16popewyv Tipwyv (SVD)

H AvdAuon 1316popewyv Tigwv (Singular Value Decomposition) ek@pdadlsl Tnv
TTapayovToToinan evdg mxn Tivaka A oTn yopery UDV', émou U kai V opBoywviol
mxm Kal nxn avriotoixa kar o D évag mxn opBoywvia diaywviog (rectangular

diagonal) Trivakag, v V' o avaoTpo@og Tou Trivaka V . EvaAAakTiKd, 8a ytropolcaye
va Bewprooupe 611 0 D gival dlaywviog Kai n Hop@r Tou YETAaoXnuaTiopyou Ba yivétav

D 0
A:U(0 O]VT’ €101 WOTE va gival Kal oXnUaTika &ekdBapog o 6pog «opBoywvia

dlaywviog». O Trivakag D Trepi€xel TIG 10IOUOPQPES TIMEG TOU  TTOU €ival POVODIKA
KaBopiopéveg. AvrtiBeta, o U kar V.  Oe xpelddeTal va €ival POVODIKOI OTn YEVIKN
TTEPITITWON.

OpBoywviog TTivakag €ival 0 TETPAYWVIKOG TTIVOKOG TOU OTTOIOU 01 YPAPMES Kal O OTAAEG
gival opBoywvia povadiaia diavuouata. Av QopBoywviog Trivakag, TOTE I0XUEI
QQ"' =Q'Q =1, otou | 0 TAUTOTIKOG TTIVAKAG.

‘Evag mTivakag mxn e m=n KaAgital opBoywvia diaywviog av, YIa Th MIKPOTEPN €K TWV
duo dl00Tacewv Tou r=min{m,n}, TO rxr Avw apIoTEPO TUAMA TOU Egival dlIAYwWVIOG
TTivakag Kal OAa Ta UTTOAOITTa OTOIXEIO £€W ATTO AUTO TO TUAMA IC0UVTAI JE UNGEV. Ta un
MNOEVIKA oTolxEia KaAouvTal IBI0UOPPEG 1) 101aouoEG TINEG (singular values).

Alaywviog €ival 0 TTiVOKOG TOU OTToiou OAA Ta OTOIXEid TTOU OEV AVAKOUV OTNV KUpPIa
dlaywvio gival ioa Ye TO PNdév.

1.2.2 AvdAuon QR

H mrapayovrotroinon QR cival n avdAuon evog trivaka A o€ éva yivopevo QR, 6tTou Q
gival opBoywviog Trivakag Kal o R gival dvw Tpiywvikég Trivakag () deid Tpiywvikog).
Mpoo@épel évav eVOANOKTIKO TPOTTO yia TNV €TTIAUCH CUOTAPATWY TNG MOPPAG AX=Db
Xwpi¢ TNV avtioTpoer] Tou A . A@oU o Qceival opBoywviog, TOTE IoXUel 0TI Q'Q=1,
ommdéTeE N Ax=Db ptropei 10080vaua va petatpatei otn oxéon Rx=Q'b, Trou emAUeTal
EUKOAOTEPA, AQOU O R eival avw TPIywvIKOG TTiVAKAG.

2.TN YEVIKN TTEPITITWOTN, MTTOPOUUE VA TTAPAYOVTOTTOIOOUUE £VAV OTTOIOVOATIOTE TTivaKa
A dlaoTAoEWV MxN PJE M>N WG YIVOUEVO EVOG mxm opBoywviou Trivaka Q Kal evog

mxn Avw TPIYWVIKOU Trivaka R, uttd Tnv évvola OTI TO dvw nxn TUAMA Tou €ival O
ouviRng avw TPIYWVIKOG, VW TA UTTOAOITTA oToIXEia Tou gival undevika. O tivakag A
Oev gival gv yével povadikog, aAAG av o A eival pé€yiotng 1aéng (full rank), utrapyel
pMovadikog Trivakag R pe OAa Ta oTtoixeia Tng Olaywviou BeTikd. Av. o A eival
TETPAYWVIKOG, Kal 0 Q €ival JovadIKOG.

1.2.3 AvdAuon Cholesky
H mapayovtotroinon Cholesky €ival n avdAuon evog GUPUETPIKOU, BETIKA KaBopIouEévou
mivoka A O€ éva YIVOUEVO £VOG KATW TPIYWVIKOU TTivaka L kal Tou avaoTpopou Tou L'

otn pop®r) A=LL" . O L Aéyetar rapdyovrag Cholesky Tou A Kail UTTOpEi va EpUNVEUTEI
OQV MIA YEVIKEUPEVN TETPAYWVIKA pida Tou A.
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‘Evag KATWw TPIYWVIKOG TTivaKag L gival eKEiVOg TOu OTToiou OAA TA OTOIXEIQ TOU TTOU
Bpiokovtal Tadvw atmd Tnv KUpia dlaywvio Tou IoouvTal hJe To undév, dnAadn £xel TN

a, 0 .. O
a a ... 0
wopen L= *
0
anl an2 ann

1.3 Mapayovrotroion TavuoTWV

1.3.1 Eicaywyn oToug TAVUOTEG

O1 TavuoTEG gival YEWUETPIKA QVTIKEIJEVA TTOU PTTOPOUV va BewpnBouv wg YeVIKEUUEVA
olavuopara. OuolaoTIKA TTPOKEITAl yIo TTOAUBIAOTATOUG TTiVAKES. EIBIKOTEPA, €vag
TavuoTig N-00TNG TAENG €ival £va OTOIXEIO TOU yIvouEvou TavuoTwy N dlIavuouaTIKwyV
XWPWV PE KabBévav atrd auToug va £xel To OIKG Tou oUoTNPA CUVTETAYMEVWY. H évvoia
TOU TAVUOTH, OTTWG TNV ava@EPOuPE 0w, Oev TTPETTEI VA CUYXEETAI PE TNV €VVOIQ TOU
TAVUOTA OTN QUOIKA Kal TN unxavikr. ‘Evag mpwtng 1d&€ng TavuoThg gival éva didavuopa,
évag deUTEPNG TAENG TAVUOTAG €ival €vag TTiVOKAG, €VW Ol TOVUOTEG TPITNG TAENG Kal
TTavw Aéyovtal uwnAdTePNG TAEEWwC TavuoTEG. Ev yével, évag n-00TAG TAENG TAVUOTAG O¢€
M-O1A0TATO XWPO €XEI N DEIKTEG KAl M agToIxEia. KABe OEiKTNG TOU TAVUOTH EKTEIVETAI OTO
TTARBOG TwV dIACTACEWY TOU XWPOU

~
|
p—t
—~

Al
i=1,...,J %

Eikéva 1: ‘Evag TavuoTAG TPITNG TASNG

YTapxouv apkeToi Adyol TTou N XPAON TAVUOTWYV evTeivETal OAO Kal TTEPIcoOTEPO. Ol
TAVUOTEG OUXVA TTPOCPEPOUV HIA TTIO QUOIKI avaTtapdoTach PeydAwv dedouévwy, yia
TTapddelyua €vog Bivieo TTou aTToTeEAEITAl ATTO CUOXETICOMEVES EIKOVEG ME TNV TTAPOOO
TOU Xpovou. [MapdAAnAa, n katavonon TnNG TTAEIOYPAPUIKAG AAyeBpag (multilinear
algebra) BeATiwveTtal paydaia, €idIKOTEPA O€ dIAPOPOUS TUTTOUS TTAPAYOVTOTIOINTEWY, TO
OTTOI0 YE TN OEIp& TOU Pag PonBdel va TAUTOTTOINOOUNE VEEG TTIBAVEG EQPAPUOYEG, Yid
TTapadelyya avaluon ToAudidoTatwy cuvioTwowv (multiwvay component analysis).
TéNOG, N au&énon TnG UTTOAOYIOTIKAG 1I0XUOG ETITPETTEI TN XPNON TWV TAVUOTWV O€
TTEPICCOTEPA TTPORANAUATA, TTAPA TN MEYAAN UTTOAOYIOTIKA TOUG TTOAUTTAOKOTNTA.
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1.3.2 Mapayovrotroinon tavuotwy fMRI

2Tnv amoBnkeuon Twv 0edopévwy Tou fMRI n xpnolpdmTta Twv TAVUOTWV Eival
onuavtiki. O eVTOTTIONOG TWV EVEPYOTTOINUEVWY TTEPIOXWY TOU €yKEPAAOU tival €va
armautnTIKO Bépa TugpAou Alaxwpliopou Nnyngs (Blind Source Separation), ag@ou o1 TTNyEG
arroteAouvTal aTrd évav OuvOUAOHO XWPIKWY XapTwy (spatial maps) 1Tou deixvouv TIg
EVEPYOTTOINUEVEG TTEPIOXEG Kal XpovodlaypdaupaTta (time courses) TTou Ogixvouv To
MoTiBo evepyotroinong Toug. Méxpl Tpdo@ata ol TTOAUPETABANTEG dIypauuIKES uEBoDOI
(multivariate bi-linear methods), 6Tmwg yia Tapddelyya QuTEG TTOU OTNPiICovTal OE
TTivakeg, Tmou Bacifovral oTn oUvOeDn BIAPOPETIKWY TPOTTWV ATav O,TI IO oUYXPOVOo
otov TupAd Alaxwpiopd TNnyAg oe fMRI. Qotéoco, autég o pEBodol €€ opiouou
aduvaTouv va eKPETAAAEUTOUV TV TTOAUBIGOTATN QUON Twv dedopévwy. Avr’ auTwv
MTTOPOUV Va XPNOIYOTTOINBOUV TTOAUYPAMMIKA (TAVUOTIKA) JOVTEAQ, TA OTTOIA, OE YEVIKEG
YPOUMEG, Q) TTapdyouv HovadikéEG avaTtapacTaoelg, B) BeATiwvouv Tn duvatoTnta
€CAYWYNAG XWPOXPOVIKWVY TTEdiWV  evOIAQEPOVTOG, Y) OIEUKOAUVOUV TIG ME vOnua
VEUPOQUOIOAOYIKEG EPUNVEIEG.

Slice 1 Slice 2 Slice 3 Slice Is

« Different time|s
points

Brain image in three

different dimensions (11 x12 x13)|

Eikova 2: O1 eIKOVveG TOU eyKEPAAOU §eSITTAWVOVTAI C€ TTIVOKEG KOl CWPEUOVTAI OE TAVUOTEG

H TtavuoTiki p€BodOG TTOU  XPENOIMOTIOIMOTIOIEITAI OUVABWG yia Tnv avaAuon Twv
oedouévwy TTou TTpoépxovTtal atmd fMRI kai agloTroigital kal otov aAyopiBuo PARAFAC?2
eival n Kavovikrjy Avaiuon (Canonical Decomposition).

1.3.3 Kavovikj AvdAucn (CANDECOMP)

S S S

| | | |
b, by bp

al ag anR

Eikéva 3: AvdAuon CANDECOMP o€ Trivaka TpIwV S100TA0EWV

H Kavovikqi AvaAucon, TTou evOAAQKTIKG ovouddletal kai MNapdAAnAn MapayovTtotroinon
(Parallel Factorization - PARAFAC), tmpooeyyilel évav tavuoTtr] amd dedopéva fMRI,

¢otw TpitNg TAENG T eR":  w¢ @Bpoiopa R TPWING TAENG  TAVUOTWV,

R P , P P s
T:Zr:lar ob oc, +E, 6TToU TO o OUPBOAIZEI TO EEWTEPIKO YIVOPEVO SIAVUCUATWY Kal TO
E avTirpoowTTevel TO CQAAUA TOU TAVUCTIKOU JMOVTEAOU.

X. Marooupag - A. Matrayewpyiou 18



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2

looduvapa, BewpwvTtag TTAAI TO TTAPAdEIYUA TOU TAVUOTHA TPITNG TAENG, TTPOCEYYICETAl OE
Hopery  mvakwv  kal  wg T, =A(COB) +E,, T,=B(COA +E, «ka

Ty =C(BOA) + E, 0TTOU ue © oupBoAiCoupe To yivopevo Khatri-Rao.

To PovTéNO TPIWV OPOUWV HEPIKES POPEC YPAPETal aTTd TNV ATTOWN TWV EUTTPOOCBIWY
kKopuatmiwv  (frontal slice) Tou Tavuoty Totn uopey T, =BDA'+E,, OT0U
A=[a,a,,...,.a ] €ival évag Tivakag Tou TrepiéXel Ta BApN Twv R oUVIOTWOWY Twv I,
voxels (xwpikoi xépteg) kai ol Trivakeg B, C opifovral TTapdpola Kal TTEPIEXOUV Ta

Xpovodlaypdauuara Kal Ta eTTiTreda gvepyotroinong avriotoixa. O D, eival diaywviog

TTiVaKAG TTOU 0TV KUPIA SIaywVIO TOU TTEPIEXEI TA OTOIXEIA TNG YPAUMNS k Tou TTivaka C .
AuTh N uEBODOG DUOKOAQ ETTEKTEIVETAI TTAVW ATTO TIG TPEIG DIAOTACEIG.

a frontal slice

—

] = i

—____'__w -1-..._\.

! I x1{|m} x2I,:IJ|;J] - xKIIIJJ

J JK
Eikéva 4: Eyrp6001a KOJMATIO TAVUOTH

To voxel gival povada ypa@ikng TAnpoopiag TTou opilel Eva onueio o€ TPIodIA0TATO
Xxwpo. Eivar 10 avriotoixo Tou €IKovoaoToixeiou (pixel), aAAd €xel pia TTapatmmdvw
d1doTaon. Ag OKEQTOUWE OTI gival évag KUBOG TTou KABE onueio oTnv £EWTEPIKN TTAEUPA
EKQPALETAI UE TIC X,y CUVTETAYUEVEG KOl N CUVTETAYUEVN Z opilel Tn B€on Tou Yéoa oTov
KUBoO.

Ta mmAeovekTipaTa TNG avaAuong CANDECOMP, ekTOG atrd Tnv atrAoTnNTa NG, €ival 10
yeyovog Ot gival povadiky (0Tn PETABEon Kal TNV KAIJAKWON) KATwW aT1rd ATTIEG
ouvOnkes. ‘Exer mapatnpnbei 611 n CANDECOMP pe fMRI dedouéva eival 1oxupn OTIG
ETMKOAUWEIG (XWPIKEG ri/kal TOTIKEG). ATO TNV AAAN TTAEUpd, TO QATTOTEAEOHA TNG
CANDECOMP cuvdéetal o€ peydAo Babuod Ye Tn owaoTr EKTiNON TwV R ouvioTwWowV.

1.4 Aszitoupyiki Atreikévion MayvnTikoU ZUuvToviouoU

H Aegitoupyikry Ameikovion pe Mayvnmiké Zuvtoviopo (fMRI) eival pia amo TG 10
YVWOTEG Un ETTEPPRATIKEC PEBODOUG €YKEPAAIKNG ATTEIKOVIONG. XpnOIdoTTolEiTal TO00 yia
EPEUVEG OXETIKA HE TIG AEITOUPYIEG TOU €eyKEPAAOU, OCO yIa QTTEIKOVION EYKEQAAWV
aoBevwv A aTOPWVY PE WUXIKES DIOTAPAXEG.

O 0Opog «AEITOUPYIKN QTTEIKOVION» ava@EéPETAl OTn  duvaATOTATA  EVTOTTIOUOU KOl
ATTEIKOVIONG TTEPIOXWY TOU EYKEQPAAOU TTou evepyoTtrolouvtal atmd  didgopa  €idn
epeBiopdTwy 1 dpaoTtnplot)Twy. O1 EVEPYOTTOINCEIG AQUTEG YivovTal avTIANTITEG XApn O¢
MIKPEG, aAAG aviXveUoliueg METABOAEC OTnVv payvnTIKA eualobnoia Tou eykepahou. H
ateikovion auTh dIa@EPEl ONUAVTIKA aTTO TV «AVATOMIKE OTTEIKOVION» TOU EYKEPAAOU,
oTnv otroia TTPORAAAETaI N dOUN TOU EYKEQPAAOU Kal Ol Ta ETTITTESQ EVEPYOTTOINONG TWV
TTEPIOXWV KABE DEDOMEVN OTIVUN. ZTIG EIKOVEG 5 Kal 6 @aiveTal n dIaQOPETIKY ATTEIKOVION
ToU 010U eyke@AAou peE TIC OUO OIAPOPETIKEG MEBGOOUC. Duaikd, uTTOpOoUUE Vva
xpnoiyotroijoouue 170 fMRI 1600 yia Asitoupyiky aTTeIKOVION, 6CO KOl YIO QVOTOMIKN,
KAvovTag KABe @opd TIC KATAAANAEC JETPATEIC.
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Eikéva 5: AvaTopIKR €IKOVA EyKEPAAou

Eikova 6: AsITOUpyYIKN EIKOVA EYKEQAAOU

H Baoikn pop@n Tou fMRI XpNoIUOTTOIET TIG ECAPTWHEVEG ATTO TO ETITTEDO OLUYOVWONG
Tou aipyatog (Blood-Oxygen-Level Dependent) ©&iokupdvoelig. Eivar pia  popon
e€eldIkeupévng odpwong, TTOU XPENOIMOTIOIEITAlI YIO VO QAVTIOTOIXIOEl Th VEUPWVIKI
OpacTtnpEIOTNTA TOU eyKEPAAOU () TNG OTTOVOUAIKNG OTAANG) atreikovi(ovTag Tn JETABOAR
TNG PONG TOU QiPATOG TTOU OXETICETAI PME TNV EVEPYEIQ TTOU KAaTavAAwaoav Ta KUTTAPA TOU
EYKEPAAOU (aipoduvauikn atrokpion). AgiCel va onueiwBei 6T ammd 1o 1990 kai £TTeiTa, To

20
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fMRI e€ivalr ammé TmI¢ MO dnUO@IAEIGC PEBOdOUG €peuvag Kal XapToypagnong Tou
EYKEQAAOU, KaoBw¢ Oev atraitei amd 10 UTTO €g¢éTaon AGropo va uttoBAnBei o€
TTaPEPPACEIG OTTWG EVEDN, XEIPOUPYEIO, KATATTOON OUCIWY, €KBEDN O€ OKTIVOBOAIQ KATT.

O1 veupwveg xpelalovtal evépyela yia va Asitoupyrioouv. I’ autd, étav BEAoupe va
KAVOUUE KATTOIO CUYKEKPIPEVN EVEPYEIA, OTTWG AOYOU XApn va YMIAACOOUUE, va TTIGOOUNE
éva avTikKeievo A va WPALoupe KATI OTO OTITIKO pag TTedio, Ol VEUPWVEG TTou BpiokovTal
oTnNV TTEPIOX) TOU EYKEPAAOU TTOU €ival UTTEUBUVN yIa AUTOU TOU €idOUG TIG EVEPYEIEG,
EVEPYOTTOIOUVTAI KATAVAAWVOVTAG 0EUYOVO. ZUVETTEID AUTHG TG KATAVAAWONG 0Euyodvou
gival pia auénon OTn porp TOU QigaTtog OTIG TIEPIOXEG QUENMEVNG  VEUPWVIKAG
dpacTnpEIdTNTAG, TTOU CcUlBaivel ye kaBuoTtépnon TePITToU 3-10 JeUTEPOAETTTA PETA TN
OIEYEPON KAl Ol CUVETTEIEG TNG MOVTEAOTTOIOUVTAI ATTO TR OUVAPTNON QIMOBUVAMIKNG
ammokpiong (haemodynamic response function). H aigoduvapikr) atrékpion YiveTal
MEYIOTN META Ta 4-5 OeUTEPOAETTITA KQI OTN CUVEXEIQ ETTIOTPEPEI OTNV QUCIOAOYIKHA TIUA
(ouxva getrepvwvTag TNV EAA@PWG). H atrokpion auTr €XEl WG CUVETTEIA TOTTIKEG OGAAQYEG
OTIG OXETIKEG CUYKEVTPWOEIG OLUAINOOPaAIPiVNG Kal dE0EUaINOoc@aIpivng, Kal aAAayr) Tou
OyKOU Tou aipaTog oTtnVv Treploxn Madi pe auth Tnv avénon pong. H HRF tToikiAAel peTagu
OIOQOPETIKWY ATOPWY KABWG Kal PETAEU OIOPOPETIKWY TTEPIOXWY TOU EYKEQPAAOU TOU
idlou atéuou.

Model HRF

0.2 __ _Baseline

0057

BOLD Signal

_ID.OS 1 1 1
0 5 10 15 20
Time From Activity Onset ()

Eikéva 7: I'pa@iki Trapdotaon piag Tutrikig HRF

H aigoooaipivn €ivar diapayvntikG UAIKG O6tav  gival  ofuyovwpévn, evw  gival
TTapapayvnTikO UAIKO 6tav atrofuyovwBei. 'Eva trapapayvnTtikd UAIKO €xel TRV 1810TNTA
TTwG 6Tav TOTTo0ETNOEI 0€ £va 1I0XUPO PayvnTIKO TTEdIO, T ATOPA OTO UAIKO TTPOCTTa00UvV
va TTpocavaToAioTouVv e 1o TTedio, auédvovtag Tnv 10U Tou trediou. Me GAAa Adyia, To
TTapapayvnTIKO UAIKG yiveTal €vag payvATng 000 1o TTedio eival TTapdv. ZUVETTWG,
uTTdpxel METABOAN OTn PayvATiIon avdueoa oTo TTAOUCIO Kal OTO PTwYXO 0€ 0Euyovo
aiya. To pn oguyovwpuévo aipa eival o TTapapayvntikd amd 1o ofuyovwuévo. H
METABOAR auTh xpnolgoTroicital we 1o Bacikd kpitipio otn diadikacia tou fMRI. Ol
METPAOEIG TTOU YyivovTal O€ AuTH TN METAPBOAR €ival apkeTd eudAwTeg o€ BOpuBo atrd
B1dopeg TNYEG, Kal yI' autdv Tov AOYO gival avaykaia n XprRon oTaTIOTIKWY JEBOdwV yia
TNV €UPECN TOU TIPOYMOTIKOU ONUAToG. To TeAIKO aTTOTEAECHO TNG €veEPYOTTOINONG
TTPoRAAETaI TTAVW O€ éva POVTEAO €YKEQPAAOU Kal OTTEIKOVICETal ouvhBwS HE €vav
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KWOIKA XPWMOTOG OTTOU Ol TTEPICOOTEPO EVEPYOTTOINUEVEG TTEPIOXEG Eival KOVTA OTO
KITPIVO Kal o1 AIlyOTEPO KOVTA OTO KOKKIVO.

Eikova 8: Znueia evepyotroinong eyke@daAou
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2. MAPAAAHAOZ YIMOAOTIIZMOZ

2.1 To XpoVviko6 Tou TTapdAAnAou utroAoyiopou

YTmpge Mia TTePiodog OTO OXI KOl TOOO MOKPIVO TTapeABOV OTTOU O TTapAAANAOG
uttoAoyIouoG (parallel computing) BswpouTav pia EWTIKA €mdiwEN. H avTiAnwn autn
aAage oe BABog Ta TeEAeuTaia xpovia. O KOOUOG TWV UTTOAOYIOTWV £QPTACE OTO ONUEIO
OTTOU OXEDOV KABE QPINODOEOG TTPOYPAUMATIOTAG XPEIAZETaI EKTTAIdEUC OTOV TTAPAAANAO
UTTOAOYIONO YIa va gival TTARPWG atrodoTIKOG OTNV ETTICTANN TWV UTTOAOYIOTWV.

Ta TeAeuTaia xpovia TTOAAG TTpoKAAEcav TN oTPOoP TNG BIOPNXAViag TwV UTTOAOYIOTWV
oToV TTaPAAANAO uTToAOYIOUS. ATTO TIG APXEG TNG TPEXOUOOG OEKAETIOG OXEDOV OAOI Ol
KATAVOAWTEG XPNOIYOTTOIOUV CUCKEUEG HME TTOAUTTUPNVOUG €TTeEEPYAOTESG. ATTO TOUG
TTPWTOUG BITTUPNVOUG XOUNAWY TTPOdIAYPAPWY UTTOAOYIOTEG PEXPI TOUG OKTATTUPNVOUG
Kal dekaeaTTupnvoug oTabpoug epyaoiag, n e€ATAwon Tou TTapdAAnAou utToAoyiouoU
gival T6o0 gupeia TTou OEV PTTOPEI va TTEPIOPICETAI HOVO OE UTTEPUTTOAOYIOTEG Kal JEYAAQ
UTTOAOYIOTIKA OUCTAMATA.

MNa Treplocdtepa ammd 30 xpodvia, pia amd TG PaoikOTEPEG PEBODdOUG BeATiwoNg TNG
ammodoong TWV TTPOCWTTIKWY UTTOAOYIOTWY TTOU KUKAOQ@OpOUCAvV OTNV ayopd fTav n
aug¢non NG TaxuTnTag OTNV OTTOIO AEITOUPYEI TO POAOI TOU ETTEEEPYAOTH. =EKIVWVTOG
ATTO TOUG TTPWTOUG TTPOCWTTIKOUG UTTOAOYIOTEG OTIC apxéG TnG dekaeTtiag Tou 1980, ol
ETTECEPYAOTEG TTOU BYAKAV OTAV ayopd XpNOIKJoTToloucayv POAdyIa UE TaXUTNTA TTEPITTOU
1 MHz. Zriuepa, ol TTEPICCOTEPOI UTTOAOYIOTEG XPNOIUOTTOIOUV ETTECEPYAOTEG TWV OTTOIWV
Ta PoAdyla €xouv Taxutnta petatu 1GHz kai 4GHz, TTOU QvTIOTOIXEI O€ au&non
peyaAuTepn Twv 1000 @opwv. MNapdAo TTou N avénon TNG TaxUTATOG TV POAOYIWV TNG
CPU bev €ival 0 pévog TpOTTOC auénong Tng UTTOAOYIOTIKNG 10XU0G, ATAV TTAVTA €vag
agIOTTIOTOG TPOTTOC YIa BEATIWON TNG ATTOBOONG.

Ta TeAeutaia xpovia, woTdOO, Ol KATAOKEUAOTEC avaykdotnkav va Wagouv yia
EVOAAOKTIKEG AUCEIC yia va auéfoouv Tnv UTTOAOYIOTIKN 10XU. Egaitiag didgpopwv
BaCIKWYV TTEPIOPICPWY OTNV KATAOKEUN OAOKANPWHEVWY KUKAWMATWY, Oev €ival TTAEoV
EQIKTO va BaocioTouv oTn dIOPKK augnon TnG TaxUTNTAG TOU POAOYIOU TOU ETTECEPYQAOTH)
WG PEOO vyIa eEaywyn €mMTTPOCBETNG EVEPYEIOG ATTO UTTAPXOUOCEC OPXITEKTOVIKES. Ol
TTEPIOPIOPOI  10XUOG KAl BepPOKPATIiag Kal n TTPOCEyyIon TOU @QUOIKOU Opiou Tou
MeyEBoug Twv TpavlioTop 0drynoav TOUG EPEUVNTEC KOl TOUG KATOOKEUAOTEG va WALouv
Yo GAAEG AUOEIG.

AvTIBETO YE TOUG TTPOCWTTIKOUC UTTOAOYIOTEG, OTO XWPEO TWV UTTEPUTTOAOYIOTWV £XOUV
Y10 OEKAETIEG TEPAOTIO OPEAOG OTNV ATTOdOON PE TTapdpoloug TPOTTouG. H atmdédoon evog
ETTECEPYQOTI] TTOU XPNOIUOTIOIEITAI OE UTTEPUTTOAOYIOTEG €XEI EKTOLEUBEI, TTapOpoIa UE
TNV O1TOd00N TOU ETTECEPYACTH] OE TIPOOWTTIKOUG UTTOAOYIOTEG. [lapdAa autd,
emMTPOoOeTa pe TN dpapatiky BeATiwon otnv amédoon €vog Povou ETTECEPYQOTH, Ol
KATOOKEUAOTEG UTTEPUTTOAOYIOTWYV €KAvVAV TEPAOTIA AApaTa TN BEATiwWoN TNG atrddoong
TWV UTTEPUTTOAOYIOTWYV augdvovTag dIapKWwS To TTANB0G Twv eTeCepyacTwy. Aegv gival
aoUVABIOTO YIO TOUG TAXUTEPOUG UTTEPUTTOAOYIOTEG VA €XOUV OEKADEG I EKATOVTADEG
XINAOEG TTUPAVEG UTTOAOYIOTWYV TTOU OOUAEUOUV TTAPAAANAQL.

®r1dvovrag oto 2005, oI KATOOKEUQOTEG TTOU E€iXav va QVTIMETWTTIOOUV MIa TTOAU
QVTAYWVIOTIKA ayopd kal Aiyeg eVOAAOKTIKEG AUOEIG, Eekivnoav va UAOTTOIOUV Tnv 16€a
TWV TTOAUTTUPNVWY UTTOAOYIOTWYV OTOUG TTPOOWTTIKOUG UTTOAOYIOTEG, CEKIVWOVTAG ME
OITTUPNVOUG. ZTa ETTOPEVA XPOVIa EeKivnoav va TTPOCPEPOVTAI UTTOAOYIOTEC UE TECOEPIG,
€€l KAl OKTW TIUPAVEG, EVW UTTAPYXOUV KOl TIPOOWTTIKOI UTTOAOYIOTEG HE  aKOUQ
TTEPICTOTEPOUG, OTTWG dWOEKA Kal OEKAEEI TTUPVES. ZNUEPa gival oxedoOv aTTiBavo va
Bpel KATTOI0G HOVOTTUPNVO UTTOAOYIOTH, eTIREBaItvovTag OTI N €TTIAOYR Tou TTaPAAAnAou
UTTOAOYIOHOU €x€l €pBE€l yIa Ta KAAQ.
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2.2 H avarmrtudn Twv UTTOAOYICHWYV YEVIKOU OKOTTOU PE KAPTA YPOUPIKWV

2TNV TTponyoupevn €voTNTa avo@ePBAKaue otV TTPO0S0 TWV KEVIPIKWY HOVAdWY
emegepyaoiag oe oxéon 1600 PE TNV TAXUTNTA TWV POAOYIWY 000 Kal hJE TO TTARBOG Twv
Tupvwy. MNMapdAAnAa, Ouwg, n €TavaoTaon OTn XPAON TwWV KAPTWV YPAQPIKWY HAG
odynoe OTnVv XPnon TOuG VIa UTTOAOYIOPOUG YeEVIKOU OKOTToU (general-purpose
computations).

21a T€AN TNG dekaeTiag Tou 1980 kal oTIG apXEG TNG dekaeTiag Tou 1990, n avAatTuén TnG
ONUOTIKOTNTAG AEITOUPYIKWY CUCTNPATWY TTOU XPENOIUOTIOIOUV Ypa®IKO TTEPIBAAAOY,
oTrwg 1a Microsoft Windows, Bor|@noe otn dnuioupyia piag ayopdg yia €vav véo TUTTO
emegepPyaoTr). 2T apx€S Tng OekaTtiag Tou ‘90, o1 XpnoTeg &ekivnoav va ayopdlouv
EMTAYXUVTEG OIO0dIAOTOTWY €IKOVWYVY (2D display accelerators) yia Toug TTpOCWTTIKOUG
TOUG UTTOAOYIOTEG TTOU XpNOideuayv oTo va BonBroouv Tnv €IKOVa Kal TNV EuXpnoTia Twv
AEITOUPYIKWYV CUCTNPATWY PE YPOPIKA.

Mepitrou TOV iBI0 KAIPO, MIa eTaipeia ovouart Silicon Graphics, mépaoe Tn deKAETIA TOU
1980 eTmXeIPWVTAG va KATACOTACEI dNUOPIAA TN XPron TPIcdIAoTATWY YPAPIKWY OE HIa
TTANBWpPa ayopwyv, cuptrepIAauBavouévwy TG KuPBEpvnong, TG €OVIKAG Auuvag, TNG
ETMOTNUOVIKAG KOl TNG TEXVOAOYIKAG QTTEIKOVIONG, KAl va TTAPEXOUV EPYOAEia TTOU
OnuIoUpYyoUV EVTUTTWOIOKA £QPE O0TO Olveud. To 1992, n Silicon Graphics €ByaAe otnv
ayopd Tnv TpwTn JIETTAQN TTPOYPAUMATIONOU e To UAIKG (hardware) Tng, Tn BiIBAI0BAKN
OpenGL. 2ZkOmTO¢ nATav va xpnolgotroinBei cav avegdptntn amoé Tnv TTAATQOpUa
MEBODBOG dnuIoupyiag TPICOIACTATWY YPOPIKWV.

210 péoa TG dekaetiag Tou 1990, o1 aTraAITAOEIS yia va Byouv oTnV ayopd EQAPUOYEG ME
TpIodIGoTOTA YPAPIKA KAIHAKWONKav paydaia, dnuUIoUpYywvTag TIG TTPOUTTOBECEIS YIa
OUO onuavTikéG e€eAiceic. TMpwTa, n KukAogopia EemmPBANTIKWY TTaIXviOIWV TTPWTOU
TTPOOWTIOU TTUPOdATNOE TNV avalntnon yia oTadiakd 1o PEAAIOTIKG TpIodIdoTATA
TepIBAGAAOvVTa yia TTaixVidia o€ UTTOAOYIOTEG. H dNUOTIKOTNTA aQuTWwVY Twv TTaixvidiwyv Ba
EMMTAXUVEI ONUAVTIKA TNV €CATTAWON TWV TPIOOIACTATWY YPAPIKWY OTOUG TTPOCWTTIKOUG
uttoAoyioTéC. To idlo didoTtnua, etaipeieg 6TTws n NVIDIA, n ATl Technologies kai n 3dfx
Interactive gekivnoav va KUKAOQOPOUV YPOQPIKOUG ETTITAXUVTEG QAPKETA TTPOCITOUG
OIKOVOUIKA WOTE VA TTPOCEAKUCOUV ThV TTPOCOXH.

SUERPONSS

WA S: a/200's: 1450 8
3 15750 3

Eikéva 9: Duke Nukem 3D (1996), atré Ta mTpwTa TraiXVvidia pe Tp1od1d0TATA YPAPIKA

H kukAogopia tnGg NVIDIA GeForce 256 ota 1€An Tou 1999 €fpepe kaivotopies. lNa
TTPWTN POoPd, Ol UTTOAOYIOMOI TOU PETAOXNMATIOMOU Kal TOU QWTICUOU JTTopoucav Vo
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yivovTal kateuBeiav oTov €TTECEPYAOTH YPAPIKWY, EVIOXUOVTAG £€TOI TR OuvaTOTNTA YIA
KAAUTEPO OTITIKO aTToTEAEOMA. ETTeIdr) o yetaoxnuatiouds Kal 0 QWTIOPNOS ATavV Non
avaTTOOTTIA0TO KOUMATI TNG CwANvwong ypagikwy (graphics pipeline) 1ng OpenGL, n
GeForce 256 onuatoddTnoe TNV apxrn TNG QUOIKNAG €CENIENG OTTOU OAO Kal PEYOAUTEPO
MEPOG TNG CWANVWONG YPAPIKWY YiVOVTal ATTEUBEIOG OTNV KAPTA YPAPIKWV.

ATIé TNV OTITIKA ywvia Tou TTapaAAnAou Tpoypappatiopou, n NVIDIA KukAho@opnoe 1O
2001 1n oeipd GeForce 3 1Tou ATAV KATA TTOAAOUG N hEYAAUTEPN TOMN OTNV TEXVOAOYia
Twv GPU. H oeipd auth ATav 10 TTPWTO OAOKANPWHEVO KUKAWMPA TTOU €QAPHUOLE TO
TTpoTUTIO DirectX 8.0. MNa TpwTn @opd, O TIPOYPANPATIOTEG EiXaV KATTOIOV EAEYXO OTOUG
uTTOAOYIOHNOUG TTOU Ba TTpayuaToTTolouvTav otnv GPU.

H KuKAo@opia KapTwV ypa@IKWV TTOU £iXav TTPOYPAUUATIOINEG CWANVWOEIG KAANIEPYNOE
O€ OPKETOUG EPEUVNTEC TNV 10EA VA XPNOIYOTTOINOOUV TOV ETTECEPYQOTH YPOPIKWYV Yid
TTEPICOCOTEPA ATTO PIa aTTAr] a1rddoon ypagikwyv pe Baon tnv OpenGL ) 1o TTPATUTTO
DirectX. H yevikr} TTpoc€yyion OTIG aTTapX€G TOU UTTOAOyIouoU pe GPU Atav e€aipeTiké
TTOAUTTAOKN. ETTEI®N 01 KOBIEPWHEVES DIETTAPES YpaAPIKWY, OTTWG ol OpenGL kai DirectX,
ATav 10 povo pEco aAAnAettidopaong pe Tnv GPU, kdBe TTpooTrdbeia eKTEAEONG
auBépunTwy uttoAoyiopwy otnv GPU Ba TpoTtroTrolgiTal atmd Toug TTEPIOPICUOUG TOU
TTPOYPAUMATIONOU OTIG SIETTAPEG auTES. ECaiTiag autou, o1 epeuvnTEG £€eupévnoay TOUG
UTTOAOYIOHOUG YEVIKOU OKOTTOU PEOW DIETTAPWY YPOPIKWY TTPOCTIABWVTAG VA KAVOUV Td
TTPOBAAPATA TOUG va poialouv Pe Tn ouvABn attédoon YPaAPIKWYV.

Ouol1aoTIKA, oI KAPTEG YPAPIKWY OTIG apxEG TNG OekaeTiag Tou 2000 ATav oXedIQOUEVES
VO TTApAyouv €va XPWHa Yia KABE €IKOOTOIXEIO XPNOIKMOTTOIWVTAS TTPOYPAMMATIOIUES
apIBUNTIKEG HOVADEG TTOU €ival YVWOTEG WG OKIAOTEG eIKovooTolxeiwv (pixel shaders). Ev
YEVEI, O OKIOOTHG EIKOVOOTOIXEIOU XPNOIKOTIOIEN TIG (X,Y) OUVTETAYUEVES TOU EIKOOTOIXEIOU
padi ue KATTOIEG ETTITTPOOOETEG TTANPOPOPIEG WOTE VA oUVOUACEI BIAPOPES EI0ODOUG YIa
va uttoAoyioel 1o TEAIKO xpwpa. O1 emmTpdoBeTeC TTANPOPOPIEC PTTOPEI va gival Ta
OUVEICQEPOVTA XPWHATA, Ol CUVTETAYMEVEG UQNG 1 GAAa XapakTnpioTiKd. QoTooo,
eTTeIdr o1 apIBuNTIKEG TTPAELEIC TTOU TTPAYUATOTTOIOUVTAI TTAVW OTA XPWHOTA Kal TIG UPEC
eAéyxovTtal atrd TOV TTPOYPOUMATIOTH, O EPEUVNTEG TTAPATAPNOAV OTI AVTi YIO XPWHATA,
Ba utTTopoucape va £xouue oTroloudnTToTE €idoug dedopéva.

‘ET01, av o1 €icodol ATav GAAa apiBunTikG dedopéva TTou dNAWVOUV KATI OIAQPOPETIKO aTTO
XPWHA, Ol TTPOYPAPMATIOTEG Ba pTTopolcav va TIPOYPOUMOTIOOUV TOUG OKIOOTEG
EIKOVOOTOIXEIWV WOTE va TIPAYUATOTTOIOUV auBaipeTOUG UTTOAOYIOPOUG O€ autd Ta
oedouéva. Ta atmmoteAéopata Ba emoTpépovrav otn GPU cav 10 TEAIKO Xpwua Tou
EIKOVOOTOIXEIOU, TTAPOAO TTOU Ta YpwuaTta Ba cival amAd To ammoTéAecua  Tou
OTTOIOUBNTIOTE  UTTOAOYIOMOU KAVEI O TIPOYPAMMATIOTAG. 2Tnv oucia, n GPU
«TTapaTrAavaTam va KAvel dIaQOPETIKOUG UTTOAOYIOUOUG KAVOVTAG TOUG VO @aivovTal
oav TUTTIKA atrodoon €IKOVAG. AUTO TO KOATTO NTAV OPKETA EUQPUEG, aAAA KOl QPKETA
TTEPITTAOKO.

AOyw TNG uwnAng OSIEKTTEPAIWTIKAG IKAVOTNTAS apIBunTiIKwy Tpatewv ¢ GPU, 1O
APXIKA ATTOTEAECUOTA AUTWYV TWV TTEIPAPATWY TTPoUAvVUAY £va AauTTpd HEANOV yia TOUG
uttoAoyiopoug pe GPU. QoT1600, TO TTPOYPAMMATIOTIKO HOVTEAO ATAV AKOUQ TTOAU
TTEPIOPIOTIKO, aPOoU Ta TTPoypdupaTa utropolocav va TTapouv €icodo povo atrd Aiya
Xpwpata Kal Aiyeg u@ég. ETpocBeéTwe, Arav oxeddv aduvaTto va TTPoRAEWEl KATTOI0G
TTWG MIA CUYKEKPIPEVA KAPTA Ypa@IKwy Ba XeIpIfoTav Oekadika dedopuéva (av urTopouoe
va TO KAVEl auTd), OTTOTE Ol TTEPICCOTEPOI ETTIOTNUOVIKOI UTTOAOYIOUOI &€ PUTTOpOoUCav va
yivouv o€ KApTa Ypa@IKwy. TEAOG, OTav avaTTOQEUKTA £va TTPOYPAPMA UTTOAOYICE
eo@aApéva atmoTeAéopaTa, aTToTUYXAVE va OAOKANPWOEI 1 aTTAd «KpEéuaye» To aUOTNUA,
OEv UTTNPXE KATTOIA APKETA KAAN pEBOdOG atmoo@aAudTwong (debugging) Tou Kwdika
TToU ekTEAEiTal oTn GPU.
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20V va Pnv ATAV ApKETOi O TTaPATIAvVW TTEPIOPICHOI, OTTOI00ONTTOTE NBEAE akOpa va
xpnoigotroifoel 1n GPU yia uttoAoyIopoUg YEVIKOU OKOTTOU, Ba £TTpETTeE va PaBel eite
OpenGL ¢ite DirectX, piag kal TTapEuevav 1a yova péoa alnAettidopaong pe 1 GPU.
AuTO O¢ OonuaIveE POVO OTI ETTPETTE va €I0AYOUV Ta OedopEva o€ KATAAANAN uen Kal va
ekTEAéOOUV UTTOAOYIOUOUG péow NG OpenGL A Tou DirectX, aAAG Kal va ypayouv TIg
iBIEC TIG UTTOAOYIOTIKEG TTPAEEIC O€ €I0IKEC YAWOOES TTPOYPANPATIOHUOU POVO YIa ypa@IkKd
TTOU €ival YWWOTEG wG YAwooeg okiaong (shading languages). To va ¢ntdg atmo Toug
EPEUVNTEG va avTeTTEEEABOUV 0€ TOOO aAUOTNPOUG TTEPIOPICHOUG, OTTWG £TTIONG Kal va
MGBouv ypa@IikG UTTOAOYIOTWYV Kal YAWOOEG OKiaong TIpIiv  TTpooTTabrnjocouv  va
EKMETAANEUTOUV TNV UTTOAOYIOTIKH 10XU TWV KAPTWYV YPAPIKWY TOUG, ATTOOEIXTNKE TTOAU
UynAo euttddio yia Tnv eupeia atrodoxy ™G xprnong GPU yia yevikAg Xpnong
UTTOAOYIOOUG.

Agv TTépacav ouTe TTEVTE XpOvia PETA TNV KUKAo@opia Tng oelpdg GeForce 3, otav ol
UTTOAOYIOMOI PE KAPTA YPAQPIKWY ATAV E£TOIMOI yIa TO aTTOYEI0 TOuG. To NoEuBpio Tou
2006, n NVIDIA trapouciace Tnv GeForce 8800 GTX, Tnv TTpWwTN KAPTA YPAPIKWY TNG
etaipeiag mou utrooTrpile DirectX10. H GeForce 8800 GTX Arav €miong n mpwtn GPU
TTOU KATAOKEUAOTNKE PE TNV apxITektoviki CUDA 1ng NVIDIA. AuTh n apXITEKTOVIKA
TTeplEAGUBave apkeTd véa oToixeia TTou oxedidoTnkav auoTnpd yia UTTOAOYIOHOUG ME
GPU kal oTOXEUE va PEIWOEI TOUG TTEPIOPIOHUOUG TTOU ATTETPETTAV TTponyoupeveg GPU va
€ival apKOUVTWG XPNOIUES YIA YEVIKOU OKOTTOU UTTOAOYIOUOUG.

2.3 H apyirektovikl CUDA

H CUDA cival pia 1TapAdAANAn UTTOAOYIOTIKY TTAATQOPUA KAl £va TTPOYPAUMATIOTIKO
povTéNo eTTivonong NG NVIDIA. Me tnv CUDA, o1 unxavikoi Kal ol ETTIOTIUOVES JTTOPOUV
VA XPNOIYOTTOINOoOoUV TNV TEPAOTIA UTTOAOYIOTIKN 10XU TNG GPU dnuioupywvtag padiké
TTAPAAANAEG EQAPUOYES Kal QEIOTTOIWVTAG Ta XIAIAdES TTapdAAnAa vrpata (threads) Tng
GPU péow yAwoowv TTpoypaupaTiopyou eupeiag xprnong, ottwg ol C, C++, Fortran,
Python kai Matlab. O1 epapuoyég tmou gixav emtaxuvBei pe GPU érpexav 1o OEIpIOKO
TOoug TUAPa o€ CPU - tTou €ival BEATIOTN yIA €QAPUOYEG EVOG VAUOTOG — KAl TO TUAMA
TOUG aTtraitouoe PeyaAn trapaAAnAia oe GPU, 1Tou gival TTOAU ypnyopdtepn tng CPU
oTav UTTAPXEl MEYAAN TTapaAAnAia.

Theoretical GFLOP/s at base clock

Eikéva 10: Zuykpion CPU ka1t GPU og GFLOPS
EmoTtpépovrag otnv 10TOPIKA avadpoun TNG TTPONYOUNEVNS evoTNTAg, N dlagopd TnG

apxitektovikng CUDA pe TIG TIPONYOUUEVEG TIOU €iXav KUKAo@opnoel eival OTi
TTepieAGuBave pia eviaia cwAfvwon okiaong (unified shader pipeline), emTpémovTag o€
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KaBepia apiBuntik kai Aoyikr] povada (ALU) oto kKUKAwpa va aglotroindei atmmd €va
TTPOYPAUMA TTOU OKOTTEUEI VA TTPAYHATOTTOINCEl UTTOAOYIOHUOUG YEVIKOU OKOTTOU. ETTeidn
N NVIDIA 1mmpodpile autry Tn véa oikoyévela GPU woTe va XpnoIPoTToIinBouv yida YEVIKOU
OKOTTOU UTToAoyIopoug, ol ALU Toug ATav KOTOOKEUAOUEVEG aTa TTPOTUTIA Tou IEEE yia
ap1BunTikég TTPAENG KIVvNTAG UTTOBIAOTOARG MOVIG ) OITTARG akpiBelag Kal OXeDIAOUEVES
VA XPNOIUOTTOIoUV €va OUVOAO €VTOAWYV TTPOCAPUOCHEVO YIA UTTOAOYIOPOUG YEVIKOU
OKOTTOU TTapd yia ypa@ikd. EmITTpooBETwg, o1 povadeg ekTéAeong evioAwv otn GPU
gixav auBaipetn TpdoBacn yia avdyvwaon Kal eyypagr otn JvAun, Kabwg eTriong Kal o€
Mia  kpuery pvAun (cache memory) Ttou diaxelpifetal amd TO  AOYIOPIKO, Tn
olauoipaldéuevn uvAun (shared memory). OAa autd Ta XOPAKTNPIOTIKA TNG
apxitektovikig CUDA T1rpooTéOnkav yia va dnuioupyrioouv pia GPU TTou Ba diakpiveTal
OTOUG UTTOAOYIOHOUG, VW) TTAPAAANAQ Ba eKTEAET ATTOBOTIKA TIG EPYATIES TWV YPAPIKWV.

MapoAa autd, n TpootrdBeia NG NVIDIA va TTapéxel OTOUG KATAVOAWTEG Eva TTPOIOV
KATAAANAO 1600 yia UTTOAOYIOHOUG OCO0 Kal YIa ypa@Iika 6 Ba utropouoE va OTAPATHOE!
atmmAd otnv Tmapaywyl GPU TTou evowpaTtwvouv TNV apxITektovik) CUDA. Avegdptnta
atrd TO TTOOA VEQ XAPOAKTNPIOTIKA TTPO0TEONKAV OTO KUKAWMA YIa va SIEUKOAUVOUV TOUG
UTTOAOYIOMOUG, OUVEXICE va unv UTTapXel TPOTTOG TTPOoRacng O€ auTA T XAPAKTNPIOTIKA
Xwpic TN xprion tng OpenGL A Tou DirectX. 'ETol, o1 XpioTeg Ba £TTPETTE VA CUVEXIOOUV
VO PETAUPIECOUV TOUG UTTOAOYIOHOUG oav TTPORAANOTA YPAQPIKWY Kal va YpAQouv o€
YAWOOEG OKiaong.

Na va Tpooeyyicel 600 TO OUVATOV TTEPICOOTEPOUG TTPOoYpPauMaTIoTEG, N NVIDIA
TTPO0Bece oTn C €vav OXETIKA WIKPO apIBPO AEEEWV-KAEIDILY WOTE VA EKPETOAAEUTEI
KATToIa  €1I0IKA  XOPAKTNPIOTIKA TNG apxITeKTOVIKNG CUDA. Aiyoug MRAVeEG META TNV
KukAo@opia TnG GeForce 8800 GTX, n NVIDIA dnuociotroince évav PETAYAWTTIOTH
(compiler) yia autrjv Tn YAwooa, tmou ovopdotnke CUDA C. H CUDA C €yive n TTpwTn
YAwooa €I0IKA OXEDIOOUEVN YIA VA DIEUKOAUVEI TOUG UTTOAOYIOHOUG YEVIKOU OKOTTOU OTN
GPU. EkT16¢ a1mdé 10 oxediaopd yAwooag yia ouyypa®r kwdika otn GPU, n NVIDIA
TTapExel Evav e¢eidikeupévo odnyo uAikou (hardware driver) yia va a&lotroijoel n padiki
UTTOAOYIOTIKH 10XU TNG apXITEKTOVIKAG CUDA. ZUVETTWG, 01 XPHOTEG OEV ATTAITEITAI TTIA VA
éxouv yvwoelg atrd OpenGL rj DirectX, oUTE va UTTOXPEWVOUV TOUG UTTOAOYIGHOUG TOUG
vVa £X0OUV TN HOP®N YPOPIKWY TTPORBANUATWY.

2.4 Ta Baoikd Tng YAwooag CUDA C/C++

2.4.1 Xuvaptnon mmupiva CUDA (CUDA kernel)

Mia ouvdptnon Tuprjva opiletal XpnOIMOTIOILVTAG ToV TTpoadlopioud _ global ot
dnAwon TG ouvaptnong. TNV KANoN TG ouvapTnong XPNOIMOTTOIoUVTAl <<<,. . >>>
EVIOC Twv oTtroiwv Oivetar To TTARBo¢ Twv blocks kai Twv threads avé block, TTOU
TTpoodiopi¢ouv TNV TTapaAAnAia Tng ouvdaptnong. 2tnv Eikéva 11 BAémoupe éva atrAd
TTapddelyua KAong Jiag ouvapTnong TTupAva TTou TpExEl e Eva uovo thread.
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<iostreams>

kernel( void ) {

main( void ) {

kernel<<<l,1l>>>() ;

printf( "Hello, World!\n" );
0;

Eikéva 11: Tumikl KARON ouvdpTnong TTupfpva

2.4.2 ETtepoyeveig utroAoyiopoi

Otmrwg BAémmoupe otnv Eikéva 11, 1a mpoypdupata CUDA €xouv Tn duvatotnta
ETEPOYEVWV UTTOAOYIOTWY, OnAadr va OUVUTTAPXOUV OTO idI0 TTPOYPAUMA  KATTOIA
TMAMOTO  KWOIKa TTou  TpéXouv otn CPU kai dAa T1ou Tpéxouv otn GPU.
Xpnoigotroliouphe Tov 6po host yia 6,11 agopd 1 CPU Kal TN pvAun TG Kai Tov 6po
device yia Tn GPU kail Tn gviun mg.

Eikéva 12: CPU (Host) ka1 GPU (Device)

2.4.3 lepapyia threads kai blocks

void add(int *a, int *b, int *c) {

index = threadIdx.x + blockIdx.x * blockDim.XxX;

c[lndex] = a[index] + b[index];

Eikéva 13: Zuvdprnon mupniva mou Xxpnoiygotrolei blocks kai threads

ExkTeAWvVTOG pia ouvdpTtnon Trupnva, 6TTws auth TnG Eikévag 13, avoiyel €va Aéyua
(grid) amd threads tmou ekteAoUv TTapdAANAa Tn ouvdapTnon, TO0 PEYEBOC TOUu OTTOIOU
KaBopiletal katd Tnv KANon Tng. Emeid 6Aa 1a threads oT0 id10 TTAEyUQ EKTEAOUV ThV
idla ouvdpTtnon Tupnva, Bacifovral o€ POVAdIKEG CUVTETAYMEVES YIa va TTpoodiopifouv
TOUG €QUTOUG TOU Kal va Bpiokouv TO KATAAANAO TuAua Twv dedopévwy TnG diEpyaciag
TToU Ba xe1pioTouv. To TAéyua cival diodidoTaTto 1) TpicdidoTaTto, xwpiletalr o€ blocks kai
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Ta blocks trepiExouv threads, 6TTwg @aivetal kar otnv Eikéva 14. Ta threads, dnAadn,
opyavwvovTal o€ dia lgpapyxia dUo emTTEdWY €XOVTAG MOVADIKEG OUVTETAYPEVES. To
ouoTnua opilel duo dlavuoparta TpIwv dlaoTdcewy (otn C gival structs) TTou YTTopouv va
TTPOOTTEAQCTOUV HOVO OTO E€0WTEPIKO MIOG ouvdptnong Trupriva, Ta blockldx kai
threadldx. Me autég TIG dUO PETABANTEG PTTOPOUME va TTPOCOIOPICOUNE OTTOIODATTIOTE
thread kai va Tou avaBéooupe va ekTeAEael KATTOIO EVTOAR. To TTARBOG Twy threads kai
Twv blocks diagépel amdé GPU og GPU. lNa va mpoadiopicoupe pia Tédén peyéBoug Tng
TTaPAAANAIGG TTOU WTTOPEI va TTPOCQEPEI Wia KAPTA ypaA@IKWwy, Ba ava@Epouue WG
TTapadeiypa TNV NVIDIA GTX 480, n omoia ptropei va utrootnpiel 1024 threads ava
block, péyioto uéyebog Tou block 1024x1024x64 oOTIG OIOOTACEIS X, Y, Z AVTIOTOIXO KAl
MEYIOTO pEYEBOG KABe didoTaong Tou TTAéypatog Twv blocks 65535 x 65535 x 65535.
AvTIAapBavouacTte OTI Pia KAPTA YPOQPIKWY QUTWV TwWV OUVOTOTATWY MTTOPEl va
UTTOOTNPIgEI HadIKr) TTapaAAnAia EKOTOUUUPIWY TTPAEEWV.

Grid

Block (0,0) | Block (1,0) Block (2, 0)

Block (0, 1) Block (1,1) ™Block (2, 1)

-7

/ ’ N

/ / \ N
/ Block (1, 1) \

Eikéva 14: MAéypa amréd blocks 1rou mepiéxouyv threads

2.4.4 lepapxia pvAapng

Ta threads otnv apxitektovikif CUDA ptropoulv va TrpooTreAdoouv dedouéva atro
OIaQOPETIKOUG XWPOUGS MVAMNG, OTTwG TTapartnpouue otnv Eikéva 15. KaBe thread €xel
TNV IDIWTIKA TOTTIKA PvAun Tou. K&Be block €xer diapoipalduevn PvAun TTou gival opaTth
oe OAa Ta thread Tou idlou block kai éxer Tnv idia didpkeia wnrig pe 1o block. OAa Ta
threads éxouv TTpoéoBacn otnv idia KaBoAIk pvun (global memory). H TrpdoBacn otnv
KaBOAIKA pvrun gival TTOAU 1o apyr) o€ oxéon he TN dlapoipalduevn Pviun.
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Thread

5 " . Per-thread local

N miEm ory

Thread Block

i

Per-block shared
memary

o WY
YYYY

Grid 0

Block (0, 0) || Block (1.0} || Block (2, 0}

Block (0, 1) || Block (1. 1} || Block (2, 1)

S

Grid 1
Global memory
Block (0, 0) Block (1.0}
Block (O, 1) Block (1, 1}
-—
Block (0, 2) Block (1. 2)

Eikéva 15: lepapxia pvAung

2.4.5 YTroAoyIoTIKA IKAVOTNTA

H utroAoyioTikry 1IkavdtnTa (compute capability) avrimrpoowTtrevetal amd €vav apiOud
¢kdooNG, TTOU TAUTOTIOIEI TA XOAPOKTNPEIOTIKA TTOU uTrooTnpidovtal amd 1O UAIKO TNng
KAPTAG YPAPIKWY KAl XPNOIKMOTTOIoUVTal aTTd TIG £QAPPOYEG KATA TO XPOVO EKTEAEONAG
TOUG VIO VO QTTOQACIOOUV TIOId XOPOKTNPEIOTIKA TOU UAIKOU KOl TTOIEG EVTOAEG Eival
dl08€o1ueg oTnv TTapouoca GPU.

H utroAoyioTiKA IKavoTnTa Kabopiletal atrd Evav apiBuo TG pop@ng X.Y, étrou o X gival
0 peiCwv apIBuog avaBewpnong (major revision number) kal 0 Y €ival 0 €EAGOOwWV
ap1Buog avabewpnong (minor revision number).

O1 KApTEG YPOPIKWY Me Tov idlo peiCova apiBud avaBewpnong eivar g idlag
QPXITEKTOVIKNG TTUPAVA (core architecture). O1 kApTeG pe peifova apiBud avabewpnong 1
BacoiCovtal oTnVv apXITEKTOVIKA Tesla, ekeiveg pe TO 2 OTNV aPXITEKTOVIKY Fermi, eKeiveg
ME TO 3 OTnVv apxiTekToviky Kepler, evw autég pe 1o 5 otnv apxitektoviky Maxwell. O
eANdoowvV apIBPOS avTIoToIXEl O€ Ui OTAdIAKA auéavopevn BEATIWON OTNV APXITEKTOVIKN
TTUPAVA, TTBAVWG PE TNV TTPO0ORKN KATTOIWV VEWV XAPOKTNPIOTIKWV.

Agv TTPETTEI VA CUYXEOUME TNV UTTOAOYIOTIKA IKavoTnTa piag GPU pe tnv ékdoon CUDA
(m.x. CUDA 5.5, CUDA 6, CUDA 6.5), n otoia civai n ékdoon Tng TTAATQOPUAC
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Aoyiopikou. H mmAatr@opua CUDA xpnOIYOTIOIEITAI TTO TOUG TTPOYPOUMATIOTEG IO vd
dnUIoUPYNOOUV £QOPUOYEG TTOU Ba TpExouv Ot TTOAAEG YEVIEG apXITEKTOVIKWY GPU,
OUMTTEPIAOUBAVOUEVWY  PEAOVTIKWYV apxITekTovikwy GPU 10U  aképa degv  €xouv
EQEUPEDEI.

2.5 BipAio0ikeg CUDA

Omrwg  ava@Epbnke Kal  OTIG TTPONYOUUEVEG €vOTNTEG, 1N apXITekToviki CUDA
OnUIoUPYNBNKE YIa va £EUTTNPETAOEI TIG AVAYKEG TWV UTTOAOYIOUWY YEVIKOU OKOTTOU. A€
Ba pTtTopouoav, CUVETTWG, va Pnv UTTapxouv BIBAI0Brikeg TTou va dIEUKOAUVOUV auTou
TOU €iBOUG TOUG UTTOAOYIOMOUG Kal va avTikaBioTouv BIBAIOBAKES TToU gival POvo yia
CPU, ommwg o1 MKL, FFTW kai IPP. O1 BiBAoBrikeg Tng CUDA TTapéXouv eCaIPETIKA
BEATIOTOTTOINUEVEG CUVAPTAOEIG TTOU PTTOPEI va €ival OPKETEC POPEC TAXUTEPES ATTO TIG
QAVTIOTOIXEG OUVAPTROEIG TTOU gival pévo yia CPU.

Ytrdpxouv BiIBAIOBRKeG TTou £xouv BeATioToTroINGEl yia GPU ue xprion oTOug TOUEIG TNG
YPOUMIKAG GAYEBPOG, TNG ETTECEPYATIOG ONUATOG, OTNV ETTEEEPYATia EIKOVAG Kal BivTeO.
MNa TIg avAykeg TNG TTapouoag epyaaiag, xpenoigotroidnkav ol BiIBAIOOAKES CUuBLAS,
CURAND kal cuSOLVER. H emrtdyxuvon 1ou Ba TTpoo@épouv O €va TTPOYPANHA Ol
ouvapTAoEIS auTwy Twv BIBAIOBNKWYV eEapTdtal o peydAo Babud atmd Tov OyKO Twv
OedOPEVWV.

2.5.1 H BiIBAI0BAKN CUBLAS

H BiBAIoBAkN cuBLAS eival pia uAotroinon tng PBiIBAI0BAKNG BLAS kaTtdAAnAn yia Tnv
CUDA. YAoTrolei BaoikéG TTPACEIS YPOAUMIKAG GAyERpag. ETITpETTEl OTO XProTn va €XEl
TTPOCRaCTN OTOUG UTTOAOYIOTIKOUG TTOPOUG Miag KapTag ypagikwy NVIDIA.

MNa péyiotn ouppatdétnta he uttdpyxovra TepiBaAlovTa Fortran, n BiIBAI0OAKN cuBLAS
XPNOoIPoTToIEl atToBrikeuon TVAKWY Katd oTAAeg. ETreidn n C kai n C++ armroBnkevouv Ta
Oedopéva KATA OEIPES, O EPAPUOYEG TTOU YPAPOVTAlI O AUTEG TIG YAWOOEG TTPETTEI VA
KATa@uUyouv O€ TEXVAOMATA YIO VO TTOPAKAPMWOUV QUTEG TIG OUOKOAIEG. 2€ QUTEG TIG
YAWOOEG, KpATWVTAG TNV apibunon amod 10 0 oToug TTIVOKEG, yia va BPOUNE TO OTOIXEIO
(i,)) xpnoiuotroiouue TN pakpoevioAn #define IDX2F (i,j,Id) ((()*(1d)+()), 61Tou Id eivan n
Kupiapxn d1doTacn. ZTnV TTEPITITWON TTIVAKWY aTToONKEUUEVWY KAt OTAAEG, otnv Id
Oivoupe Tiun ion pe To TTARBOC TWV YPAPHUWY TOU TTIVOKA.

21NV gpyacia pag xpnoilgotromoaue 10 véo APl TG BIBAI0BRKNG TTOU WPTTOPEI va
xpnoigotroinBei yéow tou header file “cublas_v2.h”, TTou TTEPIEXEI KATTOIO DIOPOPETIKA
XOAPOKTNPIOTIKA atrd TO TTOAIOTEPO TTOU UTTOPEI va XpnoiuoTtroinBei yéow Tou header file
“cublas.h”.

H BiIBAI0BNAKN xwpilel TIG TTPALEIG TNG O 3 €TTITTEdA. 2TO TTPWTO ETTITTEDO TOTTOBETEI TIG
TTPAEIC PE PaBUwWTE peyéBN kai dlavuouara, oTto OeUTEPO €MITTEDO KATATAOCTEl TIG
TTPAEEIG PETAGU TTIVAKWYV KAl OIAVUCOHATWY, EVW OTO TPITO TIG TTIPAEEIG HETAEU TTIVAKWV.

ATTé  TIC TTapeXOMEVEG OUVAPTACEIG, OTA TAQICIO  TNG Ouyypa®ns  KwoIKa,
XPNOoIPoTToINenKav n nrm2 yia Tov UTTOAOYIOUO TNG €UKAEIDIOG vOpuag evog TTivaka, n
gemm yia TTOAATTAACI00POUG TTIVAKWY KAl N geam yia avTioTpo®n TTivaka.
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GFLOPS Speedup over MKL

« CUBLAS 5.0.30 on K20X, input and output data on device

Eikéva 16: Zoykpion cuBLAS peg MKL

2.5.2 H BiBA108AkNn cuRAND

H BiBAI0BAKN CURAND TTpo0@EpPEl EUKOAIEG TTOU €0TIACOUV OTNV ATTAN KAl ATTODOTIKA
TTapaywyr] uwnAng troiotntag pseudorandom kai quasirandom apiBuwyv, TTOU Eival
KaTnyopieg weudoTuxaiwv apiBuwyv. Mia akoAouBia pseudorandom apiBUWYV IKAVOTTOIE]
TIG TTEPIOOOTEPEG ATTO TIG OTATIOTIKES 1010TNTEG MIAG TTPAYMATIKG Tuxaiag akoAouBiag,
aAAG TTapdyeTal atrd €vav VIETEPUIVIOTIKO aAyoplBpo. Mia quasirandom akoAoubBia atrd
N-01a0TACTA onueia TTapdyeTal OTTd  €vav  VTETEPMIVIOTIKO aAyopIBuo TToU  gival
OoXeOIOOUEVOG Va YEWICEl Evav N-OIA0TATO XWPO OUOIGHOPYPA.

H BiBAIoBrkn cuRAND artroTeAcital amd dU0 Koupdatia, upia host BIBAIOBAKN Kal pia
device BiIBAI0BNAKn otn GPU. YTrevBuuidoupe OTI XPNOIMOTTOIOUKE TOV Op0 host yia 6,Ti
agopda TN CPU kai Tn pvAun TG Kai Tov 6po device yia T GPU kai Tn yvAun TnG.

To host TuApa TG BIBAIOBAKNG xpnoidoTtroingitTal yéow Tou header file “curand.h” kai
MTTOpPEl va Trapdéel Tuxaioug apiBuoug 1600 oTn CPU 600 kai otn GPU. TMa 1
dnuioupyia apiBuwyv otn GPU, n KARon Tng ouvaptnong tg BIBAIOBAKNG yiveTal atmd T
CPU, aAA& o utroAoyiopog yivetal otn GPU kal 1o aTroTéAeopa atmmobnkeUeTal OTn
KABOAIKI) PvAuN.

To device TuApa NG PBIBAIOBAKNG xpnoiyotroineital péow Tou header file
‘curand_kernel.h”. Z& autrv Tnv TTEPITTTWON 01 APIOPOI PTTOPOUV va TTapayxBouv Kal va
XpPnoigotroinBouv atreubeiag OTIC CUVAPTACEIS TTUPvVA XWPEIiC TN MECOAdPNon Tng
KABOAIKNG PvAuNG.

21a TAciola TNG ouyypa®ng Kwdika xpnoiyotroinke 10 host APl tng cuRAND.
2UYKEKPIPEVA xpnoigoTtroinenkav n curandGenerateUniform, TTou TTapdyel Opoiopop@a
KATaveunuévoug apiBuolg  KivnTAG UTTodIaoToAng uetatl 0 kai 1, Xwpic va
ouutrepiAauBaverar 1o 0, ki n  curandGenerateNormal , TTou TTapdyel KaAvovikda
KATAVEUNMEVOUC apIBuoUs KIvNTAG UTTOBIOOTOAAG pE Oedopévn TN MECN TIMA KAl TNV
TUTTIKI aTTOKAION.
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cuRAND: Up to 75x Faster vs. Intel MKL

® cuRAND
= MKL

Gsamples / sec

Sobol32 MRG32k3a Sobol32 MRG32k3a Sobol32 MRG32k3a
Uniform Distribution Normal Distribution Log-Normal Distribution

Eikova 17: Zuykpion cuRAND pe MKL

2.5.3 H BiBAI0BAKN cuSOLVER

H BipAIoBAKn cuSolver ecivar éva uywnAou emmmédou TTOKETO TToUu Paciletal OTIC
BIBAI0BNKeg CcuBLAS kai cuSPARSE. 2uvduddlel Tpelg &exwploTeG  BIBAIOBrKeg
(cuSolverDN, cuSolverSP, cuSolverRF) kétw atmd tnv idia oTéyn, KGBe pia armmod TIg
OTTOIEG UTTOPEI va XPnoIhoTToINBEi avecdpTnta | o ouvOuaouo pe AANEG BIBAIOBRKEG.
XelpiCetal TG00 apaious 600 Kal TTUKVOUG (dense) Trivakeg, avTIueTwTTiel Bépata
TTOPAYOVTOTTOINONG  TTIVAKWY, ETTIAUEI  TTOpAyovToTIoINoElg, OoTTwg LU, QR, SVD,
Cholesky kair LDLT, evw utropei va utroAoyioel TIG 1010TIMEC €vOG Trivaka. lMa va
XpnoigoTtroinBouv ol ouvaptioelg TG cuSOLVER Tpétrel Ta dedopéva va Bpiokovtal
o1n GPU kai n GPU va €xel uttoAoyioTIKA IKavoTnTa 2.0 1 uwnAoTEPN.

GPULEY
cuSOLVER: Dense'l¥8E (vs. MKL)

~ mcuSOLVER

bekhe
RRnaRRDE

Cholesky LU
Factorization ‘ Factorization

Eikova 18: Zuykpion mapayovromroifoewyv Cholesky, LU kai QR avdpeoa og cuSOLVER kai MKL
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2.6 YTroAoyioTIKOi TTOpOI CUCTHMATOG SIESAYWYNG TTEIPANATWYV

H ouyypagnn kwdika, n Oligfaywyr TEIPAPNATWY, N OoUYKpIon XPOvwv Kal N
BeAtioToTroinon Trpayuarotroidnkav o€ server tou EKIMA. O server éxel emegepyaoTn)
Intel Xeon E5-2630 v4 ota 2.2GHz pe 10 mrupriveg kai yviijun RAM ota 64GB. H kdpTta
YPOPIKWY TTOU XpNnoitroinenke yia tnv ektéAeon meipapdtwy o€ CUDA eivar NVIDIA
Quadro K6000 pe utroAoyioTikny kavotnta 3.5 kai GPU pvriun 12GB, TTOU PTTopEi va
uttooTnpigel TTPpAagelc pe  peydAou Oykou Oedopéva. ATO  atrown  AEIToupyikou
ouoTnuarog, o server xpnoigotroliei Windows 10 Pro (64-bit). To Aoyiopiké 10U
XPNOIMOTTOINCAUE Yia TN ocuyypa@n kwdika Atav Visual Studio 2015 kai Matlab R2015a.

2 i

® =
°
~

H e

Realtek Audio

Eikéva 19: XapakTnpIioTIKA UTTOAOYIOTH B1E§ayWYAG TTEIPAPATWY
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3. AATOPIOMOZ MM

3.1 Eicaywyn oTig peddédoug avaiuong fMRI

H eCaywyn TTAnpogopiwyv atod eikoveg TMRI utiipge €va onuavTiko TTedio €peuvag yia
TTAvw aTTd dUO0 OEKAETIEC. ZKOTTOG auToU TOU aAyopiBuou gival va TTapoucidoel pia véa
MEBODO yia TNV avaAuon Twv ouvoAwv dedouévwy atmd fMRI, n otroia gival Ikavr) va
EVOWNOTWOEI EK TWV TTPOTEPWYV dIaBETIUN TTANPOYOPIa HECW £VOG ATTOdOTIKOU TTAQITiou
BeAtiototroinong. ‘Epeuveg Tmavw o€ OUuVOETIKA Oedopéva  €TIOEIKVUOUV  ONUAVTIKO
KEPOOG OTNV ATTOdOCN O€ OXEON ME UTTAPXOUOEG PEBODBOUG auToU TOU €idOUG. ZTOXO0G
TNG TTAPoUCaG EPYOOiag, €ival va HEAETAOOUMPE TN BEATIWON TTOU PTTOPEI va UTTAPEEl UE
TN Xprion GPU oT1o TTpoBANua tTou Ba TTepIypdWOoUlE TTAOPAKATW.

H Aegitoupyikry Ameikovion pe Mayvnmiké Zuvrtoviopyd (fMRI) eivar pia 1ioxupr pn
ETTEUPATIKA TEXVIKA KATAAANAN va TTAPEXEI ONUAVTIKEG TTANPOQYOPIEG OXETIKA ME TN
0paoTNPIOTNTA TOU eYKEPAAOU. H PEAETN TWV OIAQOPETIKWYV TTEPIOXWYV TOU EYKEPAAOU
TTOU OXETICOVTAI PE ONUAVTIKA KaBrikovTa, OTTwg n 6pacn, n avriAnyn, n avayvwpion
K.O., OUVIOTOUV £va TEPAOTIO AVOIXTO TTEDI0 £pEUvag TTOU aTTAITEI OTIBAPES KAl UWNAAG
aKpipelag TEXVIKEG yia TNV avaAuon Twy dedopévwy Tou TMRI.

TéTola dedopéva TTapdyovTal oav Jia akoAouBia TpIodIdoTaTWY EIKOVWY TOU EYKEQAAOU
TToU AapBdvovtal diadoxikd oTo Xpdvo. KABe pia atrd auTég TIG EIKOVEG QTIAXVOVTAl ATTO
Mia aAAnAouyxia oToixelwdwv KUPwv, Ta Vvoxels. Zuvemwg, n Ty ToU KABe voxel
QAVTIKATOTITPICEI TO BABNO dpacTNPIOTNTAG OE £VA OUYKEKPIMEVO ONUEIO TOU €YKEPAAOU.
KaBe TpiodidoTarn €ikOva atrodnkevuetar o€ €va  peydho  didvuopa  o€1pdg,
X =[X,%y,...,X,]€R", 6TTou N gival To cuvoAIkG TTARBOG Twv voxels. ZTn uvéxeia, OAa

auta Ta OlavuopaTta OeOOPEVWV CUVEVWVOVTAI yia va OnUIOUPYACOOUV €vav TTivaka

dedopévwy, X e R™ | 6mou T cival 0 UVOAIKOG apIBUOS Twv BIAdOXIKWY ARYEWY OTO
Xpovo.

21OV eYKEQPOAAO, TTOAAEG OIOPOPETIKEG OPACTNPIOTNTEG TTPAYHATOTTOIOUVTAI TAUTOXPOVA.
Na autd, Ta An@Bévra dedopéva atmoteAouvial ammd Hia piEn didpopwyv onudTwyv
EVEPYOTTOINONG OTA OTTOI0 AvaQEPOUAOTE PE Tov Opo TTNYES. O oTdx0g TNG avaAuong
Twv dedopévwy fMRI gival va dlaxwpioel QUTES TIG TTNYEG WOTE va ATTOKAAUWEl TOOO TA
MaTiBa evepyoTroinong TOug OCO0 Kal TIG QVTIOTOIXEG TTEPIOXEG TOU EYKEPAAOU TTOU
oxeTiCovTal pe KABe pia atrd TIG TyEC.

ATTO pabnuatikAg amowng, o dIaxwpPIoudg TINYWV UTTOPEI va TTEPIypa®Ei oav €va
TPORANUA TTapayovToTroinong Tivaka oTn popery X~ DS, 6mou DeR™ civan évag
TTivakag, Tou OToiou oI OTAAEG avatrapioTouv Ta doTiBa evepyotmoinong R
xpovodiaypduuara tmou oxeTidovral Ye TIc Tinyég, S eRM egivan évag mivakag, Tou
OTTOIOU OI YPOUMEG avaTTaPIOTOUV TIG TTEPIOXEG TOU EYKEPAAOU TTOU EVEPYOTTOIOUVTAI OTTO
TIG OXETIKEG TTNYEG Kal K 7O TTARBOG Twv TTNYWYV TWV OTTOIWV 01 TINEG opifovTal aTTd TO
XPnoTn. O1 ypauPEG TOU TTiVOKA S OUXVA ava@EPOVTAl WG XWPIKOI XAPTEG.

‘Eva eup€wg xpnoigotroloupevo gpyalcio otnv avaluon fMRI gival 1o Mevikd papuiko
MovTtéAo (General Linear Model), To omoio BaacifeTal oTnv UTTOBETIKA pop@r TnG HRF
(evétnTa 1.4) yia Tnv Kataokeur Tou TTivaka D. To OUykekpigévo OxEDIO TOU KABE
TTEIPAUATOG ETTITPETTEI VA YiVEI MIA EIKACIA YIA TIG XPOVIKEG OTIVUEG TTOU TTEPIMEVOUUE VO
eMeavioTei dpaoTnEIdTNTA. YIOBETWVTAG MIO CUVOPTNOIOKN pop®n yia Tnv HRF Kkai
OUOXETICOVTAG TN ME TNV avauevouevn akoAoubBia evepyoTroinong, 10 XPovoodidypauua
TTOU QVTIOTOIXEI OTNV OUYKEKPIPEVN EVEPYEIQ PTTOPEI va TTPOCEYYIOTEN Kal va BewpnOei
yvwoTtd. TEtoia  xpovodiaypAdupata  ovoudldovial  OXETIKA HYE TNV €pyacia
xpovodiaypduuarta (task-related time courses).
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EvVaAAGKTIKG, KATTOIOG UTTOPEI VA XpNOIYOTIOINOEl Jia BSS 1Tpooéyyion, n o1roia PTropEi
TAUTOXPOVA va UTTOAOYio€l Toug D Kal S Xwpig va KaTa@uyel o€ Kapia uttdBeon OXETIKA
e TNV HRF. TNa 1o okoTrd autd, UIoBeTOVTAI DIOPOPETIKEG EIKATCIEG OXETIKA EITE UE TIG
OTATIOTIKEG €ITE PE TIG OOMIKEG 1I0IOTNTEG TWV EUTTAEKOUEVWYV TTIVAKWYV. EIBIKOTEPQ, N
avaAuon ICA |, TTou €xel XpnOoIPoTToINBEi ekKTETAPEVA OTTO TTPORAAUATA dlaXWPICHOU O€
fMRI, utroBétel avegapTnoia PETAEU Twv TINYWV, VW Ol TEXVIKEG TTou BacifovTal o€
Dictionary Learning, TTou yivovtal OAO Kal TTI0 dNUOQPIAEIG TEAeUTAIA, EKMETOAAEUOVTAI TO
YEYOVOG OTI O TTiVAKAG S avaPEVETal Va €ival apalog.

Mpdogarta, TTapoucidoTnke pia pEBodog, n  Emotrreudpevn MaBnon pe Aefikd
(Supervised Dictionary Learning), TTou €mMTPETTEI TNV EVOWHATWON TWV TTANPOPOPIWV
TTou oxetiCovral pe TNV HRF o¢ éva mAaioio BSS, odnywvriag oe PeATiwpéva
atmmoteAéoparta. MNMapdAa autd, 1600 N GLM 600 kai n SDL utro@épouv atré 1O idI0
MEIOVEKTNMA: TTPETTEI VA YIVEl JIO OPKETA AKPIPNS UTTOBEON yIa T CUVAPTNOIAKK JOP®N
™M¢ HRF.

H péBodog Tmou Ba peAetiooupe eivar pia véa pEBodog Dictionary Learning
utroBonBoupevn atrd droua (Atom-Assisted Dictionary Learning), n otroia, TapdAo TTou
EKMETAAAEUETAI TA TTAEOVEKTIUATA TNG EVOWUATWONG KATTOIOG €K TWV TTPOTEPWYV YVWONG
OXeTIKA pe TNV HRF, emTpétrel onuavTikr avoxr oTtn un akpifr) €AoYy avtioToixng

HOPYPNG.

3.2 YtroBonBoupevn Madbnon pe Aeikd

3.2.1 Emromrreuépevn Mdabnon pe Aegikoé

21NV TPAEN, N XPNon EKTIMWHEVWY XPOVODIQYPAUMATWY TTAPEXEl YEVIKA IKAVOTTOINTIKA
armmoteAéopara oto GLM. ATO Tnv AAAn TTAEUpd, n €IKOOia OXETIKA PE TN XWPIKA
apaIdTNTA CUPTTUKVWVEL TTOAUTIMEG TTANPOQOPIES, O OTTOIEG JOBNUATIKA PETAPPALOVTAI
o€ 1000Uvaun XPRon Twv TTEPIOPICUWY apaldTnTag oTIg ueBddoug Dictionary Learning.
MapoAa autd, atrodeikvUeTal OTI O €K TWV TTPOTEPWV EIKOTIES, TTOU UIOBETOUVTAl OTTO
auTég TIGC PEBOOOUG, dev gival ammd POVEG TOUG OPKETA IO0XUPEG VIO VA KATAPEPOUV
ETTAPKI ATTOTEAEOHATA.

H agetnpia T diatumrwong Tng SDL BpiokeTal 010 diaxwpIiond Tou Bacikou Ae€IKou o€
dUo Tunuata: D=[A,D.]e R™, 6mou 10 TpWwTo TPAMA, AcR"™™ | TepiopieTal oTo va
TTEPIEXEI Ta ETTIBAAAOUEVO OXETIKA ME TNV gpyacia xpovodiaypdupaTta Kal Bewpeital
otadepr]. AvtiBeta, 10 deUTEpO TUAMA D e R™*™ | givalr 10 petaBAnTé TuApa TTOU
MTTOPEl Va TTpocdoplioTei péow Dictionary Learning.

To atmotéAeopa eivalr akdpa €va oxrnua Dictionary Learning, aAAd cuptrepIAQUBAVEI
OUYKEKPIMEVA Xpovodiaypduparta. ATTodelkvueTal ammd Ta atroTeAéopata OTI odnyei o€
BeATiwpéva atroTeAéouaTa, O€ OXEON ME €KEiva Twv KAaoIKwv TeXVIKWY Dictionary
Learning. EvTouToig, autr n TTpoc€yyion akOPa KANPOVOEi To id1o coBapd PEIOVEKTNUA
TToU OXeTiCeTal ue To0 GLM. AuTtd gival 011 Ta dtoua Tou Ae€ikoU oTa oTToia €€l eTTIBANOEI
TTEPIOPICPOGS (OTAAEG TOU TTivaka A ) BonBouv pudvo av n ek Twv TTPOTEPWV ETTIBAAAOUEVN
TTAnpo@opia eival apketd akpifrig. Eav dev eival, n ouvelopopd TnG UTTOPEI va €XEl
emMPBAaBeig ocuveéTTEIEG, 0ONYWVTAG O E0PAAUEVA ATTOTEAEOUATA.

3.2.2 YmoBonBoupevn amrd Aropa Madbnon pe Ae§ikd

H utroBonBoupevn atrd dtoua pdbnon pe Ae€IkO cival pia evaAAQKTIKA TTPOCEYYIoN O€
oxéon Me tTnv SDL. lMapéxel €vav Mo XaAapd TPOTTO EVOWMPATWONG TWV €K TWV
TTIPOTEPWYV UIOBETNUEVWY HOPPWYV TwV Xpovodiaypauudtwy. H kipia 10éa eivalr o1l Ta
dtoua Tou AggIKOU TOU TPAMATOG OTO OTToI0 ETIPBAAAETAI O TTEPIOPICPOG Oev Eival
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UTTOXPEWTIKA id1a PE Ta eTMAeypéva. AvVTIOETA, XPNOIYOTIOIEITAI £vaG XOAAPOTEPOG
TTEPIOPICPOG TTOU €ival evowpaTwuévog oTn dladikacia BEATIOTOTTOINONG. ZUVETTWG, N
aTTaiTNoN TNG IOXUPNG 100TNTAG XAAAPWVEI JECW MIAG TTIO XOAAPriG OpoIOTNTAG TTOU
TTEPIOPICEl TN VOPPA METPNONG TNG ATTOOTAONG.

Emopévwg, €av éva PEPOG TNG €K TWV TTPOTEPWYV TTANPo@opiag dev €ival Kal TOOO
akpIBég, emmeldr) Ta dtouya oTa otroia €xouv emIRBANOei TTEPIOPIOUOI e BewpouvTal
oT1aBepd TAEOV, n PEBOOOG MTTOPEI va TA QvATTPOCAPUOCEl, O OXEON ME TNV
TTANpo@opia TTou UTTApXEl OTa dedopéva, WeE BEATIOTO TPOTTO. ATTOdeIKVUETAI OTI HIO
TETOIO TTPOCEYYION KAVEl TN d1adIKACIa TTIO I0XUPH OTTEVAVTI OTO BACIKO MEIOVEKTNUA TWV
MEBOBWYV TTOU Bacifovtal oTnv HRF.

Kai €dW n ageTnpia gival o dlaxwpiopog Tou Aegikou: D =[D,,D.]1e R™ . Z¢ avriBeon pe
v Tipooéyyion SDL, waoTOC0, TO TEPIOOUEVO TUAMA Tou AegikoU, D, e R™, &¢
Bewpeital otaBepd TAEOV, AAAG UTTOPEI va BIAQOPOTIOIEITAI CUPPWVA PE TO KOOTOG
BeATiIOoTOTTOINONG.

H epyacia PeATiotommoinong, TTou xpnoidotrolgital €dw, OIATUTTWVETAI WG  €EAG:

K N
(D,S)=argmin|| X —DS |2 +4]|S||,, €101 WoTe De®, omou |[|S|l,=> > |s;| €ivai o
D,S i
OpO¢ TTOU TTPOWOEI TNV apaIdTNTA OTOV TTIVOKA CUVTEAECTWY KAl D €ival £éva atTodeKTO
OUVOAO A€€IKWV. ZTNV TTEPITITWONR HAG, TO D OUVIOTA TO OUVOAO TwV AEEIKWYV TTOU

e _5|||§ <¢; Vie[LM]=N

: , 6TTOU
ld]; <c,, Vie[M+LK]cN

poipaovral TNV akdAoudbn 1d1I0TNTa: D =D eR™X
N eival To g0voAo Twv QUOIKWY apiBuwy, ||, dnAdver T vopuoa-2, d; eivar n i-oom
OTNAN Tou Aggikou D Kai o, €ival TO I-00TO €K TWV TTPOTEPWV ETTIAEYMEVO OXETIKO ME TNV
gpyaaoia xpovodidypappa. H o1abepd ¢, €ival pia opiopévn atro 10 XpRoTn TTAPAUETPOG,
n otroia eAéyxel 10 PBaBud ™G opoIdTNTAG PETAEU TwV ATOPWY TTOU €XOUV UTTOOTEN
TTEPIOPICPOUG Kal TwV ETIBAANOUEVWY XpOovodiaypaupaTwy. Ta uttéAoiTa AToua Tou
Ae€IkoUu TTEPIOPICOVTAl OTO VA €XOUV 0pIoBeTnUEVN vOpua, OxI MEYOAUTEPN ATTO Mid
TTPOKABOPIoPEVN TTAPAUETPO C, .

3.2.3 Mé0odog BeATioTotroinong

Na va AUooupue To TTponyouuevo TTPORANUa BEATIOTOTTOINONG XPNOIUOTTOIEITAI N HEB0OOC
MeyloToTToinOoNG (mMajorization method), n otroia €xel dn XxpNoihoTToINBei oTo TTapPeABOV
yia va emAuoel TpoAfuarta Dictionary Learning. Xwpig ap@ifoAia, otroiadAtroTe GAAN
OXETIK) MEBOBOG PBEATIOTOTTOINONG WTTOPEI va ETTIOTPATEUTEI KAl N KATAAANASTATA TNG
EMAOYNG QUTAG gival akopa uttd PEAETN. MapdAo tTou n péEBodog peyioTotToinong Ogv
amautei  xaAdpwon katd Lagrange Tou UuTtd TTEPIOPICKO  TTPOBAAPATOG, QUTA
XPNOIMOTIoIEITal yIa aTTAGTATA. ZUVETTWG, TO 1000Uvauo TTPoRAnua BeATioToTroinong,
Méow TnG avriotoixng Olatumwong Lagrange Tou  Trapatmdvw  TTPORAANATOS

eAayioToTroinong givai (D,S)=argming, (D,S), oTTO0U
D,S
¢,,(D,S)=| X —DS 2 +211S Il +P (D). To P,(D) egaptdrar ammo 10 AEGIKO Kal OpigETal WG

Py(D)Zzi’\;}/i[(di_éi)-r(di_é‘i)_cd]+ziliM+17/i(ddei_Cd)' OTToU Ol TIAPAUETPOI  7;  HE
1=12,...,K avrmiotoixouv otoug K ouoxetiopyévoug TToAAatTAaoiaoTég Lagrange. H
TEAEUTAIO 100TNTA PTTOPEI CUPTIOYWG VO EKQPAOTE WG B. =tr [1‘(D—AM)T (D—AM)—C],

omou M e RM™ | 1rou £xel pndevika TTavTou eKTOC aTro TNV KUPIA dlaywvio, KABE aToIXEIo
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TNG oTroiag 1oouTal Pe éva, o I' givar dlaywviog Tivakag Pe y,, i=12,...,KT0 i-00T6
OTOIXEI0O TNG KUplag diaywviou kai C  gival dlaywviog TTVOKAG ME TIS QVTIOTOIXES
TTAPAPETPOUG C; KAl C; OTN OlAyWVIO TOU. ZUVETTWG, N OuvapTnon KOOTOUG PTTOPEI VA
gavaypagTei wg ¢/1,r (D,S)H| X -DS |||2: +A||S “1,1 +P-(D) .

3.2.4 O aAyoépiBpog

H BeAmiototroinon oe ox€on ME TOug TTivakeg D kal S gival QpKETA ATTAITNTIKA Kal
ATTAOTTOIEITAI  ONPAVTIKA UIOBETWVTAG Mia evaAAaooduevn emavoAntTikh diadikaoia
eAayiototroinong duUo PnuATwy. Mo CUYKEKPIPEVA, CEKIVWVTAG OTTO TUXAIEG EKTIMAOEIG,
Dy Kai S, 0 aAyopiBuog atroteAeital amd Ta akoAouba Bruara:

BApa | : msin¢“(D,S) pe otaBepd D (Coefficient Update)
BApa II: mDin ¢,-(D,S) pe o1abepo S (Dictionary Update)

AKOAOUBWVTAG TNV TEXVIKI MEYIOTOTTOINONG, VIO KABE BANA, N CUVAPTNON TTOU OTTOTEAEI
QVTIKEIMEVO UEYIOTOTTOINONG avTIKABioTaTAl OTTO MIO QVTITIPOOWTTEUTIKI) OUVAPTNON
(surrogate function), TTOU Tn MEYIOTOTTOIEI KAl €ival €UKOAOTEPO va eAaxXIOTOTTOINOEI
ETTAVOANTITIKA, O€ OXEON ME TNV AuBeVTIKA ouvdpTnon. H avTITTpOCWTTEUTIKI) OUuvAPTNON
O¢ev gival HOVADIKN), AAAG TTPETTEI VA IKAVOTTOIEI CUYKEKPIMEVEG OUVONKEG.

3.2.4.1 BApa 1: Evnuépwon ZuvreAeoTwy (Coefficient Update)

210 BAPa t, N auBevtikl ouvApTnNon €AAXIOTOTTIOIEITAI O OXEON ME TO S KPATWVTAG
oT1aBepd 70 D otnv Tpéxouca dlaBEoiun ekTiunon, D=D, . Auti n ehaxioTotroinon
ETTITUYXAVETAI PE ETTAVAANTITIKO TPOTTO KAl JEOW TNG EI0AYWYAGS TNG AVTITIPOCWTTEUTIKAG

OUVAPTNONG. ZEKIVWVTAS TIC ETTAVAAAWEIC OTTO TNV UTTdpyouoa ekTipnon, S =Sy, N

ekTiynon, S™, Tn¢ n-00TAG £maAvAANWNG, TTAPAYETAI ATIO TNV TTPONYOUUEVN €KTinOoN,
s £AQXIOTOTTOIWVTAG mv QVTITTPOOWTTEUTIKN ouvapTnon
V(8,87 =4, (D,8) +7,(8.8"™), 6T 7,(8,8" ) i=c; S -8 [} ~|PS - DS e

Cs >HDTDH2 gival pia otaBepd 6ToU |+, €ival N QOOPATIKA VOPUA. XUVETTWG, OUO

OIOQOPETIKEG ETTAVOANWEIG TPEXOUV O€ EMPWAEUNEVN TIUN, HiO ECWTEPIKN O€ OXEON UE TO
t Kal pia o€ oxéon Ye 1o N.

‘Eotw A::Ci(DTX+(CSIK—DTD)S[”1]). Mrtropei va deixBei o1 n BEATIOTN TIUA NG
S
TTOPATTAVW QVTITIPOCWTTEUTIKAG OUVAPTNONG BPICKETAI CUPPIKVWVOVTAG Ta OTOIXEIO TOU
a —isi n(a;), av ‘a ‘>£
A, ug GAa Adyia, S =S, (A), 60U S, (A):s, =10 20 il” 5
0, addiwg
H emavaAnTmik) evnuépwan ouvexifetal HPEXPIC OTOU IKavoTroiNdei éva  KPITHPIO

TEPMATIONOU. O WeUBOKWAIKAG YIA TNV EVNUEPWON CUVTEAECTWV gival OIABECINOG OTO
1redio Algorithm1l - Step 1 tng Eikévag 20.
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3.2.4.2 BApa 2: Evnuépwon Aegikou (Dictionary Update)

270 OeUTEPO PBAPA TNG EVAANQOOOPEVNG EAAXIOTOTTOINONG, N QAVTIKEIMEVIKI] OUVAPTNON
eAayioToTrolEiTal O€ OXéon PE TO D, KPATWVTOG OTOBEPO TO S OTNV TPEXOUOA dIABETIUN
EKTIMNON, S =S ,,. 2€ AUTO TO BAA XPNOIUOTIOIEITAI ETTIONG IO AOYIKA PEYIOTOTTOINONG.

o TO OKOTTO AUTO, €I0AYETAI PIO KATAAANAN QVTITTPOCWTTEUTIKI) oUvVAPTNON TTOU JIVETAI
armé Ttov 10mMO W (D,R)=¢,.(D,S)+7,(D,R), émou c, >HSTSH2 gival oTaBepd Kai
R=D""Y givai n ektipnon tou Ae€ikoU aTto TrponyoUuevo BrAua. H gAaxiototroinon os
oxéon pe 1o D yiveTal £miong eTTavaAnTITIKG, Eekiviovtag amd DI = D, - H BEATIOTN TIpn
TNG QVTITTIPOOWTTEUTIKAG OuvdApTNONG PpPioKkeTal OTO oOnueEio  PNOEVIKAG  KAioNg:

_dd'/g = —2XS" +2(D- AM)I" +2¢, (D-R) + 2RSS" .

O¢TovTag Tnv TTapATTAvw TTapdywyo ion Pe To PNdév, AUvoviag wg Tpog D Kai
divovrag oTta y; TIMEG TTOU IKAvOTrolouv TIG ouvlrkeg Karush-Kuhn-Tucker (KKT),
akoAouBeital pia diadikaoia dUo PBNUATWY yia TNV vAPEPWON TOU AEEIKOU, TTAPOUOIN PE
10 BAMO 1 pe avTioToixeg TTOooOTNTEG. EIBIKOTEPQ, OpileTal P evdIGueon TTooOTNTa B

Kal uttoAoyileTal e Tov TUTTo B = Ci (XS"+R(c,1 —=SST)).
D

O1 TTpoCEeyYioEIC TWV EVNUEPWHEVWY OTOPWY TOU AeCIKoU divovTal wg €EAG:

b, av ||bi—5i||§SC§
ie[LM].qc, (b -35)

+0,, alliog
d.n = ”bl _é‘inz
| b, av b <c,
le[M+1K], ||t():d||2 b, atliic

Aev gival dUokoAo va atrodeixBei 0TI PeETG amd AUTA TNV evnuépwarn, diatnpouvTal ol
ouvOnkeg KKT yia OAeg TIG OTAAEG Tou Ae€IkoU. ETITTPOOBETWS, TO GUVOAO OAWV Twv
atmodekTWV AegIKWY, D, amapTifouv éva KUpTO PN Kevo auvolo. MTropei va deixBei Ot
QuTO TO YEYOVOG eyyudTal OTI O TIPOTEIVOUEVOG OAYOPIBUOG OUYKAIVEL yia Tuxadia
apxikotroinon. O weudokwdikag yia TNV evnuépwon AegikoU TTapoucialetal oto Tedio
Algorithm2 - Step 2 1ng Eikévag 20.
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Algorithm 1 - Step 1

Initialization: cg >

DTDHQ, SO — Si).n =10

1:

2: repeat

3: n=n+1 _

4 A=L(DTX (ecslg — DTD)S1)
5: Sll = 8, (A)

6: until stop criterion is met*
7. output: S, 1) = Sl

Algorithm 2 - Step 11

I:  Initialization: cp > ||STS|,. DI'! = D). n =0
2:  repeat
3: n=n++1
4 B=L(XST+R(cplg —SST))
5: D =U(B)
6: until stop criterion is met*
7: output: D) = DI
* In this paper, a fixed number of iterations is used.

Eikéva 20: Weudokwdikag aAyopiOpou MM

3.3 YAotroinon

O kwdikag MATLAB vyia Tn péBodo TTOU TTEPIYPAWAUE OTAV TTPONyoUdEvn evoTNTA
BpiokeTtal otn d1evBuvon https://github.com/MorCTI/Attom-Assisted-DL. & autdév TOV
KWOIKa BacioTnke n PEATIOTOTTOINON MAG. Z&€ OAEC TIG €KTEAECEIS, TOOO TOU APXIKOU
TTPOYPAUUATOG 000 Kal Twv dUo ulotroifoewv o€ MATLAB e Trivakeg GPU kal o€
CUDA, XpnOIUOTTOIOUUE KOIVEG TTAPANETPOUG, WOTE VA UTTOPOUUE VO OUYKPIVOUUE TOUG
XPOVOUG eKTEAEONG KOl TO OQAAUA TTOU TTPOKUTITEL. ‘ETOI, T TTpOYPAMPATA EKTEAOUVTAQI
ME OITTAN eTTavaAnyn, pia eEwTepik 200 QopEg, Kal dUO eoWTEPIKES aTTO 20 POPEC TTOU
EVNUEPWVOUV TOUG CUVTEAEOTEG Kal TO AECIKO avTioToixa. To TTARBOG Twv TTNywv gival
10, n TrapdueTrpog A Traipvel v T 0.5 kal n TTapdueTpog ccl Tmou eAéyxel Tnv
KAVOVIKOTTOINON TWV aTOPWV Tou AegIKoU AapBaver Tnv Tiun 1.

3.3.1 YAomroinon o€ MATLAB pe mrivakeg GPU

O kwdikagc MATLAB Bpioketar oto Mapdptnua | otnv evétnTta pe TiTAO «AAyopIOuog
MM». O1 TrTapauetpol K, Tt, Ts, Es, Td, Ed, lambda ka1 ccl diatnpibnkav 6mmwg oTov
apXIkG Kwodika. H diagopd Eykeital atn Xprion gpuArrays oTOV UTTAPXOVTA KWOIKA
KABWG Kal oTnV TTPOCOPHOY KATTOIOV TTPALEWV WOTE va UTTOOTNPI(ouV TTPACEIS OF
GPU.

EidIkOTEPQ, 01 BEATIOTOTTOINCEIG OE OXEON WE TOV OPXIKO KWAIKA €ival Ol £ENG:

o Agaipéocape TNV TTapdueTpo Verb TTou XPNOIKOTIOIEITAl VIO TNV EUPAVION
YPOUUAG TTpoddou (progress bar). 21n 6€0n TNG EKTUTTWVOUNE TO OQPAAPQ
o€ KABe emavadAnyn, woTe va dIATTIOTWVOUNE TTOCO YpPryopa CUYKAIVEI O
aAy6piBuoc. MNa autd 10 Adyo d¢ XpnoIPJOTTOIOUME Kal TOV Trivaka E TTou
atmoBnkKeUel TO CQPAAPQ O€ KABE eTTavAAnYN.

e AyVOAOQE TIG TTOPAPETPOUG TOU KavoviKoU Aegikou (canonical dictionary),
onAadn TIg cdl kai Del, emeidfy ¢ pag {NTABNKE va UAOTTOINOOUME TO
KavovikO Ae€Ikd oTa TTAQiOIO QUTAG TNG £PYOCIiAg. ZUVETTWG, QYVONOOUE
KAl TO AVvTIOTOIXO KOMMATIO KWOIKA.
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e Anpioupynoaue toug Tivakeg Y, D, S kai | wg tivakeg GPU. OAol ol
uTTOAOITTOI TTIVOKEG dnuIoupynBnkav kai autoi otn GPU, e1eidr) TTponABav
ato TTPAEEIC TTIVAKWY TTou BpiokovTtal dn otn GPU.

e [lpooTmraBrioaue va amo@Uyoupe TNV emavaAnyn mpdgewyv. MNa autd, Tov
TTivaka |, TTou OTO apxIKO TIPOBAnua  dnuioupyouvtav TOOO OTN
ouvdaptnon NewCoef 6co kai otn NewDict, dnAadry OuvoAIKG 2xTt
PopEG, TTAéov TOV dnMIOUPYOUHE POVO pia. AKOPA, ATTOBNKEUOAUE TO
yivépevo D™D oTov Tivaka Dux Kal QvTIKOTAOTACAPE TNV TIpAagn
Ag=1-D*D/c; pe Ag=I1-Dux/cy, woTe va aTmmo@Uyoupue va
uttoAoyiooupe Eavd TO yivouevo. Tnv idla Aoyikfy akoAouBoUue Kal JUE TO
yivopevo S*S' kai Tnv mpagn Bg=1-S*S'/c,.

2tov [livaka 1 ouykpivovral Ta Ouo Trpoypduuata. [Maparnpouue Toug XPOVoug
EKTEAEONG TWV OUO TTPOYPOUUATWY YIa OIOPOPETIKOU WPEYEBOUG TTIVOKEG €I00BOU KAl
UTTOAOYICOUME TO TTOOOOTO BEATIWONG TOU VEOU TTPOYPAUMATOG XPNOIUOTIOIWVTOG TOV

TUTTO tCP‘JtﬂxlOO%, OTTou t.,, 0 XPOVog eKTéEAEONG TOU TTpoypduuaTtog oe CPU kai
CPU

tepy O XPOVOG ekTéEAEONG 0 GPU. Z1a apyikd dedopéva utrdpyel empBpaduvon d10TI dev

gival apkeTd peydAa, wote va dikailoAoynBei n kartaokeury Tvakwv otn GPU, T1Tou
empBapuvel 10 TPOYypaupa. H BeAtiwon eival gu@avAg 6co o Trivokag €l06dou
MeyaAwvel, dI10TI n emBdpuvon eival aueAnTéa o€ ox€on ME TNV TTOAUTTAOKOTNTA TWV
TTPAgEWV.

Mivakag 1: Zoykpion xpovwyv ektéAeong MM og MATLAB pe xprion CPU ka1 GPU

MEIEOGOZ Xpovog CPU (sec) @ Xpoévog GPU (sec) MOZOXITO BEATIQXHZ

300x3600 4,8782 6,2463 -28,05%
450x5400 10,1033 6,2969 37,67%
600x7200 14,8908 6,9444 53,36%
1500x18000 85,5759 10,5524 87,67%
900x125000 401,814 23,9282 94,05%
274%x902629 3101,5717 143,862 95,36%

2tnv Eikéva 21 BAémmoupe TTwG SIAPOPPUWVETAI N ETTAXUVON TNG UAOTTOINONG TOU
aAyopiBuou MM pe xprion MATLAB oe GPU og oxéon Pe TNV UAOTTOINCN TOU PE XPron
CPU, oupgpwva pe Toug xpovoug Tou lMNivaka 1. Mapartnpouue 0TI oTa apXIKA dedopéva
300x 3600 utrdpxel €mppaduvon, OuwWS peyoAwvovtag Ta dedopéva TO TTPOYPAUMNA
eTTaAXUVETAI oNPavTIKA. TEANOG, gival @avepo 0TI 600 PeyaAwvouv Ta dedopéva, dev gival
1600 paydaia n TTooooTidia eTMTAXUVON 600 €ival PETALU TWV APXIKWY HIKPOTEPWV
OedOPEVWV.
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MM MATLAB GPU SPEEDUP
100%

80%

40%
20%

0%

Speedup percentage

-20%

-40%
300x3600 450x5400 600x7200 1500x18000  900x125000 274x902629

Input size

Matlab GPU

Eikova 21: Alapop@won emiTdxuvong aAyopidpou MM oe MATLAB pe GPU

3.3.2 YAotroinon o CUDA

O kwdikag CUDA Bpioketal oto MNapdptnua Il otnv evotnTa PE TiTAo «AAyopIBuog MMy .
O1 mapdauetpol K, Tt, Ts, Es, Td, Ed, lambda kai ccl diarnpriénkav 61mws oTov apxIKo
Kwdlka ue avtioToixa ovépara K, ITER, TS, ES, TD, ED, LAMBDA kai CCL kai
TTpooTédnkav n TapdueTrpog MODE kai kdtroleg akdpa yia diafacua €i06dou atmo
apxeio pop@Ag mat. Z1nv mapdauerpo MODE divoupe tTnv Tipr 0 4 1 avdAoya e 10 av
BéAoupEe va eKTEAEOOUMPE TO TTPOYPAUMG WE povr 1 JITTAR akpiBeia avTioToixa. MNa 1o
OlGBaocua apxeiou mat, utrdpxouv dudG CUPPBACEIC TTOU UIOBETOUVTAI OTO TTPOYPAUMA:
TTPWTOV, O TTiVAKAG TTPETTEI va £XEl TO OVOPa X Kal va atroBnKeUuTEl 0TO apxeio X.mat kai
OeuTepov, TTPETTEl va BpeBei 0 avaaTpoPog Tou, va yivel reshape oTIC apXIKES DIACTACEIG
Kal META va atmoBnkeuTei oTo mat apyeio. 'ETol, av oto MATLAB éxoupe évav Trivaka X
MéyeBoucg axb Tpétrel va akoAouBrjooupe Ta BApaTta X=X kalr X= reshape(X,a,b) mpiv
TTapdagoupe To X.mat. Auté cupBaivel yiati To MATLAB TTePIEXEI TTIVOKEG PACIOUEVOUG OE
OTAAEG, evw n uAoTroinon Mag yia Tov MM TrepIEXEl TTiVOKES BACIONEVOUG O€ YPAMNMEG.
Ta ovopara Twv evdidueowv petaBAnTwy Dux, Dy, Aq, A, Sux, YS, Bqg kal B €xouv
QVTIKATOOTAOEI pe KATTOIEC KOIVEC PETARANTEC TTOU agloTToloUvTal TOCO OTn ouvapTnon
NewDict 6co0 kai otn cuvdptnon NewCoef, woTe va peiwoouue 600 TTEPICCOTEPO
yiveTal Tn yvrun mmou deopevoupe otn GPU.

Oa TepIypdwoupe avaAuTIKA TTwG UAoTToIoaue KABe TTpagn oe CUDA ouoxeTiCOVTag T
ME TOV avTioTolxo Kwoika o€ MATLAB:

e H vopupa Frobenius utroloyiCetalr ge 1 ouvaprtnon cublas<t>nrm2 1ng
BiBAI0Br KNG cublas (norm(Y,'frob") oto MATLAB).

e O uUTTOAOYIONOG TUXQIWV TIMWYV TTOU OKOAOUBOUV KAVOVIKH KATAVOMI ME
péon Tyl 0 kar TUTK  ammOkAion 1 yivetal g T OuvAPTNON
curandGenerateNormal Kal curandGenerateNormalDouble g
BiBAI0BNAKNG curand yia dekadikoUg apIBUOUS oV Kal OITTARG akpifeiag
avrioToixa ( D =rand(sizel,size2) oto MATLAB).
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e H Odnuioupyia Tou TauTtoTIKOU Trivaka | (1 oe OAa Ta OTOIXEIQ TNG
dlaywviou, 0 aAAou) yivetalr ye ouvaptnon tupfva initldentityGPU Trou
evnuepwvel  TTapdAAnAa  oAa  Ta oTtoixeia (1 =diag(ones(l, K)) o©T1O
MATLAB).

e O moAAaTTAQCIOONOG TTIVAKWY YiveTal hue Tn ouvdptnon cublas<t>gemm
NG BIBAI0BRAKNG cublas (oto MATLAB yivetal pge 1o TeAeoT *). Eival n
KOAUTEPN yIa va yivel €vag MePovwWPEVOG  TTOAAatTAaoiaopdg. H
ouvdpTtnon gpu_blas_mmul TTou £xoupe KaTaoKeUAoel Kal OTnPICETal OTNV
cublas<t>gemm utrooTnpifel Kal TTOANQTTAQCIAOPO PE TOV AVACTPOYPO
TTivaka, avédAoya pe Ta opiopata Tou 8a d0600v.

e H eUpeon 1dIOTIHWV uttoloyifeTal  péOCw  TNG  OUVAPTNONG
cusolverDn<t>syevd 1ng BiBAI0BrKnG cusolver (eig(X) oto MATLAB).

e H mpdobeon kal n agaipeon TVAKWY YiveTal Pe aTTAéG OUVAPTNOEIG
TTuprjva (addMatrices kal subtractMatrices avTioToixa) TTOU EVNUEPWVOUV
TTapdAAnAa 6Aa Ta OoToIXEIO TOU TTiVaKA.

e H ouvdaprtnon tou MATLAB A=wthresh(A,'s', T) epapuolel TNV TEXVIKA TNG
Nmag katw@Aiwong (soft thresholding) oTov mivaka A oe oxéon e €va
oplo T e@apuoloviag Tov  T0MO Y =sign(X)-(X|-T), omou

0, 0 , , . .

(X), :{ av X< . 2& CUDA é€éxoupe omiagel pia ouvaprnon Truphva
X, av x>0

wthresh n otroia e@apudlel TNV TTAPATTAVW TTPALN O OAQ TA CTOIXEIA TOU

TTivaka TTapaAAnAa.

e O1 evioAég Kv=sgrt(sum(B.”2)) kai Kv(Kv<ccl)=1 amoBnkevouv o€

KaBe Béon Tou Tivaka Kv Tnv TETpaywvik pifa Tou aBpoiouatog Twv
TETPAYWVWYV TWV OTOIXEIWV TNG avTioToixng oTAANG Tou Trivaka B . Kdbe
TiA Tou Tivaka Kv Aaupaver Tnv Tign 1, av givar gikpodtepn ammo ccl. H
OuvAPTNON TTOU £XEI TNV avTioTOIXN AEIToupyia oTo TTPOYPAPUA POG €ival n
normalizeReduction. H ouvdptnon auti €@apudlel TNV TEXVIKA TOU
reduction yia va uttoAoyio€el To GBPOICHA TWV TETPAYWVWY TWV OTOIXEIWV
Twv oTnAwv Tou B. ATO TIG TEXVIKEG €QAPPOYAG TOou reduction TToU
ookiydoape, uhotroifjoaue Tnv shuffle on down tmou Atav n TaxuTEPN, EVW
Oev atraitei TN Xprion OlauoipalOuevng PVAUNG KAl OUYXPOVIOUOU
avdaueoa oTa thread.

e H ouvaptnon B =Dbsxfun(@rdivide, B,Kv) 10U MATLAB Kavel Olaipeon
OTOIXEIOU PE OTOIXEIO KABE YpaPUAG TOU TTivaka B pe Tov TTivaka-ypapuni
Kv kal atrofnkevel To ammoTéAeoua oTov Trivaka B. H ouvdptnon mmou €Xel
TNV avTioToixn Asitoupyia oTto TTPOYPAUUA pag gival n rdivide, n otroia
dlaipei TTapdAAnAa 6Aa Ta oToIXEiQ TOU TTivaKa B pe TO KATAAANAO OTOIXEIO
Tou TTivaka Kv, evw Kavel xprion kai TG diapoipaddpevng NvRunNGg WoTe
va yivouv TaxuTepa ol TTPAEEIG.
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Mivakag 2: Zoykpion Xpovwyv ektéAeong MM og MATLAB pe xprion CPU ka1 o CUDA

MEFE©QOZ | MATLAB CPU (sec) CUDA (sec) NMNOZOZTO BEATIQZHZ
300x3600 4,8782 2,9046 40,46%
450x5400 10,1033 3,019 70,12%
600x7200 14,8908 3,5299 76,29%
1500x18000 85,5759 5,4828 93,59%
900x125000 401,814 14,7895 96,32%
274x902629 3101,5717 43,2029 98,61%

2tnv Eikova 22 BAéToupe TTWG OIAMOPPUWVETAI N ETTITAXUVON TNG UAoTroinong Tou
aAyopiBuou MM e xprion CUDA ot oxéon pe Tnv uAotroinon tou pe xprion MATLAB
otn CPU, cUh@wva pe Toug xpovoug Tou lMivaka 2. MNapatnpouue 0TI n €MTAXUVON
augdvetar 600 aufavetal To PEYEBOG Twv OedopévwyY €10000U. 2€ OXEOn ME TNV
TTponyoupevn uAlotroinon oe MATLAB pe GPU BAétToupe OTI dev €XOUPE O€ Kavéva
onueio empBpdduvon, vy Kal TTOOOCTIAIO Ol ETTITAXUVOEIG €ival UEYAAUTEPEG OE KAOE
MéyeBog dedopévwy. TEAOG, Kal o€ QUTAV TNV UAOTTOINCN TTapaTnPOUME OTI PETAEU
OI000XIKWYV HEYEBWY BEDOUEVWVY €1I0000U, N PEYOAUTEPN €i0000C €K TWV OUO TTPOKAAEI
OAO Kal PIKPOTEPEG PETAPBOAEG OTO TTOOOOTO ETTITAXUVONG.

MM CUDA SPEEDUP
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Speedup percentage

300x3600 450x5400 600x7200 1500x18000 900x125000 274x902629

Input size

MM CUDA

Eikova 22: Alapoépewon emitaxuvong aAyopifpou MM oe CUDA o€ oxéon pe Ta Sedopéva €10650u

3.3.3 ZUyKpIoN TWV TPIWV UAOTTOINCEWV

21nv Eikéva 23 @aivovtal oI CUYKPIoEIG TwV UAOTTOINCEWY Tou aAyopiBuou MM TTOU
TTapoUCIAcTNKAY, CUNPWVA PE TOUG XPOVOUG TToU UTToAoyioTnKav oToug llivakeg 1 Kai
2. \NOyw NG PeYAAng dla@opdc o€ XpOvo eKTEAEONG METALU TNG APXIKAG UAOTTOINONG O€
MATLAB pe CPU kal Twv GAAwv 0Uo, €mmAEXONKE n AoyapiBuikr) KAigaka yia va
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ammoTUTTWOEI 0 XPOVOG, WOTE va UTTAPXEl MIa {EKABapn €IkOva Twv €MOOCEWV TWV
aAyopiBuwv.

MM Execution Time

4096
2048
1024
512
256
128
64
32

Logarithmic Time ( sec)

[l I~ v

300x3600 450x5400 600x7200 1500x18000 900x125000 274%902629
Input size

=== ATLAB CPU  ==@= MATLAB GPU  ==@==CUDA

Eikéva 23: ZUykpion Xpovwy Tpiwv uAotroinoswv MM

2UMTTEPAiVOUNE OTI PEYAAWVOVTOG Ta OedOuEVa Kal OI OUO eKTEAETEIC BEATIWOVOUV TO
XPOVO eKTEAEONG auToUu Tou aAyopiBuou. MNapdAa autd, n ulotroinon o CUDA eival
oTaBepd KAAUTEPN YIa KABE péyeBOC dedOUEVWIV.
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4. AAFOPIOMOZ k-SVD
4.1 Eicaywyn otn Maénon pe Eriyvwon Apaidtnrag (Sparsity-Aware Learning)

4.1.1 Eicaywyn oTo YTrep-mrANPEeG AeSIKO

Mia évvoia TTou €xoupe ndn o€l gival autr) Tou Aggikou (dictionary). Or 1816TNTEG TOU
aglotrololvTal Katd KOpov OTO TTEDIO TNG CUUTTIECTIKAG delypaToAnyiag (Compressive
Sensing). H xprion Tou o€ auto TO TTEQI0 CUVOWICETAI OTNV I0EA TTWG EVA AEEIKO OTTOTEAEI
MIO OUAAOYR) TTAPAMPETPOTIOINUEVWY KUUOTOPMOPQPWY, Ol OTIOIEG aTTOTEAOUV OtiyuaTta
OnNUATwy dIaKPITOU Xpdvou (yia TTapdadelyua Ba ytropouoav va gival ol oTAAeg evog DFT
N evog DWT Tivoka MPETAOXNUATIOMOU). TNV VYEVIKA TrEPITITwon, Aoimmdv, Ba
ava@epOhaoTe OT0  AECIKO wg  Mia  ouAloyr] dlavuopdtwy TTou  duvavral  va
XPNOILOTTOINBOUV yIa TNV TTEPIYPAPN VOGS 1 TTEPICOOTEPWY ONUATWY TOU TTPAYHATIKOU
KOOMOU.

To Compressive Sensing atroTeAei pia péBodo eTTeéepyaaiag ONUATOG TTOU ATTOOKOTTEI
OTNV  AVOKOTAOKEUR €VOG ONUATOG HECW TNG  €TTIAUONG  UTTO-TTPOCDIOPICHEVOU
OUOTAMATOG YPaPUIKWY e€lowoewyv (underdetermined system of linear equations). Mg
o ammAd Adyia, auTh N PEBODOG EKUETAAANEUETAI TO YEYOVOS TTWG TA CAPATA OTn QUON
MTTOPOUV VO EKQPOCTOUV TTIO «OUMPTTIECHEVO» O€ MIa KATAGAANAN Baon TTou €€apTtdral
atrd Tn MOPYr TOU €KAOTOTE CNUATOG. Z€ AVTIOTOIXIO TWV TTAPATTAVW, MIO HMOBNUATIKN
TEPIypaPry Ba utTayopeue WG, €Aav €va ofua S atrotehoupevo atd L ouvioTwoeg
KWOIKOTTOINBEI WS o1 K M0 onuUAVvTIKEG €’ QUTWV UE TNV OTTOBNKEUCT] TOUG TTiIOW OTO
METAOXNUATIOPEVO S (KABWG KAl TWV BE0EWV auTwV), TOTE KATTOI0G TTOU JIABETEI AUTEG
TIG kK ouvioTwoeg (Kal BewpwvTag OAEC TIG AAAEG UNOEVIKEG) UTTOPEI va AVOKTAOE
(TTPOOEYYIOTIKA) TO ApXIKO OUa HEOW EEI0WOEWV avaluong:

s=DS

omrou D e€ival évag Trivakag PJeTaoynuaTtiopou (n diadikaoia JETAOXNMATIOUOU 0w dev
gival TTapd pia TTPoPOAR evOg dIavUCPATOG OTO CUCTAPO CUVTETAYUEVWY TWV OTHAWV
Tou D, yeyovog TTOU @Qavepwvel T OUVOEDN ME TIG OTHAEG €vOg Ae€ikou), S eival o
TTAPOTTAVW TTIVOKAG TWV PETOOXNMUATIOWEVWY CUVICTWOWV Kal S N TTPOCEYYIoN TTou
Aaupavoupe. H évvoia Tou UTTO-TTPOCBIOPICHEVOU CUCTANOTOS YPAUMIKWY EEI0WOEWYV
gloayetal étav TTOPATNPACOUNE TTWG O TTivakag S aTtroTeAsital atrd TTOANG pNdEVIKA
oToixeia, dnAadn eival apaidg (sparse). Mia TTpooéyyion TTou EKUETAAAEUETAI QUTO TO
YEYOVOG MAG eival XpAOIUN OTav avoiyel évav Ola@opeETIKO OpOUO avaAuong Tou
QKATEPYOOTOU ONPATOG PECW TOU OTIOIOU KATTOIOG  XPelaleTal AlyoTepeg amd L
OUVIOTWOEG TTPOKEIJEVOU VA avakTAoEl OAOKANPn Tnv TrAnpogopia. ATTodeIKvUETal,
OTTwG Ba douue, TTwG N TEPITTTWON a1TékTNONG MOvo N onudtwy (k < N << L) €ival
aglotroifoiun kar odnyei o€ ouoTnUa Pe TTOAU Aiya dedopéva wg TTPog To TTARBOS Twv
AYVWOTWY OTO oUCTNUA €EI0WOEWY KOl PE TOV TTEPIOPICPO OTI O TTiVAKAG OTOV OTT0io
OTOXEUOUE gival apaldg.

KaBwg n ouoxétion tou Trivaka D mmapatrdvw  PE TO AegIKO eival TTAéov TTPOQAVAG,
MTTOpoUuE va opicoupe 2 €idn Ae€ikwv. ‘Eva  Ae€ikd oOtou €xel idlo  apiBud
(opBokavovikwv) dlavuoudTtwy L 600 €ival Kal To JAKOG Tou CHPATOG €10000U AfyeTal
TTARPES Ae€ikO. BEBaia pia TéTola Bewpnon €ival TTEPIOPIOTIKN, KABWS Ta CrUATa TOU
TTPAYMATIKOU KOOpou Oev  ammoteAdouvtal €€ OAOKApou atrd KOoppdTmia Tou  Ba
MovTeAOTTOINBOUV aTTO TO iBI0 OET CUVICTWOWV (YIO TTAPASEIYUA JIa EIKOVA €XEI «AYPION
MEPN ME EVTOVEG OKMEG ) TTIO «OMOAGY XWpig dlagopég). Edw elodyoupe TNV évvoia Tou
UTTEP-TTAPOUG AE€IKOU TO OTTOI0 BIABETEI TTEPICOOTEPOUG OTTO L OUVTEAEOTEG, TOUG
oTT0ioug atTokaAouue droupa (atoms). Me autdv Tov TPOTTIO PTTOPOUME VA ETTITUXOUME
aKpIREaTEPN POVTEAOTTOINON TOU OANATOC PaG.
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Agicel va Toviooupe o€ auTO TO ONMEIO TTWG UTTAPXOUV TTEPITITWOEIG TTOU ATTAWG OEV €ival
duvatd va atmmokTAoouue HeydAo apiBud deiyudtwyv (Kai va odnynbouue o€ TETOIA
ouoTAUATa) AOYW QUOIKWVY A TEXVIKWV TTEpIopIoPwyY. Mia TéTola TTepITITwon €ival 1o
fMRI tToU €€eTAlOUNE OTNV TTapoUCa Epyaaia.

4.1.2H Mdbnon pe Aegikd (Dictionary Learning)

‘Evag TPOTTOG va BEATILOOOUPE TNV OTTEIKOVION ONUATWY ME OIAPOPETIKEG AVAYKEG
MOVTEAOTTOINONG TWV ETTIPEPOUG PEPWV TOUG (OTTWG TTapatrdvw) PEow  Aggikou egival
MEOW TNG «EKTTAIOEUCTIG» TOU WOTE VA TTEPIYPAWEl KAOAUTEPA Ta OedOPEVA CHPATA TOU
TTPAYMOTIKOU KOOHOU. To UuTTeEP-TTANPESG Ae€IKO uTtoBéocape TTwg Olabétel  €vav
TTPOKABOPIoUEVO apIBUS aTOPWY TTOU €ival KAl JEYAAUTEPOG TToU aplBuou L (1r.x. 2L) Kai
Ta dTopa autd eival yvwoTtd. Twpa, 6a UIOBETACOUUE TNV TTEPITITWON TTOU Ta ATOPA TOU
Ae€Ikou Ba TTpéTTel va ekTIuNBouv atrd Ta dedopéva. AUTh n TTPOCEYYION ATTOTEAEI ThV
«TUQARY (blind) ekdoxn TNG dladikaaiag TToU TTEPIYPAYAUE WS TWPA.

4.2 0O aAyopibuog k-SVD

4.2.1 ZuvOoTTITIKA TrEPIYpa@P TTPOBARHATOG

O aAyopiBuog k-SVD atroteAei éva e€aIPETIKA dIadedOPEVO TTAPADdEIYUA NABNONG UE
Ae€IkO. MpooTraBei va emmAUCEl TO akOAouBo TTPORANUA paBnong ue Ae€ikd (Dictionary
Learning Task — DL task):

‘EOTw 011 [ €ival ol Tuxaieg HETABANTES Kal EKPpAlovTal wg TTPOG m > [ AavBAvouoEg,
OUNQWVA PE TO YPAUMIKO HOVTEAO:

x=Az, xeR' zeR"

otrou A gival évag AyvwaoTog [ x m TTivakag Kal m >> /. Eival TTpo@aveg TTwg, akOua Kal
va ATav yVwoTo 10 A, autd To oUoTnua Oev £Xel hovadikry AUon. Oa eTTIOTPATEUCOUE,
AoITTOV, TTEPIOPICPOUG apaldTNTAG (Sparsity constraints). Tote, Oa perarpatrei oTO
akOAoubo TTpéRAnua BeATiIoTOTTOINONG:

Edv A kal Z o1 TTivakeg OTTwG TTapaTtravw yia Eva 0eO0UEVO OUVOAO dedouEVWY X TOTE

OTTWG QaiveTal oTo [1] EXOUE :

minimize with respectto A,Z || X — AZ||2F
subject to ||zn||0 <T,, n=12,...,N,

otrou To pia TIA Katw@Aiou. H etmiAuon autou Tou TTPORAAMOTOG YiVETAI ETTAVAANTITIKA
Kal o€ 2 o1ddia. MpwTta Kpatdue oTaBePO TO ACIKO A Kal BEATIOTOTTOIOUUE TOV APQId
TTivaka ouvioTwowy Z. ‘Emeira diatnpouue otabepég TIC AavBAvouoeg ouvioTwoeS Z Kal
AVOVEWVOUUE TO AECIKO A BEATIOTOTTOILVTAG WG TTPOG TIG OTHAEG TOU.

4.2.2 0 aAyopibuog

210V aAyopiBuo k-SVD akoAouBoupe pia eAAXIOTO OIAQOPETIKI) TTPOCEYYION TOU
TTapatmavw TTPoRARuartog. H deuTtepn @Aaon, Kard Tnv otroia diatnpouue oTabepd 10 Z,
Oev XpeladeTal KAT avAyKn va avaveEWVEl JOVOV TO AEEIKO, AANG UTTOPEI va EVNPEPWVEI
KAl KATTOIEG TIMEG TOU Z. AuTH] €ival pia TTOAU onUavTIK d1a@opd w¢ TTPOGS TIG UTTOAOITTEG
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TEXVIKEG PBEATIOTOTTOINONG KOl @QaiveTal va odnyei o PBeAtiwon NG amodoong Tou
aAyopiBuou oTtnv TTPAEN.

Ta o1ddia TTou diapopewvouy Tov K-SVD tTapoucidovTal TTapakaTw:

e 213010 1: YToBétoupe yvwoTd TO Aefikd A kai €1o1 TO  TTIPOBANUa
BeATioTOTTOINONG YivETAI OTTWG TTAPAKATW:

min [x -Az|".
stz <T, n=12..,N

MapaTtnpoupe OTI autd eival éva TTPORANUA TTEPIOPIOPEVO aTTO TOV BaBuO
apaidtnTag 1Tou opilel To Katw@AI To (Sparsity-constrained k-SVD) kai 10 OTT0i0
€xel uhotToInBei ota TTAaiola Tou fMRI TTpoBARuaTog. Auth n diadikacia PTTopeEi
va  avateBei oe dIAQopoug yvwoToug AUTEG gAayloTotroinong (minimization
solvers), 6mwg o OMP (Orthogonal Matching Pursuit). Auté 10 OTAdIO TO
ovopaloupe sparse coding.

o 270010 2: 2& QUTO TO OTADIO £XOUME QTTOKTAOEI ATTO TNV TTPONYOUMEVN
eTTavaAnyn Tov Trivaka Z Kal BEAoUNE va evnUEPWOOUE TO AeEIKO A KOBWG Kal
Katola oTtoixeia Tou Z. To TpoBAnua auti Tn eopd yivetal n eAaxioToTroinon
TNG TTO0OTNTAG

2
rT
HEk — '
o1TOoU
C T
. r
i=1,i2k

OTTOU Ok €ival N TAAN Tou Ae€IKOU TTOU EVNUEPWVOUE AUTH TN OTIVUNA Kal zk'T gival
MIa ypaupry Tou Trivaka Z. TNV oucia, n Trapatmavw TTpagn onAwvel O
avalnTouue TNV KaAUTEPN, WS TTPOg TNV Frobenious vopua, Tagnc-1 TTpocéyyion
Tou Ek. Maparnpouue, €tmiong, Twg o€ KABE TéTola TTPALN UTTOAOYIOWOU Tou Ek
OUMPMETEXOUV OAQ Ta TTPONYOUUEVWG UTTOAOYIOPEVA  diavUuouaTa Pe OEiKTEC aTTo |
€wg Kal k-1 Kal Katd CUVETTEIQ XPNOIYOTTOIoUVTAl KABE QOPA OI TTIO EVANEPWHEVES
TTAnpoopiec. ETmriong, atilel va ava@époupe TTwWG 0€ autd To TTPORANUa
eAayioTotroinong AUVOUUE KAl WG TTPOG TNV OTAAN Tou A€IKOU Kal w¢ TTPOG TV
ypauun Tou Z. Autéc ol dUo TTooOTNTEG Ba evnuepwOBOUV TauTdXpova OTO idIo
o1adlo. H yvwoTtotepn péBOdOG eTmiAuong TNG TTOPATTIAVW TTOOOTNTOG €ival n
MEBoBOG SVD (Singular Value Decomposition) kai 8a epappooTei 010 Ek. TEAOG,
TO 0TAdIO auTO ovopaldetal codebook update ry dictionary update stage.

Mia onuavTiK TpoTToTToiNON €ival avaykaia, Opwg, oTo TeAeuTaio oTAdI0. H ekTéAeon
SVD dev ptropei va pag eyyunBei 61 n apaidtnTa mmou emPRAAaue oto 1° otddio Ba
olatnpnOei kal oTto 2° o1ddI0. EUKOAN AUon o€ autd 1o TTPORANUa gival va e0TIAOOUE
MOVO OTO OUVOAO ME TIG OUVIOTWOEG TTOU €ival pn-pndevikeéG. H aAAayr) TTou TTpETTEl va
eQapuoaTei AoImmév ouvioTartal oTnv avadrntnon Kal atmobrnkeuon Twv BE0EwV Twv Pn-
MNOEVIKWYV OTOIXEIWV KABE ypapung Tou Z o€ €va auvoAo Q. XpnoldoTroiwvTag autd 1o
OUVOAO MTTOPOUME VA KOTAOKEUAOOUME €va VEO dIAVUOUA YPOUMAG ME MIKPOTEPN
O1GaoTaon a1rd TO ApPXIKO TToU TTEPIEXEI JOVO Ta oTolIXeia TTou BpAkaue TTapatmavw. OAeg
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Ol TTPAEEIG TTOU TTAPOUCIACTNKAY OTO 2° OTAdIO Ba XPNOIYOTIOINCOUV TWwPA diavuouaTa
YPOUMNG MIKPOTEPOU HEYEBOUG Kal Ba TTapdEouv €vav €TTiONG MIKPOTEPNG TAENG TTivaKQ
Ex. 'Emeira, 8a ekteAéooupe o€ autov SVD kal og KGBe eTavaAnwn 10 o@dAua Ba
MIKpaivel. TeAIK& o ahyopiBuog Ba cuykAivel o€ éva TOTTIKO eAGXIOTO.

2UVOTITIKA Ta PBripata Tou eKTEAEi 0 aAyopiBuog OTTwg Trapoucidlovtal oT1o [1]
OIOUOPPWVOVTAI OTTWG OTNV TTAPAKATW EIKOVA:

» Initialize A"’ with columns normalized to unit £2 norm.
e Seti=1.
» Stage I: Solve the optimization task to obtain the sparse coding
representation vectors, z,, n = 1.2,...,N; use any algorithm developed for this task.
» Stage 2: For any column, k = 1,2,.... m, in A= _update it according to the following:
» Identify the locations of the nonzero elements in the kth row of the computed, from stage 1.
matrix Z.
» Select the columns in X, which correspond to the locations of the nonzero elements of the kth
row of Z and form a reduced order error matrix, Ek.
« Perform SVD on Ey: E; = UDVT.
« Update the kth column of A"”) to be the eigenvector corresponding to the largest singular value,
a‘k” =uj.
* Update Z, by embedding in the nonzero locations of its kth row, the values D(1, 1 )vlT.
» Stop if a convergence criterion is met.
* Ifnot,i =i+ 1, and continue.

Eikova 24: ZuvoTrTIKOG YeUSOKWABIKAG TwV BNUATWY TOou aAyopiduou k-SVD

4.2.3XuoxEéTion pE To TPpORAnua Tou fMRI

‘HOn €éxoupe mapoucidocel avaAutikd 1o TPORANPa tou fMRI kal Tov OTOXO TIOU
TTPOOTTAB0UNE VO ETITUXOUME Yyia TNV €TTiAuor] Tou. EOw Ba €O0TIGOOUNE TTEPICCOTEPO
oTOV TPOTTO XProng Tou k-SVD yia autd 1o okoTrd. ‘EoTw TTwg £XoUupe éva oKavapiopa
fMRI 10U €x€1 avaAuon 64x64x48. Kdbe TéTOIO TIUA QVTIOTOIXEI OE «KUBO» aTTO TO
UTTOBETIKG TTAEYUA TTOU KOAUTTTEI TOV EYKEQAAO av TOV XWpilape Pe BAon TIG TTaPATTAVW
OlaoTdoels. AutoUG TOuG KUBOUG Kal KATA OCUVETTEIQ TIG QVTIOTOIXEG TIMEGC Ba Ta
ovopaocouue voxels. Eav auTég ol TIuEC JETAaOXNUATIOTOUV O€ évav HOVODIACTATO TTiVOKQ
Kal emmavaAdBoupe autd TO TrEipapa yia éva apiBuo TIMECOMPS ¢@opwv (T1.X.
OeuTEPOAETITA 1] AeTTTA) TOTE QUTA T dedOPEVA UTTOPOUV VA OpyavwBlouv o€ Evav TTivaka
X peyéBoug TIMECOMP x VOXELS. Mg autd Tov TpOTTO KABE ypauur avTITIPOCWTTEUEI
TOV TTIVOKQO EVEPYOTTOINONG 1 XWPIKO XAPTN OAWV Twv voxels yia pia dedopévn XPOoVIKA
oTiyuy. Avriotoixa, pia oTAAn Tou Trivaka X OnAwvel Tn  XPovikn €EENIEN TNG
evepyoTToinong (f KN EVEPYOTTOINONG) EVOG OUYKEKPIYEVOU VOXel.

H kataAAnAdtTnTa Tou K-SVD vyia TO OUuyKekpiuévo TIPOBANUa  diagaiverar oTnv
TTapATAENON TTWS N d1adikacia Tou TTEIPANATOG PTTOPEI va povTeAoTTOINBEl atmd Tnv
TTAPAKATW TTAPAYOVTOTTOINON TOU TTiVOKA OEOOUEVWV:

X=>az] =AZ
i1

otmou A eival TTivakag TOU OTIOioU O OTAAEG aj dnAwvouv TN XPOVIKN akoAoubBia
gvepyoTroinong yia uia oudda voxels TTou ovopaloupe FBN (Functional Brain Network),
evw o0 Z cival évag apaidg Tmivakag atrd AavBdvouoeg PETABANTEG TOU OTTOIOU KABE
YPAMMNA Zj ONAWVEI TOV XWPIKO XAPTN Tou j-o0ToU FBN Kal €Xel un-undEVIKES TINEG POVO
oTa voxels TTou oxeTifovTtal Je To OUYKEKPIPNEVO FBN.
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MeTd TNV epappoyr) Tou aAyopiBuou ota dedopéva X Ba ATTOKTACOUNE PIa TTPOCEYYION
TWV TTAPATTAVW TTIVAKWY A Kal Z 0TTwg £xel AdN TTapouaciaoTE Trponyouueva. H eAtTida
pag, Aoimmdy, gival va avixveuooupe Trola FBN oxetiCovral HETAEU TOUG WG TTPOG TNV
XWPIKA, OAAG KAl XPOVIKA TOUG evepyoTroinon, OTav OAn aut n OpacTnpIoTNTA
TTPOEPXETAl aATTO €va 1 TTEPICOOTEPA  €peBioPATA KOl YiveTal HE EAEYXOUEVO Kal
TTEIPAUATIKO TPOTTO. TEAOG, HAG EMITPETTEI VA EKTIWACOUMPE TNV OXEON VONTIKWY Kal
PUOIKWYV EPEBICUATWY PE TNV EYKEQAAIKT dpACTNPIOTNTA TTOU TTPOKAAOUV.

4.3 H mapaAAayn Tou k-SVD ka1 To Batch-OMP

OAeg pag o1 perprioeig mmou €yivav o€ CPU TtrepIAdupBavayv Tnv TTpooEYYIOTIKN €Kdoon Tou
k-SVD padi e Tnv yéBodo Batch-OMP oTnv TrepiTrTwon Tou sparse coding, 0TTwg £Xouv
TapouaiacTei a1o [17]. O avrioToixog kwdikag MATLAB® cival diaBéoiyog pog dAoug
otn ®ieBuvon http://www.cs.technion.ac.il/~ronrubin/software.html. O1 &ila@opéc TNG
OUYKEKPIPEVNG UAoTTOINONG aTTd TOV KAQOOIKO aAydpiBuo evroTridovTal Kupiwg o€ duo
onueia: apevog 0To KOPPATI Tou OMP Kal a@eTEPOU OTNV EVNUEPWOTN TOU AECIKOU OTA
TeAeuTaia Bruata Tou codebook update oTadiou.

O apxikdg aAyopiBuog Tou OMP cuvoyiletal oTa €€1G BrpaTa, OTTWS OTNV TTAPAKATW
eikéva:

Algorithm 1 ORTHOCGONAL MATCHING PURSUIT

1: Input: Dictionary D, signal z, target sparsity I or target error €

2: Output: Sparse representation ~ such that = = D~

3: Init: Set [ := (), ri=z, 7:=0

4: while (stopping criterion not met) do
5 k= Argmﬂx |QT—££|

6: I:=(Ik)

Ty = (D) tz

& 7 :=;—D;3!

9: end while

Eikova 25: O ypeudokwdikag Tng diadikaciag OMP

H mmapaAlayy Tou Batch-OMP Bagiletal oTnv TapaTthpnon mw¢ o€ KABe eTavaAnyn
Oev xpeldleTal va yvwpiloupe 1 akpIBWS TO I i TO ¥ dAAG povov 1o DTr. AvTikaBioTouue
AOITTOV TOV UTTOAOYIONO QUTOV JE MIa 1I000UvVaUn Oxéon TTou TTEpIAaUBAvel Evav TTivaka
G = D™D kai Tov Trivaka DX (TToOAOTTAQGIOOUOG Tou AegikoU pe Ta dedopéva). AuTEC Ol
Ouo mpdéeig TTapoucialouv TO PBACIKO TTAEOVEKTNMAO TOU TTPO-UTTOAOYIOHOU TOUG £Ew
amd TNV €TTAVAANWN Kal KOTA OUVETTEIQ a@rvouv TTOAU HIKPOTEPOU (POPTOU €pyaaia
TTPOG eKTEAEON a1mO TNV emavaAnwn. MNa peydho Oyko OedOopEVWY AUTO OTTOTEAEN
onuavTikeTato 6@eAog oTnv amoédoon Tou OMP. H 1coduvayia Kal n TEAIK Jop®A TNG
TTPAENS PaiveTal TTAPAKATW:
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Denoting a=D"r,a’=D" x, and G = D' D, we can write:
a=D"(x-D,(D,)"x)

-G, (D,)"x

~G,(D/D,) "D/ X

=a’-G,(G,,)"a"

g0
go

Agilel va onUEIOOUPE €dW TTWG O UTTOAOYIOHOG Tou (Gi)?t yiveTal HEow TTPOODEUTIKNG
TTapayovrtotroinong Cholesky, 6mwg avaAuetal oto [17]. Auti TN pnEBOSO UAoTTOIOUUE
TENIKA Kal EYEIG OTO TTPOYPAPHA POG.

H &euTtepn dlagopoTroinon BpiokeTal oTnv atmmo@uyn ekTEAeong Tng diadikaciag SVD oTo
2° o1Ad10 Tou aAyopiBuou. MpdkKeiTal avau@IoRATNTA YA PIa EEAIPETIKA apyr TTPAgN Kal
ME eAaxioTa TTEPIBWPI BEATIOTOTTOINONG OTO PEANOV. Z€ AUTO TO KAiPO TTPOTIMOUME va
uttoAoyiCoupe oTn B€on Tou TIG €EAG TIMEG:

d:= Eg/HEgH2
g=E'd

omou d kalr g €ivar Ta dlavuopaTa TTOU Ba QVTIKOTACTAOOUV (EVNUEPWOOUV) TNV
Tpéxouoa OTAAN Tou Trivaka D kal Tnv TpExouoa ypauprn Tou Trivaka I (A Trivaka Z
TTaPATTAvVW) avtioToixa yia Tnv dedouévn eravaAnyn. Eivail, dnAadr, utrokardoTara 1ng
€€000U Tou SVD Kal €£xel atrodeIxBei TTWG TEAIKA Ba ouykAivel o€ pia BEATIOTN Auon evw
ouvexilel va pelvel To o@AAua Pe TTOAU KaAR TTPOCEYYION TOU apXIkou aAyopiBuou.
Quoikd auti TNV TEXVIKA UAoTroijoape oTta TAqiola Tou K-SVD. ZuvoTmik&d o
TTPOCEYYIOTIKOG aAyopIiBuog ouvoyiletal otnv Eikova 26.

4.4 YAotroinon otnv apxitektovikil CUDA

OTmwg €xel avagepBei, 0 KWAIKAG TTOU XPENOIMOTIOINCAUE WG BAon TTPOKEINEVOU va
TTPAYMUOTOTTOINOOUKE TNV €mMITAXUVON Tou aAyopiBuou avrkel otov Rubinstein kai €ivai
diaBéoipyog OiadikTuakd wc toolbox vyia Tnv mTAaT@épua MATLAB®. Qotdéco, n
apxiTektovikrip CUDA 1TpooTAlel SIAQOPETIKO XEIPIOPO TwV dEDOUEVWY ATTO TNV OKOTTIA
NG TTapaAAnAiag. KaBioTatal avaykaia, €1miong, Yo TTPOCEYYIoN XANNAGTEPOU ETTITTEOOU
otV XpAon autig o€ ouvduaouo HE TIC OIOBECIPEG AEITOUPYIEG TTOU TTPOCQPEPEI TO
CUDA Runtime API ot oxéon pe 10 MATLAB®. Ta €TMPEPOUG «TEXVAGHATAY TTOU
KpiBnkav atrapaitnta yia tnv €miteuén opBOAg TTapdAAnAng ulotroinong egetalovral
EEXWPIOTA OTa ETTOPEVA UTTO-KEQAAQIO. @a ava@EéPOUPE O AUTO TO ONUEIO TTWGS O
Kwdikag CUDA vyia tov k-SVD Bpioketar oto MNapdptnua Il, otnv evotnTta e TiTAO
«AAy6pIBuog KSVD». O1 rapduetpol iternum, Tdata kair muthresh diatnprnénkav 61Twg
oToV OpXIKO Kwdika pe avrioToixa ovoupara NUMBEROfITERATIONS, Tdata kai
MUTHRESH kabwg emiong mpooTtébnke n duvatdtnta va opioTei (ue #define) n
TTapdpeTpog DOUBLE. O opioudg () un-opIopOg) auTtng TG TTOPARETPOU ONAWVEL €AV
BéNoupe va exkteAéooupe To TTpdypauua pe double precision (SITTAR akpiBeia) A single
precision (Jovr akpifela) avrioToixa.
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Algorithm 4 APPROXIMATE K-SVD

1: Input: Signal set X, initial dictionary Dy, target sparsity K. number of iterations k.
2: Output: Dictionary D and sparse matrix I" such that X = DT

3: Init: Set D := Dy

4: forn=1...k do

5 Vi: Dij:= Argm_\in llz; — Dlllg Subject To |l| 0< K

6: forj=1...Ldo

T: D;:=0

8: I := {indices of the signals in X whose representations use d;}
0: g:=T7;

10: d:= X;g—Dr,g

: d:=df||d|ls

122 g:=Xjd— (Dry)’d

13: Byi=i

14: Lr:=g"

15 end for

16: end for

Eikova 26: O peudokwdIKag TOU TTPooeYYIoTIKOU (Approximate) k-SVD

4.4.1 Emitayuvon tou Batch-OMP

O1rwg eUKoAa Ba dIATTIOTWOEI KAVEIC PJE MIa YaTid oTov apXikd aAyépiBuo Ttou Batch-
OMP, n diadikacia TTou akoAouBeital dev gival TTAPA M1 ETTAVOANTITIKA €¢€TAON Midg
KABe @opd O0TAANG TOU apXIKou oAuaTog X, atrd Tnv oTroia e¢dyouue 0TO TEAOG I apain
avatrapdoTtaot) TnNG. Aedouévou OTI dev UTTAPXEI EEAPTNON METAEU TWV ETTAVOAAWEWY,
avaBéToupe oe éva CUDA Kernel 1o diapoipacud tng diadikaoiag Tou OMP o€ 1TA6og
vnuaTwy (threads) 6oo kal To TTARBOG Twv oTNAWYV Tou TTivaka X. ‘ETO1 €MITUYXAVOUNE
TTapdAANAn emTe€epyacia kaBe oTHANG Kai N ammédoon Tou OMP, o€ pia KApTa yPaPIKWV
ME QPKETOUG TTOPOUG, PTTOPEl va PBeATIwBei avdAoya Tou aplBuol Twv OTHAWV TTOU
e€etaloupe. H eowtepikny emmavaAnyn, @uoikd, &ev ptropei va trapaAn@Bei, kabwg
TTPETTEl VA €EA0QAANICOUUE TN CUYKAION OTO €TTIBUUNTS €TTITTESO APAIOTNTAG.

O1 eowTEPIKES TTPALEIC TOU OAyOpPIBUOU ETTIOEXOVTAI KOl AUTES TTEPAITEPW PEATILCEIC O€
éva mAaiolo mmapaAAnAiog 6mmwg n CUDA. AIoTToTWOoAPE, OUWG, OTI n TTPooTrdbeia
TTaPAAANAOTTOINCONG E0WTEPIKWYV TTPALEWV €iXE WG ATTOTEAECUA TN XEIPOTEPN ATTOOOON
TOU TTPOYPANMPATOS. AUTO TO CUUTTEPOCUA EPXETAI O€ CUPPWVIA PE TO TTETTEPACUEVO TWV
OUVATOTATWY TNG EKAOTOTE KAPTAG YPOAQPIKWY KOl TO TTETTEPACHEVO TWV TTOPWV TTOU
pTTOPEl va d1aBéoel woTe va diatnpnoel Tnv TTapaAAnAia. Mia Tpdxeipn QOUPTITWTIKA
avaAuon oTo JUAAOG pag Ba KataoTACE TTIPOPAVEG TO YEYOVOG OTI 0 ApIBUOS TwV OTNAWV
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Tou X augavel o€ TTOAU peyaAuTepo BaBud o€ oxéon PE TOV APIOPO TWV YPANPWY OTIG
TTPAYMOTIKEG peTpoelg dedouévwy fMRI. TeAikd, Aoitdv, eivalr oup@épov  va
«ETTEVOUOEI» KAVEIG OTNV TTAPAAANAOTTOINGN AUTAG TNG TTOOOTNTAG EPYACIWY TTAPA OTNV
TTAPAAANAOTTOINON CAPWG PIKPOTEPWY ECWTEPIKWYV OIEPYATIWV.

O1 evépyeleg TTou TENIKA a&iel va ava@epBouv Kal apopouv 1o eowTePIKO Tou OMP, evw
TauToxpova diagopoTroloUvTal atrd TNV apXIKA €kdoon gival o1 €EAG:

o Acedopévou OTI OAeg o1 oTRAEG Tou onpaTtog X e€etalovral TTapdAAnAa, Ba
TTPETTEl VO OEOUEUOOUUE EVOIAUEDEG PETABANTEG TTOU XpPEIAleTal auTd TO OTADIO
T60€C POPEC OO0 Kal To TTARBOG Twv oTNAWV. MNa TTapddelypa, eav EXOUNE Evav
TTPOooWPIVO TTivaka peyéBoug 100 kal ekteAoupe 2.000 TTapdAAnAa vApara, TOTE
Ba xpelaoToupe évav buffer peyéBoug 100 x 2000 deopeupévo atrd TV Apxn
TOU TIpoypaudaTog. EEao@alifoupe TautOXpova Tnv atmo@uyr] oaAAoiwong
oedopévwy Adyw race condition (ouvaywviopou dedouévwy). KaBe vrpa Ba
MTTOPEl TTAEOV va XPNOIUOTIOIEI TNV QTTOKAEIOTIKI) MVAWN TTOU TOU QVTIOTOIXEI
MéOw KaTAAAnANnG uetatotmong (offset) mmou Oa utroloyioelr péow Tou
TTpoowTTikoU threadID tou (BA. KepdAaio 3). Autd odnyei avattOQeuKTa o€
OonNUAavTiKa auénuévn xpron uvnung atréd 1o otadio auTo.

e 270 TéEAOG ToUu OMP Ba TTapaxBei o apaidg Tivaka Z 1 apaidg Tivakag [ Tou
TTEPIEXEI TIC AavOAVOUOEG CUVIOTWOEG, OTTWG TTaprnxnoav atrd Tov aAyopiBuo.
MapbAo TTOU OTNV TIEPITITWON TOU OEIPIAKOU KWOIKA Eival CUME@EPOV Va
atroBnkeuTei autdg O TTivakag wg sparse, dnAadn va Kpatnbouv Povo Ta un-
MNOEVIKA OTOIXEIQ TOU, ATTO TTAEUPAS UVAKNG OAAG Kal aTTOdO0NG OE OPICHEVEG
mpagelig, n CUDA €kdoon yivetal €CaIPETIKA TTOAUTTAOKN KOl OUVETTWG
acup@opn, Otav KaAeital va ekTEAEOEl TTPALEIC 0€ VAN TTou dgv Eival eviaia
Kal 18avika ouvexouevn. MNa 10 Adyo autd, apyd 1 ypriyopa, o Trivakag Oa
EKQUAIOTEI o€ TTivaka TARpoug 1agng (full-rank) Ttpiv xpnoiyotroinBei oto
TTPWTO KOUMATI Tou dictionary update oTtadiou.

OAeg o1 uttéAoiTTeg TTPAgEIC UAOTTOIOUVTAI CEIPIAKA YIO TOUG AGYOUG TTOU QVAQEPAE
TTOPATTAVW CUMTTEPIAQUBAVONEVOU TOU TTOANATTAACIOCUOU dIavUOUaTOG PE TTiVAKA, TNG
eupeong TNG Béong TNG pEYIOTNG (ATTOAUTNG) TIMAG €VOG TTivaKA, TOU UTTOAOYICUOU TOU
abpoiopaTog  TwV  TETPAYWVWY TWV TIMWV  €vOg  Trivaka, KoBw¢ Kal  Tng
TTapayovTtotroinong Cholesky og cup@wvia pe Tov kwdika yia CPU.

4.4.2 Emitaxuvon Tou Xradiou Evnuépwong Aegikou (Dictionary Update)

To o1ddI0 auTtd evnUEPWVEI TNV EKACTOTE OTAAN TOu Ae€IKOU, KABWG Kal TNV avTioToixn
YPOUMN TOU Trivaka apaiing avamapdoTtaong (sparse representation) Z A4 . Autd
EMTUYXAVETAI ETTAVOANTITIKA yia OAEC TIC OTAAEC TOU Ae€IKOU Kal KABE evnUEPWHEVO
dlavuopa amd KATTola eTTavAANWn Ba TTPETTEl va XPNOIYOTToINGEl OTnVv  €TTOPEVN.
BAémroupe, Aoimmév, tnv €Edptnon Oedouévwyv avApeca OTIC €TTAVOAANWEIS Kal TNV
aduvayia TTARpoug ekKUETAANEuoNG TNG dIaBéaoiung TTapaAAnAiag. A@ou n etravainyn
Oev ptTopei BeBaiwg va eCalei@Oei, dokiudalouue TEXVIKEC BEATIWONG OTO ECWTEPIKO TNG.

O1 evépyeleg TTou TEAIKA agiCel va avagepBouv Kal agpopouv To ECWTEPIKO TOu oTadiou
auTtoU evw TauTdxpova dlaPopoTrolouvTal atrd TNV apxIKr Ekdoaon gival o1 € C:
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e H tpwtn evépyeia Tou dictionary update cival n €Upeon Twv PN-UNOEVIKWY
OTOIXEIWV TNG YPAPUNAG TOU apaioU TTivaka Z TTou €¢ETACOUPE KABE @opd. AuTr)
n TPAEN €ival ave¢dpTnTn TWV TTPONYOUUEVWY ETTAVOAAWEWYV KAl YEVIKA UTTOPEI
va yivel TTapAdAAnAa yia OAEG TIG YPAMMEG KAl PANIOTA €KTOG ETTAVAANYNG.
EkkivwvTag €va vhpa yia KdBe BEon Tou TTivaka UTTOPOUUE TAUTOXPOVA, TTOAU
ypriyopa kai atrodoTikd, va e¢AyoulEe To aTTOTEAEOUA pag. ‘ETTeima apkei o KAOe
ETTAVAANYWN VO avacUPOUME auTo TO ATTOTEAEOHA aTTO TNV KATAAANAN B£on Tou
TTivaka.

o OAeg o1 mpaceig mou trepIAapBavouv ToAAatTAaciaoud Trivaka e SIAvuoua
€xouv ulotroinBei pe TN Xpnon TG TEXVIKNG reduction, n oTtroia uTToAoyilEl
ATTOBOTIKA pia TIMA aTTd éva OUVOAO dedouEVWY (TT.X. VOPUA, dBpoioua, PEYIOTO
N eAaxioTov K.4.). H CUDA TTapéxel epyaAgia yia Tnv TaxuTaTn EKTEAEON TETOIWV
EPYOOIWV Kal, a@oU 0 TTOAAATTAQCIACPOG TTiVAKA-OIaVUCPATOGS €ival TTapAAAnAa
abpoiopara  TTOANATTAQCIOOUWY  avd  OTOIXEIO,  ETMITUYXAVOUUE  OKOMN
MeyaAUTepn atrédoaon xpnoidotrolwvTag TTapdAAnAa reductions.

o OAeg o1 rpaceig mou repIAauBavouv TTOAAATTAQCIAoO TTiVOKAO PE TTiVaKa £XOUV
OlekTTEPQIWBEI pe TNV BonBeia TG BIBAIOBNAKNG ypauuikng dAyeBpag CUBLAS
amé Ttnv Nvidia. Autq n €mAoyl €yIveE HE YyVWHOVA TNV E€EQIPETIKNA
BeATioToTroinoNn TNG BIBAIOBAKNG QUTAG YIA T CUYKEKPIPEVN TTPALN.

e [lapdAAnAa eTTiong ekTEAOUPE TRV TTPALN TTOAAQTTAQCIAOUOU TOU dIavVUCUATOG
TWV PN-UNOEVIKWY (TNG EKACTOTE YPAUMNAG) OTOIXEIWV PE TOV €QUTO TOUG, APOU
yvwpifoupe 10 atmmoTEAEOPa Tou 1%V BAuaTog, OTTWG TTEPIYPAWANE TTAPATTAVW
Kal JAANIoTa €Ew aTTd TNV €TTaVAAnWn. EmimmAéov n Tpagn:

X9

Oev egaptdral amrd TNV €KAOTOTE ETTAVAANYN KAl UTTOPEI va UTTOAOYIOTEN €W
atré auTr}. AGyw Tou OTI 01 BOKIUES PAG Eyivav O€ KAPTA YPAPIKWY PE augnuévn
UTTOAOYIOTIKA 1IKAVOTATA, KATAQEPAUE VA KAVOUMPE QUTEG TIG dUO TTPAEEIS Va
ekTEAOUVTAI KAl METAEU TOUG TTAPAAANAG (WOTE va ETTITUXOUME aKOUN uWNnASTEPO
utilization Tng KAPTAG.

e To véo arouo TTou TTapdyel autd To OTAdIO Ba TTPETTEl va diaipeBei Ye TN vOpua
TOU TTPIV QVTIKATAOTACEI TO TTAAIO ATOUO OTO AeCIKO. AuTd atroTeAei TTpdén TTou
pTTOpEl va TTapaAAnAotroinBei kai va gival atmmodortikry o€ CUDA ue xprion Tou
reduction Tou AdnN ava@Epae.

e H akdéAoubn pdén atrd Tnv evnuépwaon TNG YPAUMNS Tou apaiol Trivaka Z:
Xid

ouvartal va emrayxuvlei pe xprion CUDA, €dv avoifoupe €va vrijua yia KaBe
OTOIXEiI0 Kal OAa padi va KAataoKeudoouv TO atToTEAEOMA. AuTh n epyaoia
ATTAITEI €TTIONG TNV €KKivNon d1001A0TATOU TTAEYPATOG PTTAOK Kal VIUATWYV Kal
ETMTUYXAVEI TN XPHON MEYAAOU TTOCOCTOU TWV TTOPWYV TOU CUCTANATOG.
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[evikd €ival eUKOAO va OIATTIOTWOEl KAVEIG TTWG auTd TO OTAdIO Oev €MIOEXETAI TOON
TTapaAAnAia 6on To TTPONYOUUEVO OTADIO KAl £iVal 0APWS TO APYOTEPO €K TwV BUO.

4.4 3EmiTayuvon tou k-SVD

2T0 OUVOAO TOu O aAyOpIBuog yia Tnv emTdxuvor Tou Ba emmoTpareloel Ta dUOo
TTapatravw AdN BeATioToTTOINUEVA OTAdIA. Oa TTPETTEl VA TOVIOOUPE O AUTO TO ONUEIo
TTWG YIA TA ETTIMEPOUG ATTOTEAEOHATA TOU, 0 k-SVD deopevel Xwpo €€ OAOKANPOU OTNnV
MVAMN TNG OUOKEUNG Kal OAQ Ta TTAPAYOUEVA DEQOUEVA DEV PETAPEPOVTAI AVANETQ OTN
CPU kai Tnv GPU 1 avtiotpo@d. To TTAEOVEKTNUA ATTO AUTO TO YEYOVOG E€ival TTwG
ATTOPEUYOUE TIG JETAPOPES ATTO KAl TTPOG TN CUCKEUN, Ol OTTOIEG €ival YVWOTO TTWG Eival
ONUAVTIKA apyEG KAl UTTOPOUV va eTTnpedoouv o€ eCalpeTIKO BaBud tnv ammdédoon evog
TTpoypdupatrog CUDA. TéAog, HeTd TNV OAOKAfpwaon Tou TEAEUTAIOU OTAdIOU, O KWAIKAG
TTou Ol1aBéToupe oe CPU Kdvel pia ekkaBdpion oTo AECIKO TTPOKEINEVOU VA ATTOPPIYEI
dtoua TTou dgv XPNOIYOTToIoUVTal ) €X0UV JEYAAO OQAAPA 1} dEV XPNOIKMOTTOIOUVTAI ATTO
Kauia ypapu Tou apaioy Trivaka  ouvioTwowv Z. AkoAouBouue akpiBwg Tnv idla
uAoTtroinon petatroinuévn yia Tnv apxitektoviky CUDA.

4.5 Emdodéoeig uhotroinong

270 TTOPAKATW OlaypAuPaTa cuvowileTal n ammrodoon Tou TTPOYPAUUATOS Yia dedouEva
OIOQOPETIKOU peyEBoUG. XapakTnploTikG ekTéAeong: lterations: 30, Sparsity level
threshold: 6, Mutual incoherence threshold: 0.8, Sources: 9, Initial dictionary: Tuxaia
TTOPAYOUEVOG TTIVAKAG WE TIMES TTOU OKOAOUBOUV TNV TUTTOTTOINMWEVT KAVOVIKI KATAVOWT).

Mivakag 3: Z0ykpion ekteAéoswyv k-SVD peragu CPU kai GPU

MEME©OZ MATLAB CPU | CUDA (sec) ENITAXYNZH NnoOzOzTO

(sec) BEATIQZHE
300%3600 2,785 0,125 21,43 95,33%
450x5400 5,891 0,199 29,46 96,61%
600x7200 10,05 0,339 29,59 96,62 %
150018000 59,66 0,969 61,51 98,37%
900x125000 259,35 6,21 41,70 97,60%
274x902629 747,94 24,55 30,47 96,72%
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MT1TopoUphE va TTAPATNPEACOUME TNV EKTTANKTIKI €TMITAXUVON Tou aAyopiBuou 600
peyaAwvel n dildotaocn Twv dedouévwy. lMMapatnpoulpe akOPa TTWSG TO TTOCOOTO
ETMTAXUVONG €ival JEYAAO aKOUA Kal OTa OEQOMEVA HIKPOTEPNG didoTaong. To yeyovog
autd OnAwvel TNV TePAOTIA TTAPAAANAia TTOU  e€KPETAAAEUETAl N uAoTToinONn MaG.
Tautdxpova, Opwg, dIAPAIVETAlI KAl O QVTIKTUTTOG QUTAG TNG TEPAOTIOG avAyKNG yid
TTOPOUG OTa PeEYaAUTeEPNG didoTaong dedopéva. H emtayuvon (OTTwWG Kal TO avTioTOIXO
TTO000TO) UTTOXWPOUV Kal OeV KAIHAKWVOUV OTTWG Ba BEAaue. AuTo eival OUVETTEIQ TNG
TTETTEPOAOUEVNG UTTOAOYIOTIKNG IKAVOTNTAG TNG OUYKEKPIMEVNG KAPTAG YPOAPIKWY TTOU
aduvarTei va avtatteCEADEI OTIC ATTAITAOEIG YIOG TOOO PEYAANG TTOPAAANANG EKTEAEDNG.

X. Marooupag - A. Matrayewpyiou 58



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,

PARAFAC2
5. AATOPIOMOZ PARAFAC2

5.1 EiocaywyR oe PARAFAC kal PARAFAC2

O T1avuoTtng €ival €vag TToAudIAOTATOG TTIVOKAG TTOU QVTITIPOOWTTEUEl €va OUVOAO
OedopEVWY DIATNPWVTAG TNV TTOAUTPOTTIKN Tou doun. H évvoia TngG TTapayovtoTroinong
TAVUOTWV QVOQEPETAl OTIG PMEBODBOUG TTOU WPTTOPOUV va avaAuoouv €vav Oedouévo
TAVUOT WG ABPOICUA TTOAUYPANMIKWY Opwv HE TPOTTO avdAoyo pe TNV avaAuon
OlypaPUIKWY  TVAKwyY. Mia amd autég Tmig peBddoug civar n PARAFAC T10U
XPNOIUOTTOIEITAI YIO avAAUGCH TPIYPAUMIKWY 0edouévwy. To poviéAo PARAFAC yia évav
TPIWV JIOOTACEWV TTiVOKA OEQOUEVWV DIATUTTWVETAI WG €EAG: DEDOUEVOU EVOG TAVUOTI)

dedopévv X e R™7N kar evog BeTikoU okepaiou L 1rou dnAwvel 10 TIABOC Twv

oUVICTWOWY, XPelaleTal va BpeBouv Tpeig ouvteAeoTég Ae R, FeR”™ kai Ce R,
Ol OTTOIOI TTPOKUTITOUV OTTO TNV aKOAOUBN TTPOCEYYIOTIKI avAAuon:

X=>" a of oc,+E=[AF,C]+E,

6mou X =[A,F,C] €ival o cuuBONIGUAS TS TUVTOPOoYpaiac TS avdAuong PARAFAC,
a =[a,]eR', f, =[f;]1eR’, ¢ =[c,]eR® Ta SlaviouaTa CUVICTWOWY TWV AVTIOTOIXWV

MVAKWV-OUVTEAEOTWV A, F, C avrigtoixa, EeR"™ cival To o@dAya tng avaiuong

KAl o €ival 0 TEAEOTNG EWTEPIKOU YIVOUEVOU. H TTapatmdvw 100TNTa UTTOPEI VA YPaPTEi
O€ JOoP®PN OTOIXEIWV WS AKOAOUBWG:

L
Xia = 21y @ FCo +€q -

To Baoiké povrého NG avahuong PARAFAC ptropei va ypa@Tei o€ pop@r] TTIvAKwY JE
EediTTAWPa TOU TTivaKa oToIXEiwV X WG €ENC:

Xy =ACOF)
X4 =F(COA)
Xz =C(FOA)

otTou O ¢€ival o TeAeoT\¢ Tou yivopévou Khatri-Rao. O1 ouvreAeotéc A, F kai C
MTTOpOUV  va  UTTOAOYIOTOUV  €AAXIOTOTTOIWVTOG TN ouvaptnon  KOOTOug

JLAF.C)=|x -X|¢.

21ov PARAFAC2, Ta KOMPATIO PTTOpOUV va TrapayovTotroinBouv avedptnTta, aAAd
€XOUV KoIVA pia ouvioTwoad (edw TNV A). Me aAAa Adyia, o TavuoTAg SEOOPEVWY PTTOPET
va dla@épel o€ pia didoTacn, yia TTapddeiyua, Otav ol Tivakes dedouévwyv 0€ KABE
KOMMATI TOU TAVUOTH £X0UV ToV id10 apiBud oTnAwy, aAAG SIa@opEeTIKO apliBud ypauuwy.
2€ QUTAV TNV TTEpITITwon, 10 J Ba diapépel avdpeoa oTa dIOPOPETIKA KOUUATIa TOu
TavuoTn. To poviédo Tou PARAFAC?2 divetal atmd Tov TUTTo: X, = FquAT +E,, 61mou X,
gival T0 g-00TO UTTPOOCTIVO KOPPATI TOu TavuoTh yia g=1,...,Q. O mivakag A ¢€ivail n

ouvIOTWOO TNG TPWTNG dldoTaong, o Tivakag F, eival n ouvioTwoa Tng OelTePng
d1G0oTAONG TTOU OXETICETAI YE TO (-O0TO PTTOOTIVO KOUUAT Tou X, o Tivakag D, eival

dlaywVIOG TTOU TTEPIEXEI OTNV KUPIA dIaywvVvIO TOU TTEPIEXEI TN YPAUMN q Tou TTivaka C,
TIoU €ival N ouvIoTWaa TnNg TpiTNg dldoTaong kai 1o E, avamapiotd 10 g@dAua Tou

oxeTieTal ye 10 X, .
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OT1rwg ptropei eUKOAa va eTTaAnBeuTei, TO povTéAO TTOU TTapouciddeTal otov PARAFAC2
Oev TTapéxel TNV 101I0TATA TNG PovadikdTnTag Tou poviéAou PARAFAC. O kuUpiog Adyog
NG MN Umapéng povadikng Auong oto PARAFAC2 cival OTI €xel OIOQOPETIKEG
ouvioTwoeg F, yia dlagopeTikoug Trivakeg dedopévwy X, . MNa autd mpoTabnke évag

OUYKEKPIMEVOG  TTEPIOPIOPOG  YIO TNV €COCOQPANICN  HOVADIKWY  ATTOTEAECHUATWV.
2UYKEKPIPEVA, TTPOTABNKE N EKUETAAAEUON TOU YEYOVOTOG OTI TO YIVOUEVO FqTFq TIPETTE

va gival otaBepd Tadvw oto q. ‘ETol, TTapoucidoTtnke pia péBodog tTou Ba Taipidlel oTo
TTPOAVAPEPBEV HOVTEAO EAAXIOTOTTOIVTAG MIA VEQ OUVAPTNOT KOOTOUG TTAVW O€ OAa Ta

opiouarata: J,(F,A,D,,...D,)= ZLHXq — FquATHF2 o€ OXEOn ME TOV TIEPIOPIOPO
F,'F, =F,"F,yia 6Aa Ta Jeuydpia p, q.

[MNa va emBAnBei autdg o TrepIoPIoUGG, Eival ATTAPAITNTO KAl ETTAPKEG va Ioxuel F, =P F
yia évav opboywvio wg Tpog TG oTAAeg Tivaka P, eR™“kar mivaka FeR“*.
Emopévwg, n Trapamdvw ouvapTnon KOoToug J, OBIQUOPPUWVETAI WG AKOAoUBWG:
J,(P,.... P, F A, Dl,...,Dq)=ZqulHXq—PqFDqATHF2 oe oxéon ME TOV  TTEPIOPIOUO
PqTPq =1,.

21N MEBOdO TTOU TTPOTABNKE OTO [14], XPNOIUOTTOIEITAI EVOAAOKTIKA évag aAyopiOuog
eAaXioTWV TETPAYWVWY Yla ehaxioTotroinon Tng J, Tavw oto P, yia otabepa F,D,, A
pe g=1..,Q kaimavw ota F,D,,...,D,, A yia otabepa P, ,...,P,.

EAaxiotomroiwvrag mavw oto P, TN J, O¢ OX€on Pe TOV TIEPIOPIOUO PqTPq:IL
odnyoupacoTe o€ peyloTotroinan g akdAoubng cuvaptnong: f(P,) =tr(FDqATXqTPq) ME
q=1..,Q, 6tmou tr() dnAwvel To ixvog Tou Trivaka. Av FD,ATX," =U ZV; n avéAiuon
SVD, 161€ n pé€yiorn miun g f(P,) mavw oto P, AauPaverar amd quvqug ME
g=1...,Q.

Metd Tov uttoAoyiopd Tou P, 1o TpdBAnUa NG eAaxioToTroinong g J, Tavw oTa
F,D,,....D,,A TeplopiCeTal 0TV EAaXIOTOTTOINON!

J,(FAD,...D) =" [P X, - FD,AT|?

O1rwg cival EekaBapo, n TeAeuTaia eAaxioToTroinon €ival Icoduvaun PeE To TTPORANUa Tou
PARAFAC, 6tav 1o X, avTikataoToBei ue 10 Y, yia T0 OTT0i0 10XVl Y = PqTXq.

O weudokwdikag yia Tov PARAFAC2 cival Baciopévog oT1o [5] xwpig va Aaupavovral
uTTOYn KATTOIEG TTAPAMETPOI YIa Ta TTAQICIO QUTAG TNG €PYOOIAGC. ZUYKEKPIMEVA,
ayvoouvtar of M TTouU TTEPIEXEl  TTPONYOUMEVN TTANPOQOpPIa  yiad T  XPOVIKA
XOPOKTNPIOTIKA Tou Y, R TTou gival Trivakag YeTabeong (permutation matrix) kar A 1Tou
gival TTOPAUETPOG KAVOVIKOTTOINGNG TTOU PEIWVETAI JE TIG ETTAVAANYEIG.

X. Matooupag - A. Mamayewpyiou 60



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2

Input: X three-way data tensor
Output: A, F, C: seperated tactors for temporal, spatial and slice domain

begin
Calculate the best initial values of A, F, C using multi initialization
technique.
repeat
e Compute the SVD FDqATX?; and update P, as Vqu. q=1,..., Q
o Compute Y, = PZ,HXQ_ q=1...Q
repeat

F Yo (CoA)+((CTC) o (ATA))
C—Yu(FOA) +(FTF) @ (ATA))!
12

Jy =Y = Y|,

until (Jg4 — Jpew = ¢ Jgld)

2
.TQ = Z;L:l HXq — PqFDqATH
until (,_I:?Id — Jpew > F.Tfld)

end

Eikova 31: Weudokwdikag alyopifpou PARAFAC?2

5.2 Zuoxértion PARAFAC2 pe fMRI

Acg uttoB€00UpE OTI O TAVUOTNG OEQOMEVWV X TTEPIEXEI KATAYEYPAUMEVES eIKOVES TMRI.

KaBe mroodétnta fMRI dedopévwv TTOU KaTaAypA@ETAl O KABE uayvnTIK) TOUOypaia
arroTeAeiTal ato éva TTARBo¢ atmd kopudtia (slices). MNa va diaragoupe Ta IMRI dedopéva
o€ €vav TavuoTh TTOAAWY dI00TACEWY, TTPWTA OTTO OAdQ, TO KOUPATIA UETATPETTOVTAI O€
dlavuoparta Kal I0AyovTal 0av YPOUPEG OTOV TaVUOTH X . 2UVETTWG, TOo X(i,:,:) KPATAEI

Ta dedOPEVA TTOU KATAYPA@NKAV OTnV i-00Tr Topgoypagia, 1o X(;,:,q) Kpatdel To g-00TO
KOUMATI (BA. EiIkOva 4) AWV TwV KATAYEYPAUHUEVWY BEDOUEVWY OAWV TWV TOUOYPAPIWV
kKal To X(,J,:) Kpatdel o voxel otn j-00TH XwpIkA TotTo0e0ia. Av 0 TavuoTig X eival
QTIOYPEVOG OTTWG TTapatrévw, ol Trivakeg A, F, C OnAWVoOUV TOUG OUVTEAEOTEG
EMPRAPUVONG OTOUG TOWEIG TOU XPOVOU, TOU XWPEOU KaI TWV KOPUATIWY AVTIOTOIXA.

5.3 YAotroinon

O kwdIkag yia Tn uéBodo TnG evoTnTag 5.1 Baoiletal o kwdika MATLAB 1ToU TTPONABE
ato T1a [5], [14] Ye HEPIKEG ATTAOTTONCEIS VIO TA TTAQICIA TNG TITUXIOKNG MOG EpYATiag. 2€
OAEG TIG EKTEAEOEIG, TOOO TOU APXIKOU TTPOYPAUPATOS OO0 KAl Twv OUO UAOTTOINOEWY O€
MATLAB pe tTivakeg GPU kal e CUDA, XpnOIKJOTTOIOUHE KOIVEG TTOPAPETPOUG, WOTE Va
MTTOPOUME VA OUYKPIVOUUE TOUG XPOVOUG €KTEAEONG KOl TO OQAAUA TTOU TTPOKUTITEL.
‘ETol1, T Tpoypduuata kahouv Ttov PARAFAC2 yia 1000 emravaAngelg, 8 Trnyég,
EKTUTTWVOUV £€000 KABe 100 eTTavaAWEIS Kal €XOUV KpITrpIo aUykAiong 107,

5.3.1YAotroinon o MATLAB pe mrivakeg GPU

O kwdikag MATLAB Bpiokerar oto Mapdptnua | otnv evotnTa Pe TiTAO «AAyOpIBuOg
PARAFAC2». OAeg o1 eowTepIkéG TTpaEeic oTov PARAFAC2 xpnoipoTtroloUv gpuArrays.
Ta dedouéva Tou divovtal wg €icodog otov PARAFAC?2 cival o€ yop@r) gpuArray, eKTOG
av N MVAPN TNG KAPTOG YPOPIKWY OEV ETTAPKEI, OTTWG OTNV TTEPITITWOTN TWV dEBOUEVWV
MeyéBoug 274x902629x%3. Xtov [livaka 4 TrapoucidlovTal o1 XPOvol EKTEAEONG O¢€
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MATLAB pe CPU kai ouykpivovtal e Toug xpovoug ektédeong oe GPU. lMpdkeital yia
MEOOUG XPOVOUG OEKA EKTEAECEWV.

Mivakag 4: Zoykpion Xpovwy ekTéAeong PARAFAC2 og MATLAB pe xprijon CPU ka1 GPU

MEFE©OZ MATLAB CPU MATLAB GPU NOZOZTO BEATIQIHE
(sec) (sec)

100x3600%3 15,5883 115,642 -641.85%
150x5400%3 27,766 121,4709 -337.48%
200x7200x%3 45,4389 125,6939 -176,62%
500%x18000%3 323,5443 153,3647 52,60%
300x125000x%3 1396,0452 194,74 86,05%
274x902629%3 12505,7265 7135,5781 42,94%

MapaTtnpoUpe OTI OTIC TIPWTEG TPEIG TTEPITITWOEIG EXOUME onuavTIKh emRpdaduvaon, SI0TI
TO MEYEBOG TWV dedoPEVWY DEV ETTAPKEI yIa va avadeigel TIG duvatoTnteg TG GPU. 2Tig
TPEIG ETTOUEVEG TTEPITITWOEIG, TA OEOOUEVA Eival ETTAPKWG MEYAAA WOTE VA EXOUME
Qavepr €MTAXUVON. ZUVETTWG, dIAUOPPWVETAI TO didypaupa NG Eikdvag 32 1Tou ¢ekiva
ME apvNnTIKEG TINES ETTITAXUVONG (emPBpaduvon) Kal KataAnyel o€ BeTIkES. ACloonuEiwTo
gival 10 yeyovdg OTI oTa pEYOAUTEPO OedOMEVA TTOU OOKIUACAMNE, UTTAPXEl MEV
EMTAYXUVON, aAA& PIKPOTEPN O€ Ooxéon ME TIC dUO TTponyouueveS. AuTd cupPaivel dIoTI,
OTTWG TTPOAvVaPEPONKE, OE UTTOPOUME VO OEOPEUCOUPE OAOUG TOUG TTIVAKEG TTOU
XPnoIhoTTolouvTal 0TNV €KTEAEON TOU aAyopiBuou kal Ta dedopéva auTtou Tou PeyEBOUG
otn GPU Ttautdxpova. OTTdT1E, €KTEAOUNE TN oUvAPTNON WE Toug TTivakeg GPU xwpig va
Exoupe Ta Ogdopéva eioodou otn GPU. Eivar @avepd o611 d¢ prropoupe  va
TTPOOCEYYIOOUNE TA idI0 TTOOOOTA ETTITAXUVONG O OXEON ME TIG TIPONYOUUEVEG EKTEAETEIG
TTOU €iXape Kal Ta dedouéva el06dou otn GPU, kKabwg eival adlvarto va yivouv TTpaceig
MeTagU dedouévwy TTou BpiokovTtal otn CPU kal dedouévwy tTou Bpiokovtal otn GPU,
XWPIG va yivel K&trolou €idoug peTagopd TTou eIRapUVEl TO TTPOYPAMHA.
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PARAFAC2 MATLAB GPU SPEEDUP
100%
0%
-100%
-200%
-300%

-400%

Speedup percentage

-500%
-600%
-700%
100x3600x3 150x5400x3 200x7200x3  500x18000x3 300x125000x3 274x902629x3

Input size

Matlab GPU

Eikéva 32: Alapop@won emiTdxuvon aAyopiBuou PARAFAC2 oge MATLAB pe GPU

5.3.2YAomroinon o CUDA

O kwdikag CUDA Bpioketar oto lNMapdptnua Il otnv evotnTa pe TiTAO «AAyOpIOuOg
PARAFAC2». O1 tTapdueTpol TTou xpnoigotroinenkav eivar o show_fit, conv_crit,
max_iter, sources, MODE, sizeX, sizeZ. H trapd&uerpog show_fit xpnoiyotroigitarl yia va
Ociyxvel KABe TTdOEC eTTAVAAAWEIG Ba ep@aviCovTal OTOIXEIO EKTEAECNG TOU TTPOYPANUATOG
Kal TiBetan ion ue 100. H mapdueTpog conv_crit €ivar 10 KpITAPIO OUYKAIONG Tou
aAyopiBuou kai TiBeTal ion pe 10°7. H TTapAueTpog sources gival To TTARBOC TWV TINYWV
Kal 1oo0Tal pE 8. AUTEG €ival Ol KOIVEG TTAPAUETPOI KAl TWV TPIWV TTPOYPANKATWY TTOU
kaBopilouv Tn pon ekTéAeong Toug. ETITTpocBéTwg, n mapauetpog MODE AauBdvel Tnv
TIuA 0 4 1 avdAoya pe 1o av BEAOUNE va EKTEAEOOUNE TO TTPOYPAMMA yia povA R dITTAR
akpipela avrtiotoixa. TéAOG, oI TTapdueTpol SizeX Kai sizeZ e€ival ol dU0 OTABEPES
dlooTACEIG TOU KABe KoppaTiou Tou TavuoTth. H T1pitn didotaon evdExeTal va
METABAAAETAI PETAEU TWV BIAPOPETIKWYV TUNMATWY TOU TAVUCTH.

Ooov agopd TNV €i00d0 TOU TTPOYPAUMATOG, O TAVUOTAG UTTOPEI va €XEI TTOAAG TuRuaTa,
KaBéva ek Twv oTToiwv Ba dlagépel o€ pia diaoTtaon. Maipvouue KABE TUAPA TOU TAVUCTH
ammo éva apxeio pye ovopa inputl.txt, input2.txt K.0.K., TNV TTPWTN YPAUr TOU OTToioU
avaypaPOoUNE TO JETAPRANTO PEYEBOC NETALU TWV TUNUATWY TWV TAVUOTWV.

ATé amown emddoewyv, n ulotroinon ce CUDA €ival onuavTika TTIo apy o€ oxEon
TO00 e TNV apxIKf 600 Kal pe TNV uAotroinon o€ MATLAB pe xprion GPU. Ztov [livaka
5 trapartiBevral o1 xpdévol ektéAeong Tng uAotroinong oe CUDA kal cuykpivovtal JE
autoUG TNG apXIKAC uAotroinong, utroAoyilovrag kal Tnv €mRPAdUVon Twv XPOvwv
ekTéAeong TNG uAotToinong oe CUDA.
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Mivakag 5: Zoykpion Xpovwyv ektéAeong PARAFAC2 o MATLAB pe xprion CPU kai CUDA

MEFEGOX  MATLAB CPU (sec)  CUDA(sec) EMIBPAAYNZH
100x3600x3 15,59 251,65 16,14
150x5400x3 27,77 363,40 13,09
200x7200%3 45,44 1029,90 22,67
500x18000x3 323,54 3072,92 9,50

21nv Eikéva 33 BAETToupe TNV emRpdaduvon TTou gival oTaBepd (TTOAU) PeYAAN yia OAa
Ta MEYEON OedouEVWY €10000U, YEYOVOG TTOU HAG odnyei OTO CUMPTTEPAcHa OTI Oev
UTTAPXOUV JEYAAEG BUVATOTNTES BEATILWONG TOU.

CUDA Deceleration PARAFAC2

25
20
15

10

CUDA Deceleration

100%3600x%3 150%5400x%3 200x7200%3 500%18000x%3
Input size

e CUDA Deceleration

Eikéva 33: Emifpdaduvon uhotroinong PARAFAC2 og CUDA yia Sia@opeTikd dedopéva e10650u

O1 PBaoikoi Adyol TTOU TTPOKOAOUV QUTA Ta MN-IKAVOTTOINTIK& aTToTEAéOPATA  TNG
uhotroinong oe CUDA cival n pikpry duvatotnta mmapaAAnAotroinong mpdgewy Kal n
Xpron pebédwyv TTapayovroTroinong mMVAKwWY PE TTOAU pIkpd dedopéva. Ooov agopd
TOV TIPWTO AOYO, TIOPATNEOUME OTI UTTAPXEl €EAPTNON TwV UTTOAOYIOHWY OTa
TTEPICCOTEPA ONMEIa TOu aAyopiBuou ammd TPALEIC TTou PpiokovTal APEoWS TIPIV,
YEYOVOG TTOU O€ JAG ETTITPETTEI VA EKTEAECOUNE TTAPAAANAQ TTOAAEG TTPAEEIS. TENOG, boov
a@opd TNV TTAPAYOVTOTIOINCN TIIVAKWY, XPENOIYOTToIoUVTal O€ TTOANG onueia Tou
TTpoypduuatog ol SVD kai QR pe Aiya dedopéva. O ouvaptioeig g PBiBAIoBrRkNng
CUSOLVER ©&gv nArav kaBoAou aTrodOTIKEG VyIa TNV EKTEAEGN QUTWV TwV
TTOPAYOVTOTIOINCEWV. 2ZUYKEKPIPEVA, N uAoTToinon TNG CUSOLVER yia Tnv QR Ox1 povo
oev ATav atmodoTikr, aAAd pag TTpooEBece emTTAEOV TTPALEIC YO va EEXWPICOUPE TOV
TTivaka Q atrd Tov Tivaka R, a@ou €moTpEéPel atToTEAEOPa o€ évav uovov TTivaka. OAa
Ta TTOPATTAVW Hag odynoav OTO CUMPTTEPACUO OTI O€ YiVETAl VA KATOOKEUAOOUUE O€
CUDA pia uhotroinon taxutepn atmmo 1o MATLAB yia autdv Tov aAyopiOuo.
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6. ZYMIMNEPAZMATA

6.1 Zupmrepdopata aAyopiduou MM

O aAyopiBuog MM cegival évag aAyopiBuog e apkeTd atTAEG TTPAEEIS TTOU gival EUKOAO va
emTayxuvOouv pe xprion GPU. Av kai uttdpxel JeydAn €¢dptnon Twv Oedopévwyv Kal
KABe utToAoyIouOG Eival aTTapaiTnTOg OTOV AKPIBWGS ETTOPEVO, O1 TTIPAEEIS ATTO HOVEG TOUG
KpUBouv eowTepIK) TTapaAAnAia, yeyovog Tou pag OOAYNOE OTO va ETITUXOUME
BeATIWUEVA ATTOTEAECHATA OE OXEON WE TO APXIKO TTPOYPAUMA.

O1 duo Baoikég ouvaptioelg, N NewCoef kar n NewDict, evnuepwvouv TOV TTiVOKaQ
OUVTEAEOTWYV Kal TO AECIKO avTioTolxa, TTaipvovTag n Kabepia wg €icodo TNV TIPN TTou
TTapdayel N AAAn. AtrodeikvueTal OTI, aKOPA Kal av ol dUO OUVAPTACEIS TTAIPVOUV WG
€i0000 TIPN TTPOYEVEDTEPN ATTO TNV TEAEUTAIA evNPEPWON - OXI KAT avAyKN TNV auECWS
TTPONYOUMEVN TIUA - O aAyOpIOUOG CUYKAIVEL. ZUVETTWG, Ba €ixe evOIOQPEPOV HEANOVTIKA N
TTPOOTIABEIO EKTTOVNONG TETOIOG UAOTTOINONG ME yvVWHOva TTAvTa OTI QuTéG Ol duo
OuvVapTNOEIG OEV €XOUV TOV idI0 XPOVO EKTEAEONG KAI OE MIA EKTEAECN TNG MiAG NTTOPOUV
VO XWPEOOUV TTEPICOOTEPEG EKTEAETEIG TNG AAANG.

6.2 Zuupmrepdopata aAyopiOuou k-SVD

O aAyopiBpog k-SVD, 6TTwg @avnke atrd TIG METPNOEIG, ATTOTEAECE TTPOCPOPO £D0POG
yla TNV TTARpN eKueTdAAeuon TnNG TTapaAAnAiag mou pag rpoo@épel n CUDA. Or péBodoil
Tou OMP kai Ttou Batch-OMP atrotéAecav pia OXETIKA €UKOAN uAoTroinon Kai
TauTOxpova eEQIPETIKA aTTodOTIKA. AvTiBeTa, TO 0TAdIO evnuépwong Tou Ae€IKOU PE TNV
eTavaAnyn Trou Ogv [TTOpPEl va TTapaAAnAotroinBei, atrotéAece To Pacikd onueio
KabuoTepioewv Kal dev poIdlel va gival TTPOCQPOPO yia TrepaITépw BeATiwon atrd
TTAEUPAG TTapaAAnAiag.

MeANOVTIKA €peuva OTnV E€TMITAYXUVON TOu aAyopiBuou Ba ptropoloe va eOTIACEl OTNV
BeATiwon Twv peyAAwV TTOAAATTAACIOOUWY TTiVAKA ME TTiVOKA, WOTE va BeATIWOEI o
UTTOAOYIONOG TOU O@AAYATOG. AKOUO Kal €701 OPWG  TTIOTEUOUPE OTI AOyw TNG
utTdpxoucag TTapaAAnAiag n mOavoTepn ETTITEUEN TTEPAITEPW ETTITAXUVONG ouvioTaTal
otV XpNon MIag akoun OuvatoTepnS KAPTOG YPA@PIKWY TTOU Ba eMTPEWEl KON
TTEPICTOTEPOUG TTAPAAANAOUG UTTOAOYIOUOUG.

6.3 Zuptmrepdopara aAyopibpou PARAFAC2

O1rwg kai o aAyopiBpog MM, étal kar 0 PARAFAC2 €xel TO PEIOVEKTNUA TNG MEYAANG
e€dpTnong tou TTapoucidlouv dladoxIkEG TTPacelg, dNAad KABe TTpagn xpeldleTal To
atmoTéEAEOUA TAG APECWGS TTPOoNyoUdEVNG TNG. Z€ avTiBeon, OUWG, ME Tov MM €xel apkeTd
MO TTOAUTTAOKEG TTPAEEIG, APKETEG €K TWV OTTOIWV EMOEXOVTAI INOAUIVI) WG EAGXIOTN
eowTepIkA TTapaAAnAia. O ocuvduaopudg NG TTOAUTTAOKOTNTAG Twv TTIPAEWV Kal TG
ENeIYnG TTapaAAnAiag, KaBioTolv dUOKOAO TTPORANUA TNV UAOTTOINON MIOG KAAUTEPNG
Auong yia Tov PARAFAC?2.

MapdAo 1Tou n uhotroinon pe gpuArrays o€ MATLAB cival pia v pépel atrodoTiKr) AUon,
n amotuxia uAotroinong o€ CUDA uiag ouvoAikd KaAUuTepng Auong avetaptnta atod 1o
MEyEBOG Twv dedOpEéVWY, APNVEI WG AVOIXTO £PEUVNTIKO B€ua Tnv TTPooTTAbEIa auTh,
TTapa TIG BUOKOAIEG TTou TTEPIYpAwape. 'Eva onueio oTo otroio Ba £TTpETTE Va E0TIACEI pIa
MEAAOVTIKA €peuva Ba ATav 10 va Bpel atmodoTikOTEPOUG TPATTOUG UAOTTOINONG NEBOdWV
TTapayovToTToinong Trivakwy, oTwg QR, SVD, k.a., yia pikpd dedopéva. ‘Eva kalo
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atmroTéAEOHA 0€ QUTO TO KOPUATI, Ba ATaV YIa TTOAAG UTTOOXOMEVN apXA YIa PIa TaXUTEPN
etTiAuon Tou PARAFAC2.
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MINAKAZ OPOAOIIAZ

PARAFAC2

ZevOyAwooog 6pog

EAAnviké6g Opog

2D display accelerators

Emraxuvtég d1odIaoTaTwy EIKOVWV

Atom-Assisted Dictionary Learning

YtoBonBoupevn atmd dropa pdadnon Me
AECIKO

Atoms

ATolQ

Blind Source Separation

TupAdg Alaxwplopog MNnyAg

Blood-Oxygen-Level Dependent

ECapTwpuevn atmd 10 €mITEdO 0&UYOVWONG
TOU QipaTog

Cache memory

Kpuon pvnun

Canonical Decomposition

Kavovikr) AvaAuon

Canonical Dictionary

Kavoviko AgCIKO

Clustering OpadoTtroinon
Coefficient update Evnuépwaon ouvteAEoTWV
Compiler MeTayAWTTIOTAG

Compressive Sensing

2 UMTTIEOTIKN OElyuaTtoAnyia

Compute capability

YTtroAoyioTikA duvaTtdTnTa

Core architecture

APXITEKTOVIKNA TTUpPHVa

CUDA kernel 2uvapnon tTupriva CUDA
Debugging ATTOOQAAUATWON
Dense Mukvog

Dictionary Learning

MdaBnon pe Ae€ikd

Dictionary Update

Evnuépwaon Aegikou

Dimensionality reduction

Meiwon dlaoTdoewv

Effective dimension

loxuouoa didoTaon

Factorization MapayovToTroinon
Frontal slice Eutrpoa0io Kopudri
Full rank MéyioTn TG&n

functional Magnetic Resonance Imaging

NAEITOUPYIKN
2 UVTOVIOOU

ATreikévion MayvnTikou

General Linear Model

evikO pappikd MovTtého

General-purpose computations

YT1TOAOYIONOI YEVIKOU GKOTTOU

Global memory

KaBoAIKr uviun

Graphics pipeline

2WANVWOon ypaQIKwy

Grid

MAEypa

Haemodynamic response function

2UvapTNON QIJOBUVAUIKAG ATTOKPIONG

Hardware driver

Odnyo¢ UAIKoU

Independent Component Analysis

AvaAuon AvegapTnTwy ZUVICTWOWV

Intrinsic Dimensionality

Eyyevig AildoTaon

Major revision number

MeiCwv ap1Budg avabewpnong

Majorization method

MéEBodog ueyioToTroinong

Minor revision number

EAdoowv apiBudc avabewpnong

Multilinear algebra

[MAgioypaupiky GAyeRpa

Multivariate bi-linear methods

[MoAupeTaBANTEC dlypauUMIKEG HEBODOI

Multiway component analysis

AvaAuon TTOAUSIAOTATWY CUVIOCTWOWV

Mutual Information

Apoifaia MAnpogopia

Offset MeTartdmion
Overcomplete Y1epmAlpng

Parallel computing MapdAANAOG UTTOAOYIGUOG
Patch TuRua
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Pattern MpdTUTTO
Permutation matrix [Mivakag geTabeong
Pixel EikovooTolixeio

Pixel shaders

2KIQOTEG EIKOVOOTOIXEIWV

Principal Component Analysis

AvaAuon Kupiwv ZuvioTwowv

Progress bar

["paupAn TTPo6O0U

Race condition

2 UVOYWVIOPOG OEOOUEVWV

Rectangular diagonal

OpBoywvia diaywviog

Redundant Dictionary

[MAgovalov Aegikd

Shading languages

"AWOOEG TTPOYPAUUATIONOU

Shared memory

Alapoipacduevn yviun

Singular Value Decomposition

Mapayovrotroinon 1d16popewv Tipwv

Slice Koupam
Soft thresholding ‘Hma katweAiwon
Sparse Apaiog

Sparse representation

Apaif) avamrapdoTaon

Sparsity constraints

[Mepiopiouoi apaldTNTAG

Spatial map

XWwPIKOG XApTNG

Surrogate function

AVTITTPOOWTTEUTIKI} OUVAPTNON

Task-related time courses

2XETIKA UE TNV EPyQTia Xpovodiaypduuara

Tensor TavuoTAg

Tensor Probabilistic Component Analysis | TavuoTIKn MBavoAoyiknA AvdAuon
AVEEAPTNTWYV ZUVIOCTWOWV

Thread NAua

Time course Xpovodidypauua

Unified shader pipeline Eviaia cwAfjvwon okiaong
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2YNTMHZEIXZ — APKTIKOAE=A — AKPQONYMIA
ALU Arithmetic Logic Unit
API Application Programmming Interface
BLAS Basic Linear Algebra Subprograms
BOLD Blood-Oxygen-Level Dependent
BSS Blind Source Separation
CANDECOMP | Canonical Decomposition
CPU Central Processing Unit
CUBLAS cuda Basic Linear Algebra Subprograms
CUDA Compute Unified Device Architecture
DFT Discrete Fourier Transform
DWT Discrete Wavelet Transform
FBN Functional Brain Networks
FFTW Fast Fourier Tranform in the West
fMRI functional Magnetic Resonance Imaging
GB Giga Byte
GFLOPS Giga Floating-Point Operations per Second
GHz Giga Hertz
GLM General Linear Model
GPU Graphics Processing Unit
HRF Haemodynamic Response Function
IEEE Institute of Electrical and Electronics Engineers
ICA Independent Component Analysis
IPP Integrated Performance Primitives
KKT Karush-Kuhn-Tucker
LAPACK Linear Algebra PACKage
LU Lower Upper
Matlab Matrix laboratory
MHz Mega Hertz
MKL Math Kernel Library
MM Majorized Minimization
OMP Orthogonal Matching Pursuit
OpenGL Open Graphics Library
PARAFAC Parallel Factorization
PCA Principal Component Analysis
Pixel Picture element
SDL Supervised Dictionary Learning
SVD Singular Value Decomposition
Voxel Volume picture element
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NMAPAPTHMA |
YAotroinon aAyopifpwyv oe MATLAB pe xpaon GPU

210 TTapdpTnua | TTapabEtoupe TIG avTtioToixeg uhotToinoelg oe MATLAB pe xprion GPU
TWV aAYopiBuwYV TTou pag dGBnKav Kal e TOUG OTToIoUG aoXoAnBAKauE oTa TTAioIa TNG
TTapoucag epyaoiag. Na Tov k-SVD dev TTapéxoupe TETola UAOTTOINON, KABWG UTTHpXavV
KOuMATIa TToU ATavV UAotroinuéva o€ C kal dev ATav oupuPBartd pe Ta gpuArrays Tou
MATLAB.

1. AAy6pi6pog MM

% Majorized Minimization (MoM)
_________________________________________________________________________ +
Designed to solve the optimization task of the Assisted Dictionary
Learning (ADL) via Majorization Method also known as the Majorized
Minimization algorithm. Using GPU, based on
https://github.com/MorCTI/Attom-Assisted-DL/blob/master/Algorithm/MoM.m

o0° o° oe

o° oe

e

clear;
X = load('X.mat'); % load data from mat file
[a, b, c] = size(X);
X reshape (X,a, b*c);
Y gpulArray (X); % store data into gpu
clearvars -except Y;
K = 10; % Number of components
Tt = 200; % Total number of iterations
Ts = 20; % Number of iteration to compute the spatial maps
Es = 0; % (optional parameter) not used in our implementation
Td = 20; % Number of iteration to compute the dictionary
Ed = 0; % (optional parameter) not used in our implementation
lambda =0.5; % The & of the problem
ccl=1l; % Value of the normalization of each atom
% Initialization
tic;
[T,N] = size(Y);
lambda = lambda*sqgrt (norm(Y, 'fro')/(T*N));%Normalization of the parameter &
D = randn (T, K, '"gpuArray');
S = randn(K,N, '"gpuArray');
I = gpuArray(diag(ones(1,K)));
fprintf ('Initial error %.6f \n',sgrt(norm(Y-D*S, 'fro')/(T*N)));
for i=1:Tt
% Update Coefficients
Dux = D'*D;
cS = real (max(sqgrt (complex (eig (Dux.'*Dux)))));
DY = D'*Y/cS;
Ag = I-Dux/cS;

I~

Err = 1;
t = 1;
bound = 0.5*lambda/cS;
while (t<=Ts && Err>Es)
A = DY+AQ*S;
A = wthresh (A, 's', bound);
S = A;
t = t+1;

end
% Update Dictionary

Sux = S*3';

cD = real (max(sgrt (complex (eig(Sux.'*Sux)))));
YS = Y*S'/cD;

Bg = I-Sux/cD;

Err = 1;
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t =1;
while (t<=Td && Err > Ed)
B = YS + D*Bg;
Kv = sgrt(sum(B."2));

Kv(Kv < ccl) = 1;

B = bsxfun(@rdivide, B,Kv) ;
D = B;

t = t+1;

end

[}

% Error Computation
fprintf ('Iteration %d : %$.6f \n',i,sqrt(norm(Y-D*S, "'fro')/(T*N)));

end
disp(['mom cpu time: ' num2str(toc)]);
2. AA\y6p18pog PARAFAC2
function [A,H,C,P,fit] = parafac2(X,F)
% THE PARAFAC2 MODEL
% Algorithm to fit the PARAFAC2 model which is an advanced variant of the
% normal PARAFACIl model. It handles slab-wise deviations between
components
% 1n one mode as long as the cross-product of the components stays

o\

reasonably fixed. This can be utilized for modeling chromatographic
data with retention time shifts, modeling certain batch data of
varying length etc. See Bro, Kiers & Andersson, Journal of
Chemometrics,

% 1999, 13, 295-309 for details on application and Kiers, ten Berge &
Bro, Journal of Chemometrics, 1999, 13, 275-294, for details on the
ithm

o\

o°

o

algo

oe K

o°

o°

The PARAFAC2 model is given

o

Xk = A*Dk* (Pk*H)' + Ek, k

1, .., K

o° oo

o°

Xk is a slab of data (I x J) in which J may actually vary with K. K
is the number of slabs. A (I x F) are the scores or first-mode
loadings. Dk
is a diagonal matrix that holds the k'th row of C in its diagonal. C
(K x F) is the third mode loadings, H is an F x F matrix, and Pk is a
% J x F orthogonal matrix (J may actually vary from k to k. The output
here
% 1s given as a cell array of size J x F x K. Thus, to get e.g. the
second P

o)

% write P(:,:,2), and to get the estimate of the second mode loadings at
this

% second frontal slab (k = 2), write P(:,:,2)*H. The matrix Ek holds the
residuals.

o°

o

o°

o©

o\

INPUT

o\

o\

X

o

Holds the data.
If all slabs have similar size, X is an array:
X(:y:,1) = X1; X(:,:,2) = X2; etc.

o oP
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% If the slabs have different size X is a cell array (type <<help
cell>>)

o°

X{1l} = X1; X{2} = X2; etc.
If you have your data in an 'unfolded' two-way array of size
I x JK (the three-way array is I x J x K), then simply type
X = reshape (X, [I J K]); to convert it to an array.

o o° oo

o°

F

o° o°

The number of components (sources) to extract

o o

o°

OUTPUT
See right above INPUT

o°

ShowFit = 100; % Show fit every 'ShowFit' iteration

ConvCrit = le-7; % Convergence criterion

MaxIt = 1000; % Maximal number of iterations

fprintf ('\n\nConvergence criterion : %s\n',num2str (ConvCrit)) ;
fprintf ('Maximal number of iterations : %$s\n',num2str (MaxIt));
fprintf ('Number of factors : $s\n\n\n',num2str (F)) ;

% Make X a cell array if it isn't
if (~iscell (X))

fprintf ('Converting input into a cell array\n\n');

i = size(X,3);

x{1i} = ones(i);

for k = 1l:size (X, 3)

x{k} = X(:,:,k);

end

X = x;

clear x
end

I size (X{1},1);
K = max(size (X))
% Initialize randomly
disp (' Random initialization of A, C, H');
A = rand(I,F, 'gpuhArray');
C = rand(K,F, '"gpuArray
H = eye(F, 'gpuArray'); returns an F-by-F identity matrix with ones on
the main diagonal and zeros elsewhere.
XtX=X{1}*X{1}'; % Calculate for evaluating fit (but if initi = 1 it has
been calculated)
for k = 2:K
XtX = XtX + X{k}*X{k}"';

")
’
o

]

end

fit = sum(diag (XtX));% athroisma stoixeiwn diagwniou tetrsg
oldfit = fit*2;

£fit0 = fit;

it = 0;

disp(' ")

disp(' Fitting model ...")

disp (' Loss-value Iteration VariationExpl'")
P = cell(l);

Y = gpulArray(zeros(I,F,K));

% Iterative part

while (abs(fit-oldfit)>oldfit*ConvCrit && it<MaxIt && fit>1000*eps)
oldfit = fit;
it =1t + 1;
% Update P
for k = 1:K
Qk = X{k}'*(A*diag(C(k,:))*H");
P{k} = Qk*psqgrt (Qk'*Qk) ;
Y(:,:,k) = X{k}*P{k};
end

o\°
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% Update A,H,C using PARAFAC-ALS
[A,H,C]=parafac (reshape(Y¥,I,F*K),[I F K],F,1le-4,A,H,C,5);
[fit,X] = pf2fit(X,A,H,C,P,K);
% Print interim result
if (rem(it,ShowFit)==0 || it == 1)
fprintf (' %12.10f %g $3.4f \n',fit,1it,100* (1-
fit/fit0));
end
end
if (rem(it, ShowFit)~=0) %Show final fit if not Jjust shown
fprintf (' %12.10f %9 $3.4f \n',fit,1it,100* (1-fit/fit0));
end
end

function [A,B,C,fit,it] = parafac(X,DimX, Fac,crit,A,B,C,maxit)

o°

Complex PARAFAC-ALS

Fits the PARAFAC model Xk = A*Dk*B.' + E

where Dk is a diagonal matrix holding the k'th
row of C.

0% o0 o oe

o°

Uses on-the-fly projection-compression to speed up
the computations. This requires that the first mode
is the largest to be effective

o® oo oo

o°

INPUT

X : Data

DimX : Dimension of X

Fac : Number of factors

OPTIONAL INPUT

crit : Convergence criterion (default 1le-6)

Constraints: [a b c¢], if e.g. a=0 => A unconstrained, a=1 => A
nonnegative

A,B,C : Initial parameter values

o® o® o° o o

o°

o oo

o°

I/0
[A,B,C,fit,it]=parafac(X,DimX, Fac,crit,A,B,C);

o°

o

Copyright 1998
Rasmus Bro
KVL, Denmark, rb@kvl.dk

o° oo

o°

% Initialization
if nargin<8

maxit = 2500; % Maximal number of iterations
end
showfit = pi; % Show fit every 'showfit'th iteration (set to pi
to avoid)

if nargin<4
crit=le-6;

end

if crit==
crit=le-6;

end

J = DimX (2);

K = DimX (3) ;

SumSgX = sum(sum(abs (X)."2));
fit = SumSgX;

£fit0 = fit;
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fitold = 2*fit;

it = 0;

while (abs((fit-fitold)/fitold)>crit && it<maxit && fit>10*eps)
it=it+1;
fitold=fit;

% Update A
Xbc=0;
for k=1:K
Xbc = Xbc + X (:, (k=1)*J+1:k*J) *conj (B*diag(C(k,:)));
end
A = Xbc*pinv ((B'*B).*(C'*C)).";

% Project X down on orth(A) - saves time if first mode is large
[Qa,Ral=qgr (A, 0);
x=Qa'*X;

% Update B

Xac=0;
for k=1:K
Xac = Xac + x(:, (k=1)*J+1:k*J)."'"*conj (Ra*diag(C(k,:)));
end
B = Xac*pinv((Ra'*Ra).*(C'*C))."';
% Update C
ab=pinv ((Ra'*Ra).* (B'*B));
for k=1:K
C(k,:) = (ab*diag(Ra'* x(:, (k=1)*J+1:k*J)*conj(B))).";
end

% Calculating fit. Using orthogonalization instead
$fit=0; for k=1:K,residual=X(:, (k=1)*J+1:k*J) -
A*diag(C(k,:))*B.';fit=fit+sum(sum( (abs (residual) .”2))) ;end

[Ner]:qr (B,0);
[~,Rc]=gr(C,0)
m

fit=SumSgX-sum (sum(abs (Ra*ppp (Rb,Rc) .") ."2));
if rem(it,showfit)==0
fprintf (' $12.10f %9 $3.4f \n',fit,it,100* (1-
fit/fit0));
end
end

% ORDER ACCORDING TO VARIANCE

Tuck = diag ((A'*A) .*(B"'*B) .*(C'*C));

[~,ID] = sort(Tuck);

A = A(:,1ID);

B = B(:,ID);

C =C(:,1ID);

% NORMALIZE A AND C (variance in B)

for f=1:Fac,normC(f) = gpuArray(norm(C(:,f))) ;end
for f=1:Fac,normA(f) = gpuArray(norm(A(:,f))) ;end
B = B*diag (normC) *diag (normA) ;

A = A*diag(normA.”(-1));

C = C*diag(normC.”(-1));

$APPLY SIGN CONVENTION
SignA = sign(sum(sign(A)) teps);
SignC = sign(sum(sign (C) ) teps);
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A = A*diag(SignA);

C = C*diag(SignC);

B = B*diag(SignA) *diag (SignC) ;
end

function [fit,X]=pf2fit(X,A,H,C,P,K)
0;

fit =
for k 1:K
M = A*diag(C(k,:))*(P{k}*H)";
fit = fit + sum(sum(abs (X{k} - M )."2));
end
end

function AB=ppp (A, B)

The parallel proportional profiles product - triple-P product

For two matrices with similar column dimension the triple-P product
is ppp(A,B) = [kron(B(:,1),A(:,1) .... kron(B(:,F),A(:,F)]

o° o° o° oe

o°

AB = ppp(A,B);
[I,F]=size(A);
[J,Fl]l=size(B);

if F~=F1
error (' Error in ppp.m - The matrices must have the same number of
columns')
end
AB=zeros (I*J,F, 'gpuArravy');
for f=1:F
ab=A(:,f)*B(:,£).";
AB(:,f)=ab(:);
end

end

function X = psqgrt(A,tol)
% Produces A" (-.5) even if rank-problems
[U,S,V] = svd(A,0);
if (min(size(S)) ==
S = S5S(1);
else
S = diag(S);
end
if (nargin == 1)
tol = max(size(A)) * S(l) * eps;
end
r = sum(S > tol);
if (r == 0)
X = zeros(size(A'));
else
S = diag(ones (gather(r),1)./sqrt(S(l:r)));
X =V(:,1:r)*S*U(:,1:x)"';
end
end

1)
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NMAPAPTHMAIII
YAotroinon aAyopiBuwyv og CUDA

210 Tapdaptnua |l TTapabétoupe TIG avTioToixeg uAotroinoelg o CUDA Twv Tpiwv
aAyopiBUWYV PE TOUG OTTOIOUG AOXOANBRKAE.

1. AAy6pi6pog MM
/*********************************************************************/

/* This function is designed to solve the optimization task of the */
/* Assisted Dictionary Learning via Majorization Method also known */

/* as the Majorized Minimization algorithm */
/* Based on https://github.com/MorCTI/Attom-Assisted-DL/find/master */
/* Written in CUDA C using Microsoft Visual Studio 2015 */
/* 1Implemented by C. Patsouras, D. Papageorgiou */

/*********************************************************************/

111177717777 7777777777777777777717777777777117717
// File: main.cu //
[11177177771777777777777777777777777777771711717
#include <iostream>

#include <ctime>

#include <windows.h>

#include <curand.h>

#include <cusolverDn.h>

#include "cublas_v2.h"

#include "errorTypes.h"

#include "declarations.h"

#include "Globals.h"

#include "timer.h"

#include "mem.h"

#include INCLUDE_FILE(MATLAB_include,mat.h)
#include INCLUDE_FILE(MATLAB_include,matrix.h)
#include "matCode.h"

#include "primaryFunctions.h"

using namespace std;

L1170 777 0770700770777 00 77777777777 7777777777777777777777777777777171777117717
/* Global variables */

int *devInfo;

cublasHandle_t handle;

curandGenerator_t generator;

cusolverDnHandle_t cusolverH;

datatype *I, *KK, *KK2, *KVOXELS, *KVOXELS2, *TIMECOMPK, *TIMECOMPK2, *Kv,
*TIMECOMPVOXELS, *X, *D, *S, *W, *d_W;

L1170 77 0770700770777 0 0777777777777 7777777777777777777777777777777771777117117

int main(void) {
cudaError_t err;
datatype *datalnput;
mxArray *mx_ptr = NULL;

printf("MoM algorithm\n");

/* Reading input from file */
printf("Reading input from file\nPlease wait ...\n");
{

Timer t;
if (!t.isvalid()) {
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printf("Timer initialization error! Aborting...\n");
return -1;
}
t.tic();
readingInput(&datalnput, &mx_ptr);
printf("Reading Time: %f sec\n", t.toc());
printf("Input size : %d x %d\n", Globals::rowsX, Globals::colsX);

}
/* Allocate all the necessary memory */
{
Timer t;
if (!t.isvalid()) {
cerr << "Timer initialization error! Aborting..." << endl;
return -1;
}
t.GPUtic();
allocate();
printf("Time to allocate all the necessary memory: %f sec\n", t.GPUtoc() /
1000.0);

if ((err = cudaMemcpy(X, dataInput, Globals::rowsX * Globals::colsX *
sizeof(datatype), cudaMemcpyHostToDevice)) != cudaSuccess) {
printf("cudaMemcpy X failed: %s\n", cudaGetErrorString(err));
cleanup();

return -1;
}
/* Calling MoM */
{
Timer t;
if (!t.isvalid()) {
cerr << "Timer initialization error! Aborting..." << endl;
return -1;
}
t.GPUtic();
mom() ;
printf("MoM Time: %f sec\n", t.GPUtoc() / 1000.0);
}
/* Check for possible errors */
while ((err = cudaGetLastError()) != cudaSuccess)

printf("Error: An error occured during the execution of the program: %s\n",
cudaGetErrorString(err));
/* Free allocated memory */
if (mx_ptr) mxDestroyArray(mx_ptr);
cleanup();
return 0;

}

[17777717717777777777777777777777777177717717771777
// File: Timer.h //
[171717177777777177777777771777717777771771777777
#ifndef _TIMER_
#define _TIMER_

// Functions used for calculating
// elapsed time on CPU or GPU
class Timer {

private:
// Private Members
cudaEvent_t GPUstart, GPUstop;
LARGE_INTEGER CPUstart, CPUstop, frequency;

public:
// Constructor
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Timer();

~Timer();

// Public Methods
void tic();

double toc();
double tocmilli();
void GPUtic();

float GPUtoc();

bool isValid();

}s
#endif // ! TIMER_

[1777171717777771777777777717177777777171777777
// File: Timer.cu //
[1117717777177777777777777777771777771777717777
#include <iostream>

#include <windows.h>

#include "declarations.h"

#include "timer.h"

using namespace std;

/* _______________ */
/* Constructor */
/* _______________ */

Timer::Timer() {
this->GPUstart = NULL;
this->GPUstop = NULL;
cudaError_t cuda_error;
if ((cuda_error = cudaEventCreate(&this->GPUstart)) != cudaSuccess) {
cerr << "Cuda event create for GPUstart failed: " <«
cudaGetErrorString(cuda_error) << endl;
}
if ((cuda_error = cudaEventCreate(&this->GPUstop)) != cudaSuccess) {
cerr << "Cuda event create for GPUstop failed: " <<
cudaGetErrorString(cuda_error) << endl;

}
}
/* ______________ */
/* Destructor */
/* ______________ */

Timer::~Timer() {
if (this->GPUstart) {
cudakventDestroy(this->GPUstart);

}
if (this->GPUstop) {
cudakventDestroy(this->GPUstop);

}
}
/* ___________________________ */
/* Check if timer is valid */
/* ___________________________ */

bool Timer::isValid() {
return (this->GPUstart != NULL && this->GPUstop != NULL);
}

X. Matooupag - A. MNatrayewpyiou 78



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2

/* ___________________ */
/* Start CPU timer */
/* ___________________ */

void Timer::tic() {
QueryPerformanceFrequency(&this->frequency);
QueryPerformanceCounter(&this->CPUstart);

}

/* ____________________ */
/* Stop CPU timer and */
/* return in sec! */
/* ____________________ */

double Timer::toc() {

QueryPerformanceCounter(&this->CPUstop);

return ((double)(this->CPUstop.QuadPart - this->CPUstart.QuadPart) / this-
>frequency.QuadPart);

}

/* ____________________ */
/* Stop CPU timer and */
/* return in ms! */
/* ____________________ */

double Timer::tocmilli() {

QueryPerformanceCounter(&this->CPUstop);

return ((double)(this->CPUstop.QuadPart - this->CPUstart.QuadPart) / this-
>frequency.QuadPart * 1000.0);

}

/* ___________________ */
/* Start GPU timer */
/* ___________________ */

void Timer::GPUtic() {
cudakEventRecord(this->GPUstart);

}

/* ____________________ */
/* Stop GPU timer and */
/* return in ms! */
/* ____________________ */

float Timer::GPUtoc() {
cudakEventRecord(this->GPUstop);
cudaEventSynchronize(this->GPUstop);
float milliseconds = 9;
cudakEventElapsedTime(&milliseconds, this->GPUstart, this->GPUstop);
return milliseconds;

}
[11777777777777777777777777777177777777717777777
// File: reduction.h //

LIT71IT700 7777077777777 77717777717777777717177177
#ifndef __reduction__
#define __reduction__

void normalizeReduction(datatype *, datatype*);

#endif // !__reduction__

1117777117177 7177177777777777177177717777711771777
// File: reduction.cu //
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[117177777777777777777777777777177777177771771777

#include <math.h>

#include "declarations.h"

#include "reduction.h"

#include "Globals.h"

// Macro for finding the minimum of 2 numbers
#define MINIMUM(a,b) (a<b ?a : b))

// Temporary reduction storage buffer
__device__ datatype experimental_array[K * 1024];

/* Action performed on data before reduction of sum of elements! 'SUM OF SQUARE VALUES'
*/
__inline__ _ device__ datatype sqval(datatype val) {

return val*val;

}

/* Reduction within a single warp */
__inline__ _ device__ datatype warpReduceSum(datatype val) {
for (int offset = warpSize / 2; offset > @; offset /= 2)
val += __shfl down(val, offset);
return val;

}
/* Reduction within a single block */
__inline__ _ device__ datatype blockReduceSum(datatype val) {
// Max. block size = 1024 (32 x 32) = 32 warps of 32 threads
static _ shared__ datatype shared[32]; // Shared mem for 32 partial sums

int lane = threadIdx.x % warpSize;

int wid = threadIdx.x / warpSize;

val = warpReduceSum(val); // Each warp performs partial reduction

if (lane == ©@) shared[wid] = val; // Write reduced value to shared memory
__syncthreads(); // Wait for all partial reductions

//read from shared memory only if that warp existed

val = (threadIdx.x < blockDim.x / warpSize) ? shared[lane] : 90;

if (wid == @) val = warpReduceSum(val); //Final reduce within first warp
return val;

/* Reduction across multiple blocks -> STAGE 1: Blocks to buffer */
__global__ void deviceReduceKernel(datatype *in, int N, int cols) {
datatype sum = 0;
int i = blockIdx.x * blockDim.x + threadIdx.x;
if (1< N){
// Retrieve value filtered through function
sum = sqval(in[i*cols + blockIdx.y]);
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to first stage buffer
experimental_array[blockIdx.y * 1024 + blockIdx.x] = sum;

/* Reduction across multiple blocks -> STAGE 2: Partial sums */
__global _ void deviceReduceKernel2(datatype* out, int N) {
datatype sum = 0;
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int i = blockIdx.x * blockDim.x + threadIdx.x;
if (1 < N){
// Retrieve partial sum
sum = *(experimental_array + blockIdx.y * 1024 + i);
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output...
datatype s = sqrt(sum);
// ...after Soft Thresholding
out[blockIdx.y] = (s < CCL ? 1.0 : s);

/* Normalization of columns of A by 2 stage square sum reductions */
void normalizeReduction(datatype *A, datatype* B) {
dim3 block(512);
dim3 grid(MINIMUM((Globals::rowsX + block.x - 1) / block.x, 1024), K);
// 1st stage
deviceReduceKernel << <grid, block >> > (A, Globals::rowsX, K);
dim3 grid2(1, K);
// 2nd stage
deviceReduceKernel2 << <grid2, 1024 >> > (B, grid.x);

}

[1171777777777777777777771777777777777777777777
// File: primaryFunctions.h //
[11717777777777777777777777777777777177777771777
#ifndef __primaryFunctions__
#define __primaryFunctions__

void mom();

#tendif

[111777177777777777777777777777717777777771771717
// File: primaryFunctions.cu //
[111777717771777777777777777777777777777771717717
#tinclude <iostream>

#include <curand.h>

#include <cusolverDn.h>

#include "declarations.h"

#include "cublas_v2.h"

#include "kernel.h"

#include "culLibs.h"

#include "reduction.h"

#include "errorTypes.h"

#include "Globals.h"

#include "mem.h"

using namespace std;

L1170 0777 7707007707777 70 777777777777 777777777777777777777777777777117717777777
/* Global variables */

extern int *devInfo;

extern cublasHandle_t handle;

extern curandGenerator_t generator;

extern cusolverDnHandle_t cusolverH;

extern datatype *I, *KK, *KK2, *KVOXELS, *KVOXELS2, *TIMECOMPK, *TIMECOMPK2, *Kv,
*TIMECOMPVOXELS, *X, *D, *S, *W, *d_W;

L1177 7777777777777777777777777777777777777777777777777777717777777777717717777
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/* Computes the error of the approximation */
datatype ErrorComp() {

gpu_blas_mmul(handle, D, S, TIMECOMPVOXELS, @, Globals::rowsX, K, K,
Globals::colsX); // D*S

subtractMatrices << <(Globals::rowsX*Globals::colsX) / 1024 + 1, 1024 >> >
(TIMECOMPVOXELS, X, TIMECOMPVOXELS, Globals::rowsX*Globals::colsX); // Y - D*S

return sqrt(frobeniusNorm(handle, TIMECOMPVOXELS, Globals::rowsX*Globals::colsX) /
(Globals: :rowsX*Globals::colsX)); // sqrt(norm(Y - D*S, 'fro') / (TIMECOMP*VOXELS))

}

/* Calculates the new coefficients according to the MM algorithm */
void NewCoef(datatype lamb) {

cudaError_t err;

datatype ¢S, Err, bound;

int t, Ts, Es;

if (ES != -1) {
Ts = 500;
Es = ES;

}

else {
Ts = TS;
Es = 0;

}

gpu_blas_mmul(handle, D, D, KK, 1, Globals::rowsX, K, Globals::rowsX, K); // Dux =
D'*D;
gpu_blas_mmul(handle, KK, KK, KK2, 1, K, K, K, K); // Dux.'*Dux
¢S = findMaxSqrtEigenvalue(cusolverH, KK2, W, d_W, devInfo, K); // cS =
max(sqrt(eig(Dux. '*Dux)))
gpu_blas_mmul(handle, D, X, KVOXELS, 1, Globals::rowsX, K, Globals::rowsX,
Globals::colsX); // D'*Y
matrixDivNum << <(K*Globals::colsX) / 1024 + 1, 1024 >> > (KVOXELS,
K*Globals::colsX, cS); // DY = D'*Y/cS
matrixDivNum << < (K*K) / 1824 + 1, 1024 >> > (KK, K*K, c¢S); // Dux/cS
subtractMatrices << <(K*K) / 1024 + 1, 1024 >> > (KK2, I, KK, K*K); //Aq = I - Dux /
cS;
Err = 1.0;
t =1;
bound = (datatype)@.5*1lamb / cS;
while (t <= Ts && Err>Es) {
gpu_blas_mmul(handle, KK2, S, KVOXELS2, @, K, K, K, Globals::colsX); // Ag*S
addMatrices << <(K*Globals::colsX) / 1024 + 1, 1024 >> > (KVOXELS2, KVOXELS,
KVOXELS2, K*Globals::colsX); // A = DY+AQ*S
wthresh << <(K*Globals::colsX) / 1024 + 1, 1024 >> > (KVOXELS2,
K*Globals::colsX, bound); // A = wthresh(A, 's', ©.5*%lam / cS)
if ((err = cudaMemcpy(S, KVOXELS2, K * Globals::colsX * sizeof(datatype),
cudaMemcpyDeviceToDevice)) != cudaSuccess) {
printf("cudaMemcpy S failed: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
} // S=A
t=1t+ 1;

/* Calculates the new Dictionary atoms according to the MM algorithm */
void NewDict() {

int t, Ed, Td;

cudaError_t err;

datatype cD, Err;

if (ED != -1) {
Ed = ED;
Td = 100;
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}
else {
Td = TD;
Ed = 0;
}

gpu_blas _mmul(handle, S, S, KK, 2, K, Globals::colsX, K, Globals::colsX); // Sux =
S*S'
gpu_blas_mmul(handle, KK, KK, KK2, 1, K, K, K, K); // Sux.'*Sux
cD = findMaxSqrtEigenvalue(cusolverH, KK2, W, d_W, devInfo, K); // cD =
max(sqrt(eig(Sux. '*Sux)))
gpu_blas_mmul(handle, X, S, TIMECOMPK, 2, Globals::rowsX, Globals::colsX, K,
Globals::colsX); // Y*S'
matrixDivNum << <(Globals::rowsX*K) / 1024 + 1, 1024 >> > (TIMECOMPK,
Globals: :rowsX*K, cD); // YS = Y*S'/cD
matrixDivNum << <(K*K) / 1024 + 1, 1024 >> > (KK, K*K, cD); // Sux/cD
subtractMatrices << <(K*K) / 1024 + 1, 1024 >> > (KK2, I, KK, K*K); // Bgq = I-Sux/cD
Err = 1.0;
t = 1;
while (t <= Td && Err > Ed) {
gpu_blas_mmul(handle, D, KK2, TIMECOMPK2, @, Globals::rowsX, K, K, K); // D*Bq
addMatrices << <(Globals::rowsX*K) / 1024 + 1, 1024 >> > (TIMECOMPK2,
TIMECOMPK, TIMECOMPK2, Globals::rowsX*K); // B = YS + D*Bq
normalizeReduction(TIMECOMPK2, Kv); // Kv = sqrt(sum(B.”2)); Kv(Kv < ccl) = 1;
rdivide << <(Globals::rowsX*K) / 1024 + 1, 1024 >> > (TIMECOMPK2,
Globals::rowsX, K, Kv); //B = bsxfun(@rdivide,B,Kv)
if ((err = cudaMemcpy(D, TIMECOMPK2, Globals::rowsX * K * sizeof(datatype),
cudaMemcpyDeviceToDevice)) != cudaSuccess) {
printf("cudaMemcpy failed D: %s\n", cudaGetErrorString(err));
cleanup();

exit(-1);
} //D=B8B
t=1t+ 1;

/* Majorized minimization */
void mom() {
int i;
datatype lamb;
lamb = (datatype)LAMBDA*sqrt(frobeniusNorm(handle, X, Globals::rowsX*Globals::colsX)
/ (Globals::rowsX*Globals::colsX)); //lamb = lamb*sqrt(norm(Y, 'fro')/(T*N));
randn(generator, D, Globals::rowsX * K); // D = randn(T,K)
randn(generator, S, K * Globals::colsX); // S = randn(K,N)
dim3 grid(1, 1);
dim3 threads(K, K);
initIdentityGPU << <grid, threads >> > (I, K, K);
printf("Initial error\t: %f\n\n", ErrorComp());
for (i = @; i < ITER; i++) {
NewCoef(lamb);
NewDict();
printf("Iteration %d\t: %f \n", i + 1, ErrorComp());

printf("\nFinal error\t: %f \n", ErrorComp());

}
[I1177770077777717171717777111177771111117711117
// File: mem.h //

[I11710777 770770177770 777777777777777777177117777
#ifndef __mem__
#define __mem__

void allocate();
void cleanup();
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#endif // ! __clean__
[11177177771777777777777777777717777777717171717
// File: mem.cu //
[1777171717777771777777777717177777777171777777
#include <iostream>

#include <ctime>

#include <curand.h>

#include <cusolverDn.h>

#include "cublas_v2.h"

#include "declarations.h"

#include "errorTypes.h"

#include "Globals.h"

L1171 7770777 770777777777 7777777777777777777777777777777777777777777177717717717
/* Global variables */

extern int *devInfo;

extern cublasHandle_t handle;

extern curandGenerator_t generator;

extern cusolverDnHandle_t cusolverH;

extern datatype *I, *KK, *KK2, *KVOXELS, *KVOXELS2, *TIMECOMPK, *TIMECOMPK2, *Kv,
*TIMECOMPVOXELS, *X, *D, *S, *W, *d_W;

L1171 77707777 70777777777 777777777777777777777777777777777777777777717717717717

/* Free all the previously allocated memory */
void cleanup() {

cudaError_t err;

curandStatus_t curstat;

cublasStatus_t cubstat;

cusolverStatus t cusstat;

if (W) free(W);

if (generator && (curstat = curandDestroyGenerator(generator)) !=
CURAND_STATUS_SUCCESS)

printf("curandDestroyGenerator failed: %s\n", curandGetErrorString(curstat));
if (handle && (cubstat = cublasDestroy(handle)) != CUBLAS_STATUS_SUCCESS)
printf("cublasDestroy failed: %s\n", cublasGetErrorString(cubstat));

if (X & (err = cudaFree(X)) != cudaSuccess) printf("cudaFree X failed: %s\n",
cudaGetErrorString(err));

if (D & (err = cudaFree(D)) != cudaSuccess) printf("cudaFree D failed: %s\n",
cudaGetErrorString(err));

if (S && (err = cudaFree(S)) != cudaSuccess) printf("cudaFree S failed: %s\n",
cudaGetErrorString(err));

if (I & (err = cudaFree(I)) != cudaSuccess) printf("cudaFree cul failed: %s\n",
cudaGetErrorString(err));

if (KK && (err = cudaFree(KK)) != cudaSuccess) printf("cudaFree KK failed: %s\n",
cudaGetErrorString(err));

if (KK2 && (err = cudaFree(KK2)) != cudaSuccess) printf("cudaFree KK2 failed: %s\n",
cudaGetErrorString(err));

if (KVOXELS && (err = cudaFree(KVOXELS)) != cudaSuccess) printf("cudaFree KVOXELS
failed: %s\n", cudaGetErrorString(err));

if (KVOXELS2 && (err = cudaFree(KVOXELS2)) != cudaSuccess) printf("cudaFree KVOXELS2
failed: %s\n", cudaGetErrorString(err));

if (TIMECOMPK && (err = cudaFree(TIMECOMPK)) != cudaSuccess) printf("cudaFree
TIMECOMPK failed: %s\n", cudaGetErrorString(err));

if (TIMECOMPK2 && (err = cudaFree(TIMECOMPK2)) != cudaSuccess) printf("cudaFree
TIMECOMPK2 failed: %s\n", cudaGetErrorString(err));

if (Kv & & (err = cudaFree(Kv)) != cudaSuccess) printf("cudaFree Kv failed: %s\n",
cudaGetErrorString(err));

if (TIMECOMPVOXELS && (err = cudaFree(TIMECOMPVOXELS)) != cudaSuccess)
printf("cudaFree TIMECOMPVOXELS failed: %s\n", cudaGetErrorString(err));

if (devInfo & (err = cudaFree(devInfo)) != cudaSuccess) printf("cudaFree devInfo
failed: %s\n", cudaGetErrorString(err));

if (cusolverH && (cusstat = cusolverDnDestroy(cusolverH)) !=
CUSOLVER_STATUS_SUCCESS)
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printf("cusolverDnDestroy failed: %s\n", cusolverGetErrorString(cusstat));
if (d_W & (err = cudaFree(d_W)) != cudaSuccess) printf("cudaFree d_W failed: %s\n",
cudaGetErrorString(err));
if (cudaDeviceReset() != cudaSuccess) printf("cudaDeviceReset failed: %s\n",
cudaGetErrorString(err));

}

/* Allocate all necessary memory for global variables */
void allocate() {
cudaError_t err;
cublasStatus_t cubStat;
curandStatus_t curStat;
cusolverStatus_t cusStat;
if ((W = (datatype *)malloc(K * sizeof(datatype))) == NULL) {
perror("malloc failed W");
cleanup();
exit(-1);
}
if ((cubStat = cublasCreate(&handle)) != CUBLAS_STATUS_SUCCESS) {
printf("cublasCreate failed: %s\n", cublasGetErrorString(cubStat));
cleanup();
exit(-1);

if ((cusStat = cusolverDnCreate(&cusolverH)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnCreate failed: %s\n", cusolverGetErrorString(cusStat));
cleanup();
exit(-1);

if ((curStat = curandCreateGenerator(&generator, CURAND_RNG_PSEUDO DEFAULT)) !=
CURAND_STATUS_SUCCESS) {
printf("curandCreateGenerator failed: %s\n", curandGetErrorString(curStat));
cleanup();
exit(-1);
}
if ((curStat = curandSetPseudoRandomGeneratorSeed(generator, (unsigned long long)
clock())) != CURAND STATUS_SUCCESS) {
printf("curandSetPseudoRandomGeneratorSeed failed: %s\n",
curandGetErrorString(curStat));
cleanup();
exit(-1);

if ((err = cudaMalloc((void **)&X, Globals::rowsX * Globals::colsX *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed cuX: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&D, Globals::rowsX * K * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed D: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&S, K * Globals::colsX * sizeof(datatype))) !=
cudaSuccess) {
printf(“"cudaMalloc failed S: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);

if ((err = cudaMalloc((void **)&I, K * K * sizeof(datatype))) != cudaSuccess) {
printf(“"cudaMalloc failed cul: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);

X. Matooupag - A. MNatrayewpyiou 85



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2
if ((err = cudaMalloc((void **)&KK, K * K * sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed KK: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&KK2, K * K * sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed KK2: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&KVOXELS, K * Globals::colsX * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed KVOXELS: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&KVOXELS2, K * Globals::colsX * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed KVOXELS: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);

if ((err = cudaMalloc((void **)&TIMECOMPK, Globals::rowsX * K * sizeof(datatype)))
I= cudaSuccess) {
printf("cudaMalloc failed TIMECOMPK: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&TIMECOMPK2, Globals::rowsX * K * sizeof(datatype)))
I= cudaSuccess) {
printf("cudaMalloc failed TIMECOMPK2: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&Kv, K * sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed Kv: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void **)&TIMECOMPVOXELS, Globals::rowsX * Globals::colsX *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed TIMECOMPVOXELS: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if ((err = cudaMalloc((void**)&d_W, K * sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed d_W: %s\n", cudaGetErrorString(err));
cleanup();

exit(-1);
}
if ((err = cudaMalloc((void**)&devInfo, sizeof(int))) != cudaSuccess) {
printf("cudaMalloc failed devInfo: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
¥
¥
[I7177777777777777777177777777777777777177771717
// File: matCode.h //

[117177777777777777777777177777717777777777177777
#ifndef __matCode__
#define __matCode__

bool readMat (datatype**, mxArray **, unsigned int*, unsigned int*,char*, char*);
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void readingInput(datatype **, mxArray**);

ttendif

[1777171717777771717777777717177777777171777777
// File: matCode.cu //
[111771777717777777777777777777777777777717171717
#include <iostream>

#include "mem.h"

#include "Globals.h"

#include "declarations.h"

#include INCLUDE_FILE(MATLAB_include,mat.h)
#include INCLUDE_FILE(MATLAB_include,matrix.h)

using namespace std;

/* Read MATLAB file format */
bool readMat(datatype** array dbl, mxArray **mArray, unsigned int* rows ptr, unsigned
int* cols_ptr, char* file, char* array_name) {
MATFile *pmat;
if ((pmat = matOpen(file, "r") ) == NULL) {
cout << "Error opening file " << file <<
return false;

" "
.

<< endl;

}
if ((*mArray = matGetVariable(pmat, array_name)) == NULL) {

cerr << "Error reading existing matrix X..." << endl;
matClose(pmat);
return false;
#ifdef MODE
*array_dbl = mxGetPr(*mArray);
#else
*array_dbl = (datatype*)mxGetData(*mArray);
#endif
*rows_ptr = (unsigned int)mxGetM(*mArray);
*cols _ptr = (unsigned int)mxGetN(*mArray);
if (matClose(pmat) != 0) {
cerr << "Error closing file " << file << "..." << endl;

return false;

}

return true;

/* Uses readMat function to read input from mat file and stores it to given array */
void readingInput(datatype **array, mxArray** mx) {
if (!readMat(array, mx, &Globals::rowsX, &Globals::colsX, Xarray_in_PATH, "X")) {
printf("An error occured while reading input file!");
cleanup();

exit(-1);
¥
¥
[11777777777777777777777777777177777777777177777
// File: kernel.h //

[117177777777777777777777177777717777777777177777
#ifndef __kernel__
#tdefine __kernel__

__global__ void initIdentityGPU(datatype *, int, int);

__global __ void matrixDivNum(datatype *, int, datatype);
__global__ void subtractMatrices(datatype *, datatype *, datatype *, int);
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_global__ void addMatrices(datatype *, datatype *, datatype *, int);

__global__ void wthresh(datatype *, int, datatype);

_global__ void rdivide(datatype *, int, int, datatype *);

#endif // !__kernel _

[111711171771777777771777777717117171711717717117
// File: kernel.cu //
[11171777177177777777177777771711717171171771117

#include "declarations.h"

/* Creates an identity matrix with size row x col (needs 2D block) */
__global _ void initIdentityGPU(datatype *matrix, int row, int col) {
int x = blockDim.x*blockIdx.x + threadIdx.x;
int y = blockDim.y*blockIdx.y + threadIdx.y;
if (x < row & y < col) {
if (x == y) matrix[x*col + y] = 1.0;
else matrix[x*col + y] = 0.0

)

/* Divides every element of the given matrix by a specific value */
__global__ void matrixDivNum(datatype *a, int size, datatype val) {
int index = blockIdx.x *blockDim.x + threadIdx.x;
if (index < size) a[index] = a[index] / val;

/* Subtracts two matrices a,b and stores the result in matrix c */

__global__ void subtractMatrices(datatype *c, datatype *a, datatype *b, int size) {
int index = blockIdx.x *blockDim.x + threadIdx.x;
if (index < size) c[index] = a[index] - b[index];

/* Adds two matrices a,b and stores the result in matrix c */

__global__ void addMatrices(datatype *c, datatype *a, datatype *b, int size) {
int index = blockIdx.x *blockDim.x + threadIdx.x;
if (index < size) c[index] = a[index] + b[index];

/* Performs soft thresholding to the input matrix arr
Y = sign(X)*(|X|-T)+ , soft thresholding is wavelet shrinkage ( (x)+ = @ if x<@; (X)+ =
X, if x >=0 ) */
__global__ void wthresh(datatype *arr, int size, datatype thres) {
int index = blockIdx.x *blockDim.x + threadIdx.x;
if (index < size) {
datatype sign = 1.0;
if (arr[index] < @) {
arr[index] = -arr[index];
sign = -1.0;
}
arr[index] = arr[index] - thres;
if (arr[index] < @) arr[index] = 0;
else arr[index] = sign * arr[index];

/* Divides each row of matrix b by the row matrix kv and stores result in matrix b */
__global__ void rdivide(datatype *b, int rowb, int colb, datatype *kv) {
__shared__ datatype shm[K];
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int index = blockIdx.x *blockDim.x + threadIdx.x;

if (threadIdx.x < K) shm[threadIdx.x] = kv[threadIdx.x];

__syncthreads();

if (index < rowb*colb) b[index] = b[index] / shm[index % colb];

¥
[11717777777777777777777777777717777777717777777
// File: Globals.h //

[11717777777777777777777717777777777717777177777
#ifndef __Globals__
#define __Globals___

/* Namespace used for global variables */
namespace Globals {
/* Global values (size of input array) */
extern unsigned int rowsX;
extern unsigned int colsX;

}s
#endif // !__Globals__

11117771777 7777777777777777777771777777777717777
// File: Globals.cu //
11117771777 7177777777777777777771777777771771717
#include "Globals.h"

unsigned int Globals::rowsX = ©; // Rows of input array X

unsigned int Globals::colsX = @; // Columns of inout array X

[I171777777777777777777777777717777777777177777
// File: errorTypes.h //
[11717777777777777777777717777771777777777777777
#ifndef __errorTypes_
#define __errorTypes___

const char *curandGetErrorString(curandStatus_t);
const char* cublasGetErrorString(cublasStatus_t);
const char* cusolverGetErrorString(cusolverStatus_t);

#endif // !__errorTypes__

[I1717777777777777777777777777777777777717777777
// File: errorTypes.cu //
[11717777777777777777777777777777777777717777777
#include <curand.h>

#include <cusolverDn.h>

#include "cublas_v2.h"

/* Finds the proper error string based on the error code of a library's curand function
*/
const char *curandGetErrorString(curandStatus_t error) {
switch (error) {
case CURAND_STATUS_SUCCESS: return "CURAND_STATUS_SUCCESS";
case CURAND_STATUS_VERSION_MISMATCH: return "CURAND_STATUS_VERSION_MISMATCH";
case CURAND_STATUS_NOT_INITIALIZED: return "CURAND_STATUS_ NOT_INITIALIZED";
case CURAND_STATUS_ALLOCATION_FAILED: return
"CURAND_STATUS_ALLOCATION_FAILED";
case CURAND_STATUS_TYPE_ERROR: return "CURAND_STATUS_TYPE_ERROR";
case CURAND_STATUS OUT_OF RANGE: return "CURAND_STATUS_OUT_OF RANGE";
case CURAND_STATUS_LENGTH_NOT_MULTIPLE: return
"CURAND_STATUS_LENGTH_NOT_MULTIPLE";
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case CURAND_STATUS_DOUBLE_PRECISION_REQUIRED: return
"CURAND_STATUS_DOUBLE_PRECISION_REQUIRED";

case CURAND_STATUS_LAUNCH_FAILURE: return "CURAND_STATUS_LAUNCH_FAILURE";

case CURAND_STATUS_PREEXISTING_FAILURE: return
"CURAND_STATUS_PREEXISTING_FAILURE";

case CURAND_STATUS_INITIALIZATION_FAILED: return
"CURAND_STATUS_INITIALIZATION_FAILED";

case CURAND_STATUS_ARCH_MISMATCH: return "CURAND_STATUS_ARCH_MISMATCH";

case CURAND_STATUS_INTERNAL_ERROR: return "CURAND_STATUS_INTERNAL_ERROR";

¥
return "UNKNOWN ERROR";

/* Finds the proper error string based on the error code of a library's cublas function
*/
const char *cublasGetErrorString(cublasStatus_t status) {
switch (status) {
case CUBLAS_STATUS_SUCCESS: return "CUBLAS_STATUS_SUCCESS";
case CUBLAS_STATUS_NOT_INITIALIZED: return "CUBLAS_STATUS_NOT_INITIALIZED";
case CUBLAS_STATUS_ALLOC_FAILED: return "CUBLAS_STATUS_ALLOC_FAILED";
case CUBLAS_STATUS_INVALID_VALUE: return "CUBLAS_STATUS_INVALID_VALUE";
case CUBLAS_STATUS_ARCH_MISMATCH: return "CUBLAS_STATUS_ARCH_MISMATCH";
case CUBLAS_STATUS_MAPPING_ERROR: return "CUBLAS_STATUS_MAPPING_ERROR";
case CUBLAS_STATUS_EXECUTION_FAILED: return "CUBLAS_STATUS_EXECUTION_FAILED";
case CUBLAS_STATUS_INTERNAL_ERROR: return "CUBLAS_STATUS_INTERNAL_ERROR";

}
return "UNKNOWN ERROR";

/* Finds the proper error string based on the error code of a library's cusolver function
*/
const char *cusolverGetErrorString(cusolverStatus t status) {
switch (status) {
case CUSOLVER_STATUS_SUCCESS: return "CUSOLVER_STATUS_SUCCESS";
case CUSOLVER_STATUS_NOT_INITIALIZED: return
"CUSOLVER_STATUS_NOT_INITIALIZED";
case CUSOLVER_STATUS_ALLOC_FAILED: return "CUSOLVER_STATUS_ALLOC_FAILED";
case CUSOLVER_STATUS_INVALID VALUE: return "CUSOLVER_STATUS_INVALID_VALUE";
case CUSOLVER_STATUS_ARCH_MISMATCH: return "CUSOLVER_STATUS_ARCH_MISMATCH";
case CUSOLVER_STATUS_EXECUTION_FAILED: return "CUSOLVER_STATUS_ execution
failed";
case CUSOLVER_STATUS_MATRIX_TYPE_NOT_SUPPORTED: return "CUSOLVER_STATUS Matrix
not supported";
case CUSOLVER_STATUS_INTERNAL_ERROR: return "CUSOLVER_STATUS_INTERNAL_ERROR";

}

return "UNKNOWN ERROR";
}
[17171717177777717777777777171777777177177777777
// File: declarations.h //

[I7177777777077777777777777777777777771777177717
#ifndef __declarations__
#define __declarations__

#include "cuda_runtime.h"
#include "device_launch_parameters.h"

#tdefine MODE 1 // © for float, 1 for double
#if (MODE)

typedef double datatype;
#else
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typedef float datatype;
#endif

#define K 10 // The number of sources

#define ITER 200 // The total number of iterations

#tdefine TS 20 // The number of internal iterations of NewCoef

#define TD 20 // The number of internal iterations of NewDict

#define LAMBDA 0.5 // The A of the problem (depends on the dataset)

#define CCL 1 // Value of the normalization of each atom

#define ES -1 //(optional) If it is selected, the stop criteria of the spatial maps is
changed to the error Es between iterations given by ||S~[n]-S~[n-1]]]|_{F} < Es

#define ED -1 //(optional) The stop criteria is changed to use an error check step

| [DA[n]-D*[n-1]||_{F} < Ed

/* In order to use read mat files */

#define Xarray_in_PATH "./input/X.mat"

#define MATLAB_include C:\Program Files\MATLAB\MATLAB Production
Server\R2015a\extern\include\\

#define QUOTEME (x) QUOTEME_1(x)
#define QUOTEME_1(x) #x
#define INCLUDE_F(X,y) QUOTEME(x ## vy)

#define INCLUDE_FILE(x,y) INCLUDE_F(X,y)

#tendif

[1171777777777777777777771777777777777777777777
// File: culLibs.h //
[I1717777777777777777777777777177777777717777777
#ifndef __culibs__
#define __ culibs__

datatype frobeniusNorm(cublasHandle_ t, datatype *, int);

void randn(curandGenerator_t, datatype *, int);

datatype findMaxSqrtEigenvalue(cusolverDnHandle_t, datatype *, datatype *, datatype *,
int *, const int);

void gpu_blas_mmul(cublasHandle t, const datatype *, const datatype *, datatype *, int,
const int, const int, const int, const int);

tendif

[17171717177777717777777777171771777777171777777
// File: culLibs.cu //
[171717177777777177777777771777717777771771777777
#include <iostream>

#include <cusolverDn.h>

#include <curand.h>

#include "cublas_v2.h"

#include "declarations.h"

#include "errorTypes.h"

#include "mem.h"

#include INCLUDE_FILE(MATLAB_include,mat.h)
#include INCLUDE_FILE(MATLAB_include,matrix.h)
#include "primaryFunctions.h"

/* Calculates the frobenius norm of the given array */
datatype frobeniusNorm(cublasHandle t handle, datatype *Array, int size) {

datatype retval;

cublasStatus_t stat;

#if (MODE)

if ((stat = cublasDnrm2(handle, size, Array, 1, &retval)) !=
CUBLAS_STATUS_SUCCESS) {
printf("cublasDnmr2 failed: %s\n", cublasGetErrorString(stat));
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cleanup();
exit(-1);
}
ttelse
if ((stat = cublasSnrm2(handle, size, Array, 1, &retval)) !=
CUBLAS_STATUS_SUCCESS) {
printf("cublasSnmr2 failed: %s\n", cublasGetErrorString(stat));
cleanup();
exit(-1);
}
#tendif
return retval;

/* Generate numbers using normal distribution
http://docs.nvidia.com/cuda/curand/host-api-overview.html#axzz4SrFExYZh */
void randn(curandGenerator_t generator, datatype *Arr, int size) {
curandStatus_t stat;
#if (MODE)
if ((stat = curandGenerateNormalDouble(generator, Arr, size, (datatype)o,
(datatype)1)) != CURAND_STATUS_SUCCESS) {
printf("curandGenerateNormalDouble failed: %s\n",
curandGetErrorString(stat));
cleanup();
exit(-1);
}
ttelse
if ((stat = curandGenerateNormal(generator, Arr, size, (datatype)o,
(datatype)1)) != CURAND_STATUS_SUCCESS) {
printf("curandGenerateNormal failed: %s\n", curandGetErrorString(stat));
cleanup();
exit(-1);

#tendif

/* Returns the square root of the maximum eigenvalue of the given array using power
method */
datatype findMaxSqrtEigenvalue(cusolverDnHandle t cusolverH, datatype *dA, datatype *W,
datatype *d W, int *devInfo, const int m) {
int lwork = 0;
cudaError_t err;
const int 1lda = m;
datatype *d_work = 0;
cusolverStatus_t stat;
#if (MODE)
if ((stat = cusolverDnDsyevd_bufferSize(cusolverH, CUSOLVER_EIG_MODE_NOVECTOR,
CUBLAS_FILL_MODE_LOWER, m, dA, lda, d W, &lwork)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnDsyevd_bufferSize failed: %s\n",
cusolverGetErrorString(stat));
cleanup();
exit(-1);
}
t#telse
if ((stat = cusolverDnSsyevd_bufferSize(cusolverH, CUSOLVER_EIG_MODE_NOVECTOR,
CUBLAS_FILL_MODE_LOWER, m, dA, lda, d_W, &lwork)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnSsyevd_bufferSize failed: %s\n",
cusolverGetErrorString(stat));
cleanup();
exit(-1);
}
#endif
if ((err = cudaMalloc((void**)&d_work, lwork * sizeof(datatype))) != cudaSuccess) {
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printf("cudaMalloc d_work failed: %s\n", cudaGetErrorString(err));
if (d_work && (err = cudaFree(d _work)) != cudaSuccess) printf("cudaFree
d_work: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
#if (MODE)
if ((stat = cusolverDnDsyevd(cusolverH, CUSOLVER_EIG_MODE_NOVECTOR,
CUBLAS_FILL_MODE_UPPER, m, dA, 1lda, d W, d_work, lwork, devInfo)) !=
CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnDsyevd failed: %s\n", cusolverGetErrorString(stat));
if (d_work && (err = cudaFree(d_work)) != cudaSuccess) printf("cudaFree
d_work: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
f#telse
if ((stat = cusolverDnSsyevd(cusolverH, CUSOLVER_EIG_MODE_NOVECTOR,
CUBLAS_FILL_MODE_UPPER, m, dA, lda, d_W, d_work, lwork, devInfo)) !=
CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnSsyevd failed: %s\n", cusolverGetErrorString(stat));
if (d_work && (err = cudaFree(d_work)) != cudaSuccess) printf("cudaFree
d_work: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
f#tendif
if ((err = cudaMemcpy(W, d W, m * sizeof(datatype), cudaMemcpyDeviceToHost)) !=
cudaSuccess) {
printf("cudaMemcpy W failed: %s\n", cudaGetErrorString(err));
if (d_work && (err = cudaFree(d_work)) != cudaSuccess) printf("cudaFree
d_work: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
if (d_work && (err = cudaFree(d_work)) != cudaSuccess) printf("cudaFree d_work:
%s\n", cudaGetErrorString(err));
return sqrt(W[m - 1]);
}

/* Multiplies two matrices (category=0:C=A*B, category=1:C=A'*B, category=2:C=A*B') */
void gpu_blas_mmul(cublasHandle_t handle, const datatype *A, const datatype *B, datatype
*C,

int category, const int rowA, const int colA, const int rowB, const int colB) {

int lda, 1ldb, ldc;
const datatype alf = 1;
const datatype bet = 0;
const datatype *alpha = &alf;
const datatype *beta = &bet;
cublasStatus_t status;
if (category == @) { // C=A*B ( http://peterwittek.com/cublas-matrix-c-style.html )
lda = colB; 1ldb = colA; ldc = colB;
if (colA != rowB) {
printf("colA != rowB. Cannot multiply the matrices\n");
cleanup();
exit(-1);
}
#if (MODE)
status = cublasDgemm(handle, CUBLAS_OP_N, CUBLAS_OP_N, colB, rowA, colA,
alpha, B, lda, A, 1ldb, beta, C, 1ldc);
#telse
status = cublasSgemm(handle, CUBLAS_OP_N, CUBLAS_OP_N, colB, rowA, colA,
alpha, B, lda, A, 1db, beta, C, 1ldc);
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#tendif
}
else if (category == 1) { // C = A"*B (
http://stackoverflow.com/questions/14595750/transpose-matrix-multiplication-in-cublas-
howto )
lda = colA; 1ldb = colB; 1ldc = colB;
if (rowA != rowB) {
printf("rowA != rowB. Cannot multiply the matrices\n");
cleanup();
exit(-1);

#if (MODE)
status = cublasDgemm(handle, CUBLAS_OP_N, CUBLAS OP_T, colB, colA, rowB,
alpha, B, 1db, A, lda, beta, C, ldc);
#telse
status = cublasSgemm(handle, CUBLAS_OP_N, CUBLAS_OP_T, colB, colA, rowB,
alpha, B, 1db, A, lda, beta, C, ldc);
#tendif
}
else if (category == 2) { // C=A*B'
lda = colA; 1ldb = colB; ldc = rowB;
if (colA != colB) {
printf("colA != colB. Cannot multiply the matrices\n");
cleanup();
exit(-1);
}
#if (MODE)
status = cublasDgemm(handle, CUBLAS_OP_T, CUBLAS_OP_N, rowB, rowA, colB,
alpha, B, 1db, A, lda, beta, C, ldc);
ttelse
status = cublasSgemm(handle, CUBLAS_OP_T, CUBLAS_OP_N, rowB, rowA, colB,

alpha, B, 1db, A, lda, beta, C, ldc);

#endif
}
else {
printf("gpu_blas_mmul : not valid status %d \n", category);
cleanup();
exit(-1);
}
if (status != cudaSuccess) {
printf("Cublas multiplication failed: %s\n", cublasGetErrorString(status));
cleanup();
exit(-1);
}
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2. AAyo6pi18pog k-SVD

% fMRI & k-SVD test file

This file automatically calculates the speedup,

the speedup percentage as well as the difference in
the final error between CPU and GPU execution of the
k-SVD algorithm.

o o

o° o°

o\©

o°

Q

% Initializations %%
load data

load('300 3600.mat");
clearvars -except X

o

o°

o\°

FMRI data dimensions

Rows (data) = number of time components
% Columns (data) = number of signals
params.data = X;

o\

o°

Dictionary dimensions

Rows (Dictionary) = Rows (data)

Columns (Dictionary) = number of sources
ources = 9;

= randn (size (X, 1), sources);

o°

o\

o

params.data = X;

params.Tdata = k;
params.dictsize = sources;
params.iternum 30;
params.muthresh = 0.8;
params.memusage = 'high';
params.codemode = 'sparsity';
params.initdict = D;

tic;

[Dksvd,g,err] =

time =

fprintf ('\n>Time for k-SVD training in CPU:

toc;

ksvd (params, "it");

%.6f\n', time) ;

%% Write input to folder that CUDA project will use %%

save ("input\X.mat', 'X");

save ('"input\D.mat','D");

%% Run CUDA

disp (I==mmm—mm—mmem e e 1)

disp ('=============—==== CUDA ================c===") ;

disp (l==mmm—mm— e e 1)

path = 'C:\Users\Thesis\Dropbox\Visual Studio 2015\Projects\K-
SVD\x64\Release\"';

[status,cmdout] = system(strcat (path, '"K-SVD.exe'));
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disp (cmdout) ;

%% Display statistics

k = strfind(cmdout, 'RMSE = ") ;

cuda_err = str2double (cmdout (k(end) + 7:k(end) + 14));

fprintf ('>Final errors\n MATLAB = %.5f, CUDA = %.5f\n',err(end),cuda _err);
r

fprintf ('>Difference = $.5f\n',abs (er
k = strfind(cmdout, ' (") ;

speedup = time / str2double (cmdout (k(1l) + 1:k(1) + 5));

fprintf ('>Speedup = %$.2f (%.2f $%)\n\n', speedup, (1 - 1/speedup) *100);

(end) - cuda_err));

o\
o\

END

function [newVectors] = remmean (vectors)
$REMMEAN - remove the mean from vectors

o°

o°

[newVectors, meanValue] = remmean (vectors);

o\

o\

Removes the mean of row vectors.
Returns the new vectors and the mean.

o o

o°

This function is needed by FASTICA and FASTICAG

o°

@(#)$Id: remmean.m,v 1.2 2003/04/05 14:23:58 jarmo Exp $

newVectors = zeros (size (vectors));

meanValue = mean (vectors')';

newVectors = vectors - meanValue * ones (1,size (vectors, 2));
end

JHFF AR R KKK K/
/* CUDA IMPLEMENTATION - KSVD */

/******************************/
#ifdef _DEBUG

#define _CRTDBG_MAP_ALLOC
#include <stdlib.h>

#include <crtdbg.h>

tendif

#include <vector>

#tinclude <iostream>

#include <iomanip>

#tinclude <windows.h>

#include <thrust/device_vector.h>
#include <thrust/version.h>
#include "GlobalDeclarations.cuh”
#include "Globals.cuh"

#include "FileManager.cuh"
#include "HostMemory.cuh"
#include "DeviceMemory.cuh"
#include "Timer.cuh"

#include "Utilities.cuh"
#include "CudaAlgorithm.cuh"
#include "OMP.cuh"

#include "DictionaryUpdate.cuh"
#include "KSVD.cuh"

#include "Algorithms.cuh"
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/*****************

* NAMESPACES *

* k

oK SRRk KR koK

using namespace std;

using DeviceSpace = DeviceMemory<datatype>;
using HostSpace HostMemory<datatype>;
using kSVD = KSVD;

[ HFAAEA A KA KA KA KA KA K
* FUNCTIONS - main *

* *

KKK KKK KK KK KKK KK

int main(int argc, char** argv)

{
#ifdef _DEBUG
{
#endif
cout << "Initializing! Please wait..." << endl;{
/* __________________ */
/* Required objects */
/* __________________ */

// Files' manipulator

FileManager fileManager;

// Host memory space

HostSpace hostMemory(fileManager);

if (hostMemory.get(HostSpace: :MAX_ELEMENTS) == NULL) {
cerr << "Host Memory initialization error! Aborting...
return -1;

"

<< endl;

}

// Device memory space

DeviceSpace deviceMemory(hostMemory);

if (deviceMemory.get(DeviceSpace: :MAX_ELEMENTS) == NULL) {
cerr << "Device Memory initialization error! Aborting...
return -1;

<< endl;

}

// Timer for profiling

Timer timer;

if (!timer.isvalid()) {
cerr << "Timer initialization error! Aborting...
return -1;

<< endl;

}
// Class wrapper for the K-SVD execution

kSVD KSVD(&deviceMemory, &hostMemory);

if (!KSVD.isvalid()) {
cerr << "KSVD initialization error! Aborting...
return -1;

<< endl;

/* Initialization */

/* ________________ */

// Set reduction buffer now

// that we have device memory initialized

if (Algorithms::Reduction::setReductionBuffer(

deviceMemory.get(DeviceSpace: :REDUCTION_BUFFER)) == false){

cerr << "Reduction buffer initialization error! Aborting..."

return -1;

<< endl;

// Set also the random generator buffer now...
if (Algorithms::RandomPermutation::setGeneratorBuffer(
hostMemory.get RND_GNRT_buffer(), Globals::colsD ) == false) {
cerr << "Random Generator buffer initialization error! Aborting..."
return -1;

<< endl;
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}

// Print mode of operation
#ifdef DOUBLE

cout << "Double precision mode." << endl;
ttelse

cout << "Single precision mode." << endl;
#tendif

// Print sizes
cout << "Dictionary size:
cout << "Input data size:

<< Globals::rowsD << " x " << Globals::colsD << endl;
<< Globals::rowsX << " x " << Globals::colsX << endl;

/* ___________ */
/* Execution */
/* ___________ */

cout << "Running...
timer.GPUtic();
if (KSVD.ExecuteIterations(NUMBEROfITERATIONS) == false) {

<< endl << endl;

cerr << "An error occured while executing KSVD!...Aborting" << endl;
return -1;

}

float time = timer.GPUtoc();

/* ___________ */

/* Printing */

/* ___________ */

cout << endl << "Final Execution Time =>\t\t" << setprecision(3) << std::fixed
<< time << " ms (" << setprecision(2) << std::fixed
<< time / 1000.0 << " sec)" << endl;
cout << "Total Memory Used (program) =>\t" << setprecision(2) << std::fixed
<< deviceMemory.getConsumed() / 1024.0 / 1024.0 << " MB" << endl;
cout << "Total Available Memory =>\t" << setprecision(2) << std::fixed
<< deviceMemory.getTotal() / 1024.0 / 1024.0 << " MB" << endl;
cout << "Total Memory Used (0S) =>\t" << setprecision(2) << std::fixed
<< deviceMemory.getUsed() / 1024.0 / 1024.0 << " MB" << endl;
cout << "Total Free Memory =>\t\t" << setprecision(2) << std::fixed
<< deviceMemory.getFree() / 1024.0 / 1024.0 << " MB" << endl;
cout << "Memory Utilization =>\t\t" << setprecision(l) << std::fixed
<< 100 * (deviceMemory.getConsumed() / deviceMemory.getFree()) << " %" <<

endl;
/* ____________ */
/* Write back */
/* ____________ */

thrust::host _vector<datatype> temp(Globals::colsD*Globals::colsX);

thrust: :copy(
deviceMemory.getThrust(DeviceSpace: :SELECTED_ATOMS).begin(),
deviceMemory.getThrust(DeviceSpace: :SELECTED_ATOMS).end(),
temp.begin());

datatype* ptr = thrust::raw_pointer_cast(&(temp[0]));

if (fileManager.writeTemporary(ptr, Globals::colsD, Globals::colsX, "CUDA_Gamma")

== false) {

cerr << "Cannot write file for temporary array! Aborting..." << endl;
return -1;
}
[Hmmmmmm-- */
/* Cleanup */
[Hmmmmmmm - */
cudaDeviceSynchronize();
CoUt << Mmoo " << endl;
cudaError_t err;
while( (err = cudaGetLastError()) != cudaSuccess){
cerr << "Error: An error occured during the execution of the program: " <<
cudaGetErrorString(err) << endl;
1}

cout << "# Exiting!" << endl;
#ifdef _DEBUG

}
_CrtDumpMemorylLeaks();
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#tendif

return 0;

}
/* ______________________________ */
/* REDUCTION ONLY HEADER FILE */
/* ______________________________ */

#pragma once
#ifndef _REDHF_
#define _REDHF_

[111777777770777777777777177777777777717177777
// This file serves as a separator between //
// reduction kernel functions and reduction //
// high-level API ( in Reduction.cu ) //
[1717171777777771777777771777777777777777777777

Rk ok ok ok sk ok sk ok ok ko sk ok sk ok sk ok K
* MACROS *
* *
ok stk ok ok ok sk ok ok sk sk okt ok ok sk sk sk Rk ok ok

// Macro for finding the minimum of 2 numbers
#define MINIMUM(a,b) (a<b ?a : b))
#define MAXIMUM(a,b) (a>b ?a : b))

Rkt koK ok skok sk kst sk ok koK skok sk sk sk ok K ok ok
* DECLARATIONS *
* *
stk stk ok sk sk ok sk sk sk sk ok sk ok sk sk Rk koK ko sk sk ok ok

// K-SVD operations

__global__

void deviceReduceKernel 2D square_values(datatype *, int, datatype*);

// Dict. Upd. operations

__global

void multi_reduction_squared_sum_STAGEl(datatype*, datatype*, datatype*, int);
__global _

void multi_reduction_squared_sum_STAGE2_together_collincomb(datatype*, datatype*,
datatype*, int, datatype*,

datatype*, datatype*, unsigned int);
__global
void multi_reduction_smallGamma_times_gammal_STAGEl(datatype *, datatype*, datatype*,
datatype*, datatype*, unsigned int);
__global
void multi_reduction_smallGamma_times_gammal_STAGE2(datatype*, datatype*, unsigned int);
__global
void rowlincomb(datatype*, datatype*, datatype*, datatype*, unsigned int, datatype*,
datatype*, datatype*,

datatype*, unsigned int);

__global__
void SCase_err_stagel(datatype*, datatype*, unsigned int, unsigned int, datatype*,
datatype*, datatype*, datatype*);
__global__
void SCase_err_stage2(datatype*, int, datatype*, unsigned int, datatype*, datatype*);
__global __
void SCase_err_stage3(int, datatype*, datatype*);
__global__
void SCase_norm(datatype*, datatype*,unsigned int, datatype*, datatype*, unsigned int);
// Error computation operations
__global
void RMSE_stagel(datatype*, datatype*, unsigned int, datatype*);
__global__
void RMSE_stage2(datatype*, unsigned int, unsigned int, unsigned int, datatype*);
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__global

void RMSE_stage3(unsigned int, unsigned int, unsigned int);

// Clear Dict. operations

__global

void device_max_err_STAGEl(datatype*, int, datatype*);

__global

void device_max_err_STAGE2(datatype*, int, datatype*);

__global

void device_max(datatype*, unsigned int, datatype*, datatype*, unsigned int);
__global

void EUnorm(datatype*, datatype*, unsigned int);

[ HFAAEA A KA A KA KA KA K

* END *
* *

KKK KKK A K KKK KKK |

#endif // !REDHF

T */
/* REDUCTION ONLY HEADER FILE */
T */

#pragma once
#ifndef _REDBASE_
#define _REDBASE_

L1171 7770 770700777 77077777777777777777177777
// This file serves as a separator between //
// reduction base functions and reduction //
// higher-level kernels. //
[I117177717777707777777717771717777777717717717

Rk stk ok sk skok sk kst sk ok sk ok skok skok sk sk K ok ok ok ok ok

* REDUCTION-SPECIFIC USER TYPES *
* *

************************************/

/* _____________________________________ */
/* Finding the index of the maximum */
/* or minimum value of a set of values */
/* requires interleaved, multiple */
/* reduction units per operation (one */
/* for max and one for index). */
/* _____________________________________ */

struct DoubleReductionType {
datatype  value;

int index;
s
/************************************
* REDUCTION BASE FUNCTIONS *
* *

************************************/

[11177777177777777777777777117117717
// Reduction within a single warp //
[11177777177777177777777777117717177
__inline__ _ device__
DoubleReductionType warpReduceMaximumIndex(DoubleReductionType val) {
for (int offset = warpSize / 2; offset > @; offset /= 2) {
datatype shfl_val = __shfl down(val.value, offset);
int shfl_ind = __shfl_down(val.index, offset);
if (shfl_val > val.value) {
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val.value
val.index

= shfl_val;

= shfl_ind;
}

}

return val;

}
IITTTTL7007 777077 17777777771771777

// Reduction within a single warp //
[1117777717777777717771771717717711717
__inline__ _ device__
datatype warpReduceMax(datatype val) {
for (int offset = warpSize / 2; offset > @; offset /= 2) {
datatype shfl_val = _ shfl_down(val, offset);
if (shfl_val > val)
val = shfl_val;
}

return val;

}
LIT71T77077777 777177 7777777777717777

// Reduction within a single warp //
[1177777777777777777777771717777171717
__inline__ _ device__
datatype warpReduceSum(datatype val) {
for (int offset = warpSize / 2; offset > 0; offset /= 2)
val += __shfl _down(val, offset);
return val;

}

[117177777777777777777777177777777777
// Reduction within a single block //
[117177777777777777777777777777777777
__inline__ _ device__

datatype blockReduceSum(datatype val) {

// Max. block size = 1024 (32 x 32) = 32 warps of 32 threads
static __shared__

datatype shared[32]; // Shared mem for 32 partial sums
int lane = threadIdx.x % warpSize;
int wid = threadIdx.x / warpSize;

val = warpReduceSum(val); // Each warp performs partial reduction

if (lane == 9) // Write reduced value to shared memory
shared[wid] = val;

__syncthreads(); // Wait for all partial reductions
//read from shared memory only if that warp
existed

val = (threadIdx.x < blockDim.x / warpSize) ? shared[lane] : 90;

if (wid == @) //Final reduce within first warp
val = warpReduceSum(val);

return val;

}

[111777777777777777771777177117777177
// Reduction within a single block //

// (maximum version) //
[1171777777177777777177771771177717777
__inline__ _ device__

DoubleReductionType blockReduceMaximumIndex(DoubleReductionType val) {
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// Max. block size = 1024 (32 x 32) = 32 warps of 32 threads
static __shared__
DoubleReductionType shared[32]; // Shared mem for 32 partial sums
int lane = threadIdx.x % warpSize;
int wid = threadIdx.x / warpSize;

val = warpReduceMaximumIndex(val); // Each warp performs partial reduction

if (lane == 9) // Write reduced value to shared memory
shared[wid] = val;

__syncthreads(); // Wait for all partial reductions

//read from shared memory only if that warp
existed
if (threadIdx.x < blockDim.x / warpSize) {
val = shared[lane];

}
else {
val.value = 0;
}
if (wid == @) //Final reduce within first warp

val = warpReduceMaximumIndex(val);

return val;

}
[kt sk ok ook sk sk sk ok ok sk ok skok sk sk sk ok ok ok ok ok ok
* UNARY FUNCTIONS *

* *

okt ok ok ok sk ok sk sk ok sk kR sk sk sk R sk kR sk sk ko Kk ok ok ok

/* Action performed on data before */
/* reduction of sum of elements! */
/* "SUM OF SQUARE VALUES' * /
/* _________________________________ */
_inline__ _ device__
datatype sqval(datatype val) {

return val*val;

/* _________________________________ */
/* Action performed on data after */
/* reduction of sum of elements! */
/* "INVERTED SQUARE ROOT' */

__inline__ _ device__
datatype invSQRT(datatype val) {
return 1.0 / sqrt(val);

}

[ FF AR A AR R KA KK KK
* GENERATORS *
* *

*******************************/

// This functions acts as a random shuffle generator
// on the device by taking an index and then returning
// the new index that the specific position maps to.

/* This function acts as a random shuffle generator */
/* on the device by taking an index and then returning */
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/* the new index that the specific position maps to. */

__inline__ _ device__

unsigned int myGenerator(unsigned int pos, unsigned int N) {
// We return the permutation: (1:length) so that every position maps to its self.
return pos;

[ HRFR R R ko kKK
* END *
* *

***********************/

#endif // !REDBASE

JF e e * /
/*  ALGORITHMIC TOOLS CLASS */
/* - REDUCTIONS SUBCLASS - */
/* IMPLEMENTATION */
/F e * /

#include <iostream>

#include "GlobalDeclarations.cuh”
#include "Algorithms.cuh"
#include "ReductionKernels.cuh"

using namespace std;

/*********************************

* DECLARATIONS *
* *

*********************************/

extern __device _
datatype* experimental_array;

/*************************************

* MEMBER FUNCTIONS *

* k
*************************************/

/* ____________________________________________ */
/* Reduction in 1D layout (i.e. vector ) */
/¥ of _M A X I M U M _ squared value. */
/* ____________________________________________ */
__host__

bool Algorithms::Reduction::Maximum_squared(
datatype* in, unsigned int colsD, datatype* usecount,
datatype* replaced, unsigned int j) {

// We again assume colsD <= 32 to utilize a single warp
device_max << <1, 32 >> > (in, colsD, usecount, replaced, j);
return true;

}

/* ___________________________________________ */
/* Reduction in 1D layout (i.e. vector) of */
/¥ _M_A X I M_U_M_ value of its */
/* elements as well as their indices. */
/* ___________________________________________ */
__host__

bool Algorithms::Reduction::Maximum(datatype* in, int size, datatype* out) {
dim3 block(1024);
dim3 grid((size + block.x - 1) / block.x);
device_max_err_STAGE1l << < grid, block >> > (in, size, out);
int N;
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while (grid.x > 1) {
N = grid.x;
grid.x = (N + block.x - 1) / block.x;
device_max_err_STAGE2 << < grid, block >> > (in, N, out);

}

return true;

/* Reduction in 2D layout (i.e. matrix columns) */
/¥ of _S U M_ of squared values of elements. */
/* Result is then square rooted and inverted. */

__host__

bool Algorithms::Reduction::reduce2D_Sum_SQUAREDelements(
datatype* in, int rows, int cols, datatype* out,
unsigned int recommended) {

dim3 block(recommended);

dim3 grid(cols);

deviceReduceKernel_2D_square_values << <grid, block >> > (in, rows, out);
return true;

/* Reduction in 1D layout (i.e. vector) */
/¥ of _S U M__ of squared values of */
/* elements (more than 1024). */

__host__

bool Algorithms::Reduction::reducelD_Batched_Sum_TOGETHER_collincomb(
datatype* in, datatype* out, datatype* counters, int colsD, int colsX,
datatype *A, datatype* columns, datatype* out2, unsigned int rowsX) {

dim3 block(1024);
dim3 grid((colsX + block.x - 1) / block.x, colsD);
multi_reduction_squared_sum_STAGE1l << <grid, block >> > (in, out, counters, colsX);
grid.x = colsD;
grid.y = 2;
multi_reduction_squared_sum_STAGE2_together_collincomb << <grid, block >> >(
in, out, counters, colsX,
A, columns, out2, rowsX);
return true;

}

/* ________________________________________________ */
/* Reduction in 2D layout (i.e. matrix columns) */
/* of linear combination of input matrix and */
/* given columns (filtered by the specified rows) */
/* ________________________________________________ */
__host__

bool Algorithms::Reduction::reduce2D_rowlincomb_plus_nrm2_plus_mul(
datatype *A, datatype* x, datatype* out, datatype* cols,
unsigned int rowsX, unsigned int colsX, datatype* counters,
unsigned int recommended, datatype* out2, datatype* D,
datatype* out3, unsigned int colsD) {

rowlincomb << <colsX + colsD + 1, recommended >> > (
A, x, out, cols, rowsX, counters,

out2, D, out3, colsX);
return true;

/* Reduction in 2D layout (i.e. matrix rows) */
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/* of dot products with given matrix */

/* (filtered by the specified cols). */

/* ___________________________________________ */
host___

bool Algorithms::Reduction::reduce2D_dot_products_modified(

datatype* Gamma, datatype* columns, datatype* gammal, datatype* out, datatype*
counters,

unsigned int pJ, unsigned int colsD, unsigned int colsX) {

// We also assume that colsD <= 32

dim3 block(1024);

dim3 grid((colsX + block.x - 1) / block.x, colsD);

multi_reduction_smallGamma_times_gammal_STAGE1l << <grid, block >> > (
Gamma, columns, gammal, out,
counters, pJ);

multi_reduction_smallGamma_times_gammal_STAGE2 << <colsD, block >> > (
out, counters, pJ);

return true;

}

/* _______________________________ */
/* Euclidean norm of the vector. */
/* _______________________________ */
__host__

bool Algorithms::Reduction::euclidean_norm(
datatype* in, datatype* out,
unsigned int length, unsigned int recommended) {

// We assume length i.e. rowsX <= 1024
EUnorm << <1, recommended >> > (in, out, length);
return true;

}

/* _______________________________________________ */
/* Compute the Round Mean Square Error between a */
/* matrix X and its approximation matrix X~ */
/* _______________________________________________ */
__host__

bool Algorithms::Reduction::reduce_RMSE(
datatype* X, datatype* Xappr, datatype* out,
unsigned int rows, unsigned int cols, unsigned int iter,
unsigned int recommended threads, datatype* bitmap) {

dim3 block(recommended_threads);
dim3 grid(cols);
RMSE_stagel << <grid, block >> > (X, Xappr, rows, out);
/********************/
block.x = 512;
grid.x = (cols + block.x - 1) / block.x;
RMSE_stage2 << < grid, block >> > (out, cols, rows*cols, iter, bitmap);
/********************/
int N;
while (grid.x > 1) {
N = grid.x;
grid.x = (N + block.x - 1) / block.x;
RMSE_stage3 << < grid, block >> > (N, rows*cols, iter);

}

return true;
}
/* ________________________________________________ */
/* Compute the Round Mean Square Error between a */
/* matrix X and its approximation matrix X~ */
/* ( modified for use only in Dictionary Update's */
/* special case ) */
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__host__
bool Algorithms::Reduction::reduce_ERROR_for_special case(

datatype* X, datatype* Xappr, datatype* out,

unsigned int rows, unsigned int cols, datatype* counters,
datatype* unused, datatype* unsig counter,

unsigned int recommended threads) {

dim3 block(recommended_threads);
dim3 grid(MIN(cols,MAX_SIGNALS));
SCase_err_stagel << <grid, block >> > (X, Xappr, rows, cols, out, counters, unused,

unsig counter);

[k sk sk sk ok stk sk ok sk ok ok /
int N = grid.x;

block.x = 1024;

grid.x = (N + block.x - 1) / block.x;

SCase_err_stage2 << < grid, block >> > (out, N, Xappr, cols, counters,

unsig counter);

/*
/*

[k sk sk sk ok skok sk ok ok sk ok ok /
while (grid.x > 1) {

N = grid.x;

grid.x = (N + block.x - 1) / block.x;

SCase_err_stage3 << < grid, block >> > (N, Xappr, counters);

}

return true;
_______________________________ */
Euclidean norm of the vector. */
ONLY for the special case! */
_______________________________ */

__host__
bool Algorithms::Reduction::SCase_EU_norm(

datatype* in, datatype* out, unsigned int length,
unsigned int recommended, datatype* counters, datatype* unused,
unsigned int colsX) {

// We assume length <= 1024
SCase_norm << <1, recommended >> > (in, out, length, counters, unused, MIN(colsX,

MAX_SIGNALS));

/*
/*

return true;

______________________________________ */
Set the size of the reduction buffer */
to be used in the calculations. */

______________________________________ */

bool Algorithms::Reduction::setReductionBuffer(datatype* b) {

// Implicit Synchronization
cudaError_t cet;
if ((cet = cudaMemcpyToSymbol(
experimental_array, &b, sizeof(datatype*), @, cudaMemcpyHostToDevice)
) != cudaSuccess) {

"

cerr << "CudaMemcpyToSymbol (reduction buffer) failed: <<

cudaGetErrorString(cet) << endl;

/*
/*

return false;

}

return true;

ALGORITHMIC TOOLS CLASS */
- RAND.PERM. SUBCLASS - */
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/* IMPLEMENTATION */

#include <iostream>

#include <algorithm>

#include "GlobalDeclarations.cuh"
#include "Algorithms.cuh"

using namespace std;

[ HFHAE A AR A KA KA KA KA KA A KKK K K

* DECLARATIONS *
* *

*********************************/

unsigned int* output_array = NULL;

/*********************************

* CONSTANT FIELDS *
* *

*********************************/

unsigned int static_values[9] = {
i, 2, 6, 5, 0, 4, 7, 3, 8

}s

ks kst sk ok ook sk ok sk ok sk sk ok sk ok skok sk sk sk ok ok ok ok ok ok ok o

* MEMBER FUNCTIONS *

* *
okt koo sk ok sk sk stk ok sk ok sk sk sk sk koK skok sk ok Kok ok ok ok /

/* _______________________________________ */
/* Generate a set of random permutations */
/* _______________________________________ */

unsigned int* Algorithms::RandomPermutation::generateRandPerm(unsigned int perm_size) {
#1f STATIC_GENERATION
return static_values;
t#telse
random_shuffle(output_array, output_array + perm_size);
return output_array;

#endif
}
/* ______________________________________ */
/* Set the size of the generator buffer */
/* to be used in the calculations. */
/* ______________________________________ */

bool Algorithms::RandomPermutation::setGeneratorBuffer(unsigned int* b, int permsize) {
output_array = b;
// Initialize the given buffer space
for (int j = 0; j < permsize; j++) {
b[3] = 35

cudaDeviceSynchronize();
return true;

/* ALGORITHMIC TOOLS CLASS */
/* - MULTIPLICATION SUBCLASS - */
/* IMPLEMENTATION */

#tinclude <iostream>

#include "GlobalDeclarations.cuh"
#include "Algorithms.cuh"
#include "ErrorHandler.cuh"
#include "ReductionBase.cuh"
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using namespace std;

[ HFHAE A AR A A KA KA A KA KKK KKK K K

* DECLARATIONS *
* *
stk sk ok ok skl sk ok sk sk sk skok stk ok ko stk ok skok
__global

void device A_times_x_modified(datatype*, datatype*, datatype*, unsigned int, unsigned
int, datatype*,
datatype*, datatype*);
__global
void device_normal_x_times_A modified(datatype*, datatype*, datatype*, unsigned int,
datatype*, datatype*,
datatype*, datatype*, unsigned int,

datatype*, datatype*, datatype*,
unsigned int, unsigned int);

/*************************************

* MEMBER FUNCTIONS *

* *

okt koo sk ok sk sk R stk ok sk ok sk sk sk R sk koK sk sk Kok ok ok ok ok

/* ___________________________________ */
/* Matrix-Matrix Multiplication Set */
/* */
/* Library: Cublas */
/* { using cublas<T>GEMM } */
/* Operation performed format */
/* ==> C = A'*B or AT*B */
/* ___________________________________ */

bool Algorithms::Multiplication::AT_times_B(cublasHandle_t handle,
datatype* A, int rowsA, int colsA,
datatype* B, int rowsB, int colsB,
datatype* C) {

cublasStatus_t status;
const datatype alpha = 1.9;
const datatype beta = 0.0;
if ((
#ifdef DOUBLE
status = cublasDgemm(handle, CUBLAS_OP_T, CUBLAS_OP_N,
colsA, colsB, rowsB, &alpha, A, rowsA, B, rowsB, &beta, C, colsA)
t#telse
status = cublasSgemm(handle, CUBLAS_OP_T, CUBLAS_OP_N,
colsA, colsB, rowsB, &alpha, A, rowsA, B, rowsB, &beta, C, colsA)
#tendif
) != cudaSuccess) {

cerr << "Cublas multiplication (AT*B) failed: <<
ErrorHandler::cublasGetErrorString(status) << endl;

return false;

}

return true;
}
/* ___________________________________ */
/* Matrix-Matrix Multiplication Set */
/* */
/* Library: Cublas */
/* { using cublas<T>GEMM } */
/* Operation performed format */
/* ==> C = A*B */
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bool Algorithms::Multiplication::A_times_B(cublasHandle_ t handle,
datatype* A, int rowsA, int colsA,
datatype* B, int rowsB, int colsB,
datatype* C) {

cublasStatus t status;
const datatype alpha = 1.0;
const datatype beta = 0.0;
if ((
#ifdef DOUBLE
status = cublasDgemm(handle, CUBLAS_OP_N, CUBLAS_OP_N,
rowsA, colsB, rowsB, &alpha, A, rowsA, B, rowsB, &beta, C, rowsA)
#else
status = cublasSgemm(handle, CUBLAS_OP_N, CUBLAS_OP_N,
rowsA, colsB, rowsB, &alpha, A, rowsA, B, rowsB, &beta, C, rowsA)

#tendif
) != cudaSuccess) {
cerr << "Cublas multiplication (A*B) failed: " <<

ErrorHandler::cublasGetErrorString(status) << endl;
return false;

}
return true;
}
/* ___________________________________ */
/* Matrix-Vector Multiplication Set */
/* */
/* Operation performed format */
/* ==> C -= A*x */
/* ___________________________________ */

bool Algorithms::Multiplication::A_times_x_SUBTRACT(
datatype* A, int rowsA,
datatype* x, int length,
datatype* C,
datatype* D, datatype* gamma_J, datatype* counter,
unsigned int recommended) {

device_ A times_x_modified << <1,recommended >> > (
A, x, C, rowsA, length, D, gamma_J, counter);

return true;

}

/* ___________________________________ */
/* Matrix-Vector Multiplication Set */

/* */

/* Operation performed format */

/* ==> C = AT*x */
/* ___________________________________ */

bool Algorithms::Multiplication::AT_times_x(cublasHandle_t handle,
datatype* A, int rowsA,
datatype* x, int length,
datatype* C) {

cublasStatus_t status;
const datatype alpha = 1.9;
const datatype beta = 0.0;
if ((

#ifdef DOUBLE

status = cublasDgemv(handle, CUBLAS_OP_T,
rowsA, length, &alpha, A, rowsA, x, 1, &beta, C, 1)
t#telse
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status = cublasSgemv(handle, CUBLAS OP_T,
rowsA, length, &alpha, A, rowsA, x, 1, &beta, C, 1)
#tendif
) != cudaSuccess) {

cerr << "Cublas multiplication (AT*x) failed: <<
ErrorHandler::cublasGetErrorString(status) << endl;

return false;

}

return true;
}
/* ___________________________________ */
/* Matrix-Vector Multiplication Set */
/* */
/* Operation performed format */
/* ==> C = x*A */
/* ___________________________________ */

bool Algorithms::Multiplication::normal_x_times_A_modified(

datatype* A, datatype* Gamma, datatype* columns, unsigned int colsD,

datatype* gammal, datatype* rowlincomb, datatype* constant, datatype* norm, unsigned
int p3J,

datatype* counter, unsigned int colsX, datatype* D, datatype* in, unsigned int N) {

// block.x => No. of cols direction

dim3 block(512);

dim3 grid((colsX + N + block.x - 1) / block.x);

device_normal_x_times_A modified << <grid, block >> > (
A, Gamma, columns, colsD, gammal, rowlincomb,
constant, norm, pJ, counter, D, in, N, colsX);

return true;

}
/¥=======================================================================%/
/¥======================== KERNELS =========================%/
/*==============:========================================================*/
/* ________________________________ */

/* Operation: C = C - A*x */

/* ________________________________ */

__global __ void device A _times_x_modified(
datatype* A, datatype* x, datatype* out,
unsigned int rowsA, unsigned int N, datatype* D,
datatype* gammal, datatype* counters) {

datatype sum;
if (*((int*)counters) != 0) {
if (threadIdx.x < rowsA) {
sum = 9;
for (int i = 0; 1 < N; i++) {
sum += A[i*rowsA + threadIdx.x] * x[i];
}
out[threadIdx.x] = out[threadIdx.x] - sum +
D[threadIdx.x] * (*gammal);

}
}
¥
/* ____________________ */
/* Operation: C = x*A */
/* ____________________ */

__global__ void device_normal_x_times_A_modified(
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datatype* A, datatype* Gamma, datatype* columns, unsigned int colsD,

datatype* gammal, datatype* rowlincomb, datatype* constant,

datatype* norm, unsigned int pJ, datatype* counter,

datatype* D, datatype* in, unsigned int N, unsigned int colsX) {

unsigned int No_cols;
if ((No_cols = *((int*)counter)) = @) {
unsigned int myCol = blockIdx.x*blockDim.x + threadIdx.x;
if (myCol < No_cols) {
datatype sum = 0;
for (int i = @; i < colsD; i++) {
sum += Gamma[(int)columns[myCol] * colsD + i] * A[i];
}

Gamma[ (int)columns[myCol] * colsD + pJ] = (rowlincomb[myCol] - sum +
(*constant)*gammal[myCol]) / (*norm);
}
else if (myCol >= colsX) {
// Now update the Dictionary!
// OPERATIONS:
// D(:,p(j)) = atom
//
myCol -= colsX;
if (myCol < N) {
D[myCol] = in[myCol] / (*norm);

}
}
}
}
/* ______________________________ */
/*  ALGORITHMIC TOOLS CLASS  */
/* (REDUCTIONS etc.) */
/* ______________________________ */

#pragma once
#ifndef _ALGOS_
#define _ALGOS_

// Collection of all abstract algorithmic
// tools we'll need in the GPU algorithms
class Algorithms {

public:
// Family of all reduction operations
// based on optimized warp reductions
class Reduction {

public:
// Reduction in 1D layout (i.e. vector) of
// _M_A X I M_U_M_ value of its
// elements as well as its index.
__host__ static

bool Maximum(datatype*, int, datatype*);

// Reduction in 1D layout (i.e. vector)

// of _M A X I M U M _ squared value.

__host__ static

bool Maximum_squared(datatype*, unsigned int, datatype*, datatype*,

unsigned int);

// Reduction in 2D layout (i.e. matrix columns)
// of _S U _M__ of squared values of elements.
// Result is then square rooted and inverted.
__host__ static
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bool reduce2D_Sum_SQUAREDelements(datatype*, int, int, datatype*,
unsigned int);

// Reduction in 1D layout (i.e. vector)

// of _S U M__ of squared values of elements

// (Mutliblock).

__host__ static

bool reducelD_Batched_Sum_TOGETHER_collincomb(datatype*, datatype*,
datatype*, int, int, datatype*,

datatype*, datatype*, unsigned int);

// Reduction in 2D layout (i.e. matrix rows)

// of dot products with given matrix

// (filtered by the specified cols)

__host__ static

bool reduce2D_dot_products_modified(datatype*, datatype*,
datatype*, datatype*, datatype*,

unsigned int,

unsigned int, unsigned int);

// Euclidean norm of the vector.

__host__ static

bool euclidean_norm(datatype*, datatype*, unsigned int, unsigned
int);

// Reduction in 2D layout (i.e. matrix columns)
// of linear combination of input matrix and
// given columns (filtered by the specified rows)
__host__ static
bool reduce2D_rowlincomb_plus_nrm2_plus_mul(datatype*, datatype*,
datatype*, datatype*, unsigned int,
unsigned int,
datatype*, unsigned int, datatype*, datatype*,
datatype*,
unsigned int);

// Compute the Round Mean Square Error between a
// matrix X and its approximation matrix X~
__host__ static
bool reduce_RMSE(datatype*, datatype*, datatype*, unsigned int,
unsigned int, unsigned int,
unsigned int, datatype*);

// Compute the Round Mean Square Error between a

// matrix X and its approximation matrix X~

// ( modified for use only in Dictionary Update's

// special case )

__host__ static

bool reduce_ERROR_for_special_ case(datatype*, datatype*, datatype*,
unsigned int, unsigned int,

datatype*,

datatype*, datatype*, unsigned int);

// Euclidean norm of the vector

// ( used only in the special case)

__host__ static

bool SCase_EU_norm(datatype*, datatype*, unsigned int, unsigned
int, datatype*, datatype*, unsigned int);

// Set the size of the reduction buffer
// to be used in the calculations
static bool setReductionBuffer(datatype*);

private:
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Reduction(){}
s

// Family of all matrix-matrix and
// vector-matrix multiplication variants
class Multiplication {

public:
// Matrix-Matrix Multiplication
// using cublas<T>GEMM
// Operation format ==> C = A'*B
static bool AT_times_B(cublasHandle t, datatype*, int, int,
datatype*, int, int, datatype*);

// Matrix-Matrix Multiplication

// using cublas<T>GEMM

// Operation format ==> C = A*B

static bool A times_B(cublasHandle t, datatype*, int, int,
datatype*, int, int, datatype*);

// Matrix-Vector Multiplication
// Operation format ==> C -= A*x
static bool A _times_x_SUBTRACT(datatype*, int, datatype*, int,
datatype*, datatype*, datatype*,
datatype*, unsigned
int);

// Matrix-Vector Multiplication

// Operation format ==> C = AT*X

static bool AT_times_x(cublasHandle t, datatype*, int, datatype*,
int, datatype*);

// Matrix-Vector Multiplication
// Operation format ==> C = x*A
static bool normal_x_times_A modified(datatype*, datatype*,
datatype*, unsigned int, datatype*,
datatype*,
datatype*, datatype*, unsigned int, datatype*,
unsigned int,
datatype*, datatype*, unsigned int);

private:
Multiplication() {}

1

// Family of all random permutation
// generators' algorithmic utilities
class RandomPermutation {

public:
// Generate a random permutation
// of indices in the specified range.
static unsigned int* generateRandPerm(unsigned int);

// Set the size of the generator buffer
// to be used in the calculations
static bool setGeneratorBuffer(unsigned int*, int);

private:
RandomPermutation() {}

1
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private:
Algorithms(){}

};

#endif // !|_ALGOS_

T * )
/* REDUCTION KERNEL FUNCTIONS */
/* IMPLEMENTATION */
2 * )

#include "GlobalDeclarations.cuh"
#include "ReductionBase.cuh"
#include "ReductionKernels.cuh"
#include "Algorithms.cuh"
#include <cstdio>

using namespace std;

/*********************************

* DECLARATIONS *
* *
*********************************/
__device__

datatype* experimental_array;

/************************************

* BATCHED REDUCTION WRAPPERS *
* *

************************************/

2 * )
/* 2-STAGE MULTIBLOCK REDUCTION */
/* *STAGE 1* */
/K e e * )

__global _ void multi_reduction_squared_sum_STAGE1(
datatype* in, datatype* out, datatype* counter, int stride) {

// blockIdx.y = row = reduction id

// blockIdx.x = reduction axis

int N = *((int*)(counter + blockIdx.y));

datatype sum = 0;

int index = blockIdx.x * blockDim.x + threadIdx.x;

if (index < N) {
// Retrieve value filtered through function
sum = sqval(in[blockIdx.y*stride + index]);

sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
if (gridbim.x > 1) {
experimental_array[blockIdx.y * 1024 + blockIdx.x] = sum;

}
else {
*(out + blockIdx.y) = sum;
}
}

}
/* ________________________________ */
/* 2-STAGE MULTIBLOCK REDUCTION */
/* *STAGE 2* */
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/* ALSO COLLINCOMB FUSED IN KERNEL*/

/* TO INCREASE CONCURRENCY. */

__global__ void multi_reduction_squared_sum_STAGE2_together_collincomb(
datatype* in, datatype* out, datatype* counter, int stride,
datatype *A, datatype* columns, datatype* out2,
unsigned int rowsX) {

if (blockIdx.y == 0) {
/**/
/* *STAGE 2* */
/**/
int N = (*((int*)(counter + blockIdx.x)) + 1024 - 1) / 1024;
datatype sum = 0;
if (threadIdx.x < N) {
sum = experimental_array[blockIdx.x * 1024 + threadIdx.x];
¥
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
*(out + blockIdx.x) = sum;

}
}
else {
/**/
/* *COLLINCOMB* */
/**/
if (threadIdx.x < rowsX) {
// Multi-Reduction sub-id: blockIdx.x
columns += blockIdx.x * stride;
in += blockIdx.x * stride;
out2 += blockIdx.x * rowsX;
unsigned int N = *((int*)(counter + blockIdx.x));
datatype sum = 0;
for (int i = 0; 1 < N; i++) {
sum += A[((int)columns[i])*rowsX + threadIdx.x] * in[i];
}
*(out2 + threadIdx.x) = sum;
b
}
}
/* ____________________________________ */

/* 2D + 2-STAGE REDUCTION FOR MATRIX- */
/* VECTOR PRODUCT FILTERED BY COLUMNS */
/* *STAGE 1* */

__global _ void multi_reduction_smallGamma_times_gammaJ_STAGE1(
datatype *Gamma, datatype* columns, datatype* gammal, datatype* out,
datatype* counters, unsigned int pJ) {

// blockIdx.x - reduction axis
// blockIdx.y - reduction ID axis
int N = *((int*)counters);
if (N !=09) {
if (pJ == blockIdx.y) {
if (blockIdx.x == 0 && threadIdx.x == 0) {
*(out + pJ) = *(out + pJ - gridDim.y);
}
return;
}
datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
// Retrieve value filtered through columns
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sum = Gamma[ ((int)columns[index])*gridDim.y + blockIdx.y] *
gammal[index];
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
N = (N + 1024 - 1) / 1024;
if (N> 1) {
experimental_array[blockIdx.y * 1024 + blockIdx.x] = sum;

}
else {
if (blockIdx.x == 0) {
*(out + blockIdx.y) = sum;
}
}
}
}
}
/* ____________________________________ */

/* 2D + 2-STAGE REDUCTION FOR MATRIX- */
/* VECTOR PRODUCT FILTERED BY COLUMNS */
/* *STAGE 2%* */

__global _ void multi_reduction_smallGamma_times_gammal_STAGE2(
datatype* out, datatype* counters, unsigned int pJ) {

int N = *((int*)counters);

if (N !1=9) {
if (pJ == blockIdx.x) {
return;
}
N = (N + 1024 - 1) / 1024;
if (N > 1) {

datatype sum = 0;
if (threadIdx.x < N) {
// Retrieve partial sum
sum = experimental_array[blockIdx.x * 1024 + threadIdx.x];
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
*(out + blockIdx.x) = sum;

}
b
}
}
[k sk sk ok ok skok sk ok sk sk ok sk ok skok sk sk sk Kok ok ok ok ok
* REDUCTION STAGES FUNCTIONS *
* *

************************************/

[11777777771777717177777717777177771717
// Reduction across multiple blocks //
[17771717777777717177777777171771171777
__global__ void deviceReduceKernel 2D square_values(datatype *in, int N, datatype* out) {
datatype sum = 0;
if (threadIdx.x < N) {
// Retrieve value filtered through function
sum = sqval(in[blockIdx.x*N + threadIdx.x]);
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
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// Write to output

out[blockIdx.x] = invSQRT(sum);

}

[1777171777777771717177777717177777777

// - 1 STAGE MULTIBLOCK REDUCTION - //

// - LINEAR COMBINATION OF ROWS - //

[1777171777777771717777777717177777777

__global __ void rowlincomb(
datatype *A, datatype* x, datatype* out, datatype* cols,
unsigned int rowsX, datatype* counters, datatype* out2,
datatype* D, datatype* out3, unsigned int colsX) {

unsigned int N;
if ( (N = *((int*)counters)) != 0) {
if (blockIdx.x < N) {
datatype sum = 0;
if (threadIdx.x < rowsX) {
// Retrieve value filtered through columns and rows
sum = A[(int)cols[blockIdx.x] * rowsX + threadIdx.x] *
x[threadIdx.x];
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
out[blockIdx.x] = sum;

}

else if (blockIdx.x >= colsX) {
if (blockIdx.x == gridDim.x - 1) {
// Calculate the norm of the new atom
// by combining the previous results.
//
datatype sum = 0;
if (threadIdx.x < rowsX) {
// Retrieve value filtered through sqval
sum = sqval(x[threadIdx.x]);
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
*out2 = sqgrt(sum);
}
}
else {
// We now calculate the following
// vector-matrix multiplication in
// parallel:
// (atom'*D)
//
datatype sum = 0;
if (threadIdx.x < rowsX) {
// Retrieve column
sum = D[(blockIdx.x - colsX)*rowsX + threadIdx.x] *
x[threadIdx.x];
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
out3[blockIdx.x - colsX] = sum;
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}

[1777171777777777717777777717177777777
// - 3 STAGE MULTIBLOCK REDUCTION - //
// - RMSE CALCULATION - //
// - *STAGE 1%* -//
[17177777777077717771717717711717771777
__global__ void RMSE_stagel(datatype* X, datatype* Xappr, unsigned int N, datatype* out)

{

datatype sum = 0;
if (threadIdx.x < N) {
// Retrieve value and compute difference
sum = sqval(X[blockIdx.x*N + threadIdx.x] - Xappr[blockIdx.x*N +
threadIdx.x]);
}
sum = blockReduceSum(sum);
if (threadIdx.x == @) {
// Write to output
out[blockIdx.x] = sum;

}

[11777777777777777177771717777171777777

// - 3 STAGE MULTIBLOCK REDUCTION - //

// - RMSE CALCULATION -//

// - *STAGE 2* -//

[11717777777777777177777717777717777777

__global__ void RMSE_stage2(
datatype* in, unsigned int N, unsigned int size, unsigned int iter,
datatype* bitmap) {

datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
// Retrieve value
sum = in[index];
in[index] = sum * bitmap[index];
}
sum = blockReduceSum(sum);
if (threadIdx.x == @) {
//Write to output
if (gridbim.x > 1) {
experimental_array[blockIdx.x] = sum;
}
else {
printf("Iteration %02d / %d complete, RMSE = %.5f\n", iter,
NUMBEROFITERATIONS, sqrt(sum / size));
}
}
}

LI111777077777777777777177777771717777
// - 3 STAGE MULTIBLOCK REDUCTION - //
// - RMSE CALCULATION -//
// - *STAGE 3* - //
[11717777777777777177777717777717177777
__global__ void RMSE_stage3(unsigned int N, unsigned int size, unsigned int iter) {

datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {

// Retrieve value

sum = experimental_array[index];
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}

sum = blockReduceSum(sum);
if (threadIdx.x == @) {
//Write to output
if (gridbim.x > 1) {
experimental_array[blockIdx.x] = sum;
}
else {
printf("Iteration %02d / %d complete, RMSE = %.5f\n", iter,
NUMBEROFITERATIONS, sqrt(sum / size));

¥
}
}

[I17777177777777777777777777777777777717777
// - MULTI-STAGE REDUCTION TO BUFFER -//
// - BLOCK-WIDE MAXIMUM VALUE & INDEX -//
// - *STAGE 1* - //
[I1117770 177707777 7777777717771777771717117177
_global__ void device_max_err_STAGEl(datatype* in, int N, datatype* out) {

if (!(*out)) {
// Our atom does not need replacement
return;
}
DoubleReductionType myElement;
myElement.value = 9;
int index = blockIdx.x*blockDim.x + threadIdx.Xx;
if (index < N) {
// Retrieve value
myElement.value = in[index];
// Store index
myElement.index = index;
}
myElement = blockReduceMaximumIndex(myElement);
if (threadIdx.x == 0) {
// Write to output
if (gridDim.x > 1) {
((DoubleReductionType*)experimental_array)[blockIdx.x] = myElement;

}

else {
*(out + 1) = myElement.index;
in[myElement.index] = 0;

}

}

IIIT1T77707777 177777777 7777777777777777777
// - MULTI-STAGE REDUCTION TO BUFFER -//
// - BLOCK-WIDE MAXIMUM VALUE & INDEX -//
// - *STAGE 2* - //
II1717717777777777777771777777777777717777
__global__ void device_max_err_STAGE2(datatype* in, int N, datatype* out) {

if (!(*out)) {
// Our atom does not need replacement
return;
}
DoubleReductionType myElement;
myElement.value = 0;
int index = blockIdx.x*blockDim.x + threadIdx.x;
if (index < N) {
// Retrieve value
myElement = ((DoubleReductionType*)experimental_array)[index];
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myElement = blockReduceMaximumIndex(myElement);
if (threadIdx.x == 0) {
// Write to output
if (gridbim.x > 1) {
((DoubleReductionType*)experimental_array)[blockIdx.x] = myElement;

}

else {
*(out + 1) = myElement.index;
in[myElement.index] = ©;

}

}

[117177777777777777777777777777717177771717

// - SINGLE-STAGE IN-PLACE REDUCTION -//

// - COLUMN-WISE MAXIMUM SQUARE VALUE -//

// - SINGLE WARP -//

[117177777777777777777777777777717177771717

__global _ void device_max(
datatype* G, unsigned int colsD, datatype* usecount, datatype* replaced,
unsigned int j) {

datatype max = 0;
if (threadIdx.x < colsD && threadIdx.x != j) {
// Retrieve value
max = sqval( G[threadIdx.x] );
}
max = warpReduceMax(max);
if (threadIdx.x == 0) {
// Write to output
*G = ( ( max > SQR_muTHRESH ) || ( *((unsigned int*)usecount) < USE_THRESH ) )
&& (*replaced == 0);

}

[1171777777777777777777771777177771777177777
// - 1 STAGE EUCLEDIAN NORM REDUCTION - //
II1717717777777777777771777777777777717777
__global__ void EUnorm(datatype* in, datatype* out, unsigned int N) {

if (! (*out)) {
// Our atom does not need replacement
return;
}
in 4= (unsigned int)(*(out + 1))*N;
datatype sum = 0;
if (threadIdx.x < N) {
// Retrieve value filtered through sqval
sum = sqval(in[threadIdx.x]);
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
*(out + 2) = sqrt(sum);

}

[I117777777777777777777777771777777177177
// - 1 STAGE SPECIAL CASE REDUCTION - //
// - ERROR CALCULATION - //
[111777777770777777777777777777117777177
__global _ void SCase_err_stagel(
datatype* X, datatype* Xappr, unsigned int N, unsigned int colsX,
datatype* out, datatype* counters, datatype* unused,
datatype* UScounter) {
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if (*((int*)counters) == 0) {
if (blockIdx.x < (colsX - *UScounter)) {
unsigned int column = unused[myGenerator(blockIdx.x, blockDim.x)];
datatype sum = 0;
if (threadIdx.x < N) {
// Retrieve value and compute difference

sum = sqval(X[column*N + threadIdx.x] - Xappr[column*N +
threadIdx.x]);

}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
out[blockIdx.x] = sum;

}

[I17177177777777777777777777777777777777
// - 2 STAGE SPECIAL CASE REDUCTION - //
// - MAXIMUM CALCULATION -//
[I171777777777777777777777777777777717777
__global _ void SCase_err_stage2(
datatype* in, int N, datatype* out, unsigned int colsX,
datatype* counters, datatype* UScounter) {

if (*((int*)counters) == 0) {

DoubleReductionType myElement;
myElement.value = 0;
int index = blockIdx.x*blockDim.x + threadIdx.x;
if (index < N && index < (colsX - *UScounter) ) {
// Retrieve value
myElement.value = in[index];
// Store index
myElement.index = index;
}
myElement = blockReduceMaximumIndex(myElement);
if (threadIdx.x == 0) {
// Write to output
if (gridbim.x > 1) {
((DoubleReductionType*)experimental_array)[blockIdx.x] = myElement;

}
else {

*out = myElement.index;
}

}

LIT71T770 7777077777777 77717777777777777
// - 2 STAGE SPECIAL CASE REDUCTION - //
// - MAXIMUM CALCULATION -//

IITTT70707 7177770777 77777717717777177777

__global__ void SCase_err_stage3(
int N, datatype* out, datatype* counters) {

if (*((int*)counters) == 0) {

DoubleReductionType myElement;
myElement.value = 0;
int index = blockIdx.x*blockDim.x + threadIdx.x;
if (index < N) {
// Retrieve value
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myElement = ((DoubleReductionType*)experimental_array)[index];
¥
myElement = blockReduceMaximumIndex(myElement);
if (threadIdx.x == 0) {
// Write to output
if (gridbim.x > 1) {
((DoubleReductionType*)experimental_array)[blockIdx.x] = myElement;

}
else {

*out = myElement.index;
}

}

[1717777707777777777717777177717177177171777
// - 1 STAGE EUCLEDIAN NORM REDUCTION - //
II17177777777777777777717777777777777717777
__global__ void SCase_norm(
datatype* in, datatype* out, unsigned int N,
datatype* counters, datatype* unused, unsigned int dim) {

if(*((int*)counters) == 0) {
in += (unsigned int)unused[myGenerator((unsigned int)(*out), dim)] * N;
datatype sum = 0;
if (threadIdx.x < N) {
// Retrieve value filtered through sqval
sum = sqval(in[threadIdx.x]);

sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
// Write to output
*(out + 1) = sqrt(sum);

¥
}
}
/* _________________________ */
/*  UTILITIES NAMESPACE  */
/* _________________________ */

#pragma once
#ifndef _UTIL_
#tdefine _UTIL_

// Functions used for various
// secondary tasks
namespace Utilities {

// Public Methods

void print(datatype*, unsigned int, unsigned int, unsigned int, unsigned int);

void printTransposed(datatype*,unsigned int,unsigned int,unsigned int,unsigned int);

void printDevice(datatype*, unsigned int, unsigned int, unsigned int, unsigned int);

void printDeviceTransposed(datatype*, unsigned int, unsigned int, unsigned int,
unsigned int);

}s

#endif // | _UTIL_

JF e e e e */
/* UTILITIES NAMESPACE */
/* IMPLEMENTATION */
JF e e e e */
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#include <iostream>

#include <iomanip>

#include "GlobalDeclarations.cuh"

#include "Utilities.cuh"

using namespace std;

// Declarations - functions

__global _ void kernelPrint(datatype*, unsigned int, unsigned int, unsigned int, unsigned
int);

_ global__ void kernelPrintTransposed(datatype*, unsigned int, unsigned int, unsigned
int, unsigned int);

/* ________________ */
/* Print an array */
/* ________________ */

void Utilities::print(datatype* array, unsigned int rows, unsigned int cols,
unsigned int limit rows, unsigned int limit cols) {

cout << " " << endl;
for (size t i =0; i < rows & 1 < limit rows; i++)
{
cout << "# " << setfill('0') << setw(3) << i+ 1 << " # "
for (size t j = 0; j < cols & & j < limit cols; j++)
{
cout << setprecision(10) << std::fixed << array[i*cols + j] << "\t";
}
cout << endl;
}
cout << " " << endl;
}
/* _______________________________ */
/* Print an array (transposed) */
/* _______________________________ */

void Utilities::printTransposed(datatype* array, unsigned int rows, unsigned int cols,
unsigned int limit_rows, unsigned int

limit_cols) {

cout << " " << endl;
for (size t i =0; i < rows & 1 < limit rows; i++)
{
cout << "# " << setfill('0') << setw(3) << i+ 1 << " # "
for (size .t j = 0; j < cols & & j < limit _cols; j++)
{
cout << setprecision(1@) << std::fixed << array[i + j*rows] << "\t";
}
cout << endl;
}
cout << " " << endl;
}
/* ______________________ */
/* Print a device array */
/* ______________________ */

void Utilities::printDevice(datatype* array, unsigned int rows, unsigned int cols,
unsigned int limit_rows, unsigned int limit cols) {

SINGLE_THREAD(kernelPrint, (array, rows, cols, limit rows, limit cols) );

}

/* ___________________________________ */
/* Print a device array (transposed) */
/* ___________________________________ */
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void Utilities::printDeviceTransposed(datatype* array, unsigned int rows, unsigned int
cols,

unsigned int limit_rows, unsigned

int limit cols) {

SINGLE_THREAD(kernelPrintTransposed, (array, rows, cols, limit_rows, limit_cols));

/* Print a device array in */
/* a kernel on the device */

__global
void kernelPrint(datatype* array, unsigned int rows, unsigned int cols,
unsigned int limit_rows, unsigned int limit cols) {

printf(" \n");
for (size_t i = 0; i < rows & & 1 < limit_rows; i++)

{

printf("# %03d # ",i + 1);
for (size_t j = 0@; j < cols & & j < limit_cols; j++)

{
printf("%.10f\t",array[i*cols + j1);

}
printf("\n");

;rintf(" \n");
}
/* ___________________________________ */
/* Print a device array (transposed) */
/* in a kernel on the device */
/* ___________________________________ */
__global

void kernelPrintTransposed(datatype* array, unsigned int rows, unsigned int cols,
unsigned int limit _rows, unsigned int limit cols) {

printf(" \n");
for (size t i =0; i < rows & 1 < limit rows; i++)

{

printf("# %03d # ", i + 1);
for (size .t j = 0; j < cols & & j < limit _cols; j++)

{
printf("%.10f\t", array[i + j*rows]);
}
printf("\n");
}
printf(" \n");
}
/* __________________________ */
/* TIMING OPERATIONS CLASS */
/* __________________________ */

#pragma once
#ifndef _TIMER_
#define _TIMER_

// Functions used for calculating
// elapsed time on CPU or GPU
class Timer {

private:
// Private Members
cudaEvent_t GPUstart, GPUstop;
LARGE_INTEGER CPUstart, CPUstop, frequency;
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public:
// Constructor
Timer();
~Timer();

// Public Methods
void tic();

double toc();
double tocmilli();
void GPUtic();

float GPUtoc();

bool isValid();

}s

#endif // | TIMER_

T */
/* TIMING OPERATIONS */
/* IMPLEMENTATION */
T */

#include <iostream>

#include <windows.h>

#include "GlobalDeclarations.cuh"
#include "Timer.cuh"

using namespace std;

/* _______________ */
/* Constructor */
/* _______________ */

Timer::Timer() {
this->GPUstart = NULL;
this->GPUstop = NULL;
cudaError_t cuda_error;
if ( (cuda_error = cudaEventCreate(&this->GPUstart)) != cudaSuccess) {
cerr << "Cuda event create for GPUstart failed: " <<
cudaGetErrorString(cuda_error) << endl;
}
if ( (cuda_error = cudaEventCreate(&this->GPUstop)) != cudaSuccess) {
cerr << "Cuda event create for GPUstop failed: " <<
cudaGetErrorString(cuda_error) << endl;

}
}
/* ______________ */
/* Destructor */
/* ______________ */

Timer::~Timer() {
if (this->GPUstart) {
cudakventDestroy(this->GPUstart);
}
if (this->GPUstop) {
cudakventDestroy(this->GPUstop);

}
}
/* ___________________________ */
/* Check if timer is valid */
/* ___________________________ */

bool Timer::isValid() {
return (this->GPUstart != NULL && this->GPUstop != NULL);
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}

/* ___________________ */
/* Start CPU timer */
/* ___________________ */

void Timer::tic() {
QueryPerformanceFrequency (&this->frequency);
QueryPerformanceCounter(&this->CPUstart);

}

/* ____________________ */
/* Stop CPU timer and */
/* return in sec! */
/* ____________________ */

double Timer::toc() {

QueryPerformanceCounter(&this->CPUstop);

return ((double)(this->CPUstop.QuadPart - this->CPUstart.QuadPart) / this-
>frequency.QuadPart);

}

/* ____________________ */
/* Stop CPU timer and */
/* return in ms! */
/* ____________________ */

double Timer::tocmilli() {

QueryPerformanceCounter(&this->CPUstop);

return ((double)(this->CPUstop.QuadPart - this->CPUstart.QuadPart) / this-
>frequency.QuadPart * 1000.90);

}

/* ___________________ */
/* Start GPU timer */
/* ___________________ */

void Timer::GPUtic() {
cudakEventRecord(this->GPUstart);

}

/* ____________________ */
/* Stop GPU timer and */
/* return in ms! */
/* ____________________ */

float Timer::GPUtoc() {
cudakEventRecord(this->GPUstop);
cudakEventSynchronize(this->GPUstop);
float milliseconds = 0;
cudakEventElapsedTime(&milliseconds, this->GPUstart, this->GPUstop);
return milliseconds;

}

/¥ * /
/* FILE OPERATIONS RELATED CLASS */
2 * /

#pragma once
#ifndef _FILEMNGR_
#define _FILEMNGR_

// MatLab Libraries for MAT-files and

// Mx matrices

#include INCLUDE_FILE(MATLAB_include,mat.h)
#include INCLUDE_FILE(MATLAB_include,matrix.h)

// Functions used for reading from/writing to
// specific files
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class FileManager {

private:
// Private Members
mxArray *aX, *aD;

public:
// Constructor
FileManager();
// Destructor
~FileManager();

// Public Methods

bool readXarray(datatype**);

bool readDarray(datatype**);

bool writeDarray(datatype*);

bool writeTemporary(datatype*,unsigned int,unsigned int,char*);

1

#endif // | _FILEMNGR_

T */
/* FILE OPERATIONS */
/* IMPLEMENTATION */
JF e e e e e */

#include <iostream>

#include "GlobalDeclarations.cuh"
#include "Globals.cuh"

#include "FileManager.cuh"

using namespace std;

// Declarations

bool readMat(datatype**,mxArray** unsigned int*,unsigned int*,char*,char*);
bool writeMat(datatype*,unsigned int,unsigned int, char*, char*);

unsigned int next_pow_2(unsigned int);

// Macros
#define MIN2(a,b) (a < b ? a : b)

/* _______________ */
/* Constructor */
/* _______________ */

FileManager::FileManager() {
this->aX = NULL;
this->aD = NULL;

}

/* ______________ */
/* Destructor */
/* ______________ */

FileManager::~FileManager() {
if (this-»aX) {
mxDestroyArray(this->aX);
}

if (this-»aD) {
mxDestroyArray(this->aD);

/* Read X array stored in file */
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bool FileManager::readXarray(datatype** array) {
if (readMat(
array, &(this-»>aX),
&Globals::rowsX, &Globals::colsX,
Xarray_in_PATH, "X") == false) {

cerr << "An error occured while reading file!..." << endl;

return false;
}
Globals::TPB_rowsX = MIN2(next_pow_2(Globals::rowsX), 1024);
return true;

}

/* _______________________________ */
/* Read D array stored in file */
/* _______________________________ */

bool FileManager::readDarray(datatype** array) {
if (readMat(
array, &(this-»>aD),
&Globals::rowsD, &Globals::colsD,
Darray_in_PATH, "D") == false) {

cerr << "An error occured while reading file!..." << endl;
return false;
}
Globals::TPB_colsD = MIN2(next_pow_2(Globals::colsD), 32);
return true;

}

/* _________________________ */
/* Write D array to file */
/* _________________________ */

bool FileManager::writeDarray(datatype* array) {
if ( writeMat(array, Globals::rowsD, Globals::colsD, Darray_out PATH,"FinalD") ==
false) {
cerr << "An error occured while writing file!..." << endl;
return false;

}

return true;
}
/* _____________________________ */
/* Write given array to file */
/* _____________________________ */

bool FileManager::writeTemporary(datatype* array, unsigned int rows, unsigned int
cols,char* array_name) {

if (writeMat(array, rows, cols, temp_out_PATH, array name) == false) {
cerr << "An error occured while writing file!..." << endl;
return false;
}
return true;
}
/* ___________________________ */
/* Read MATLAB file format */
/* ___________________________ */

bool readMat(datatype** array dbl,mxArray **mArray,
unsigned int* rows_ptr,unsigned int* cols ptr,
char* file,char* array_name) {

MATFile *pmat;
pmat = matOpen(file, "r");
if (pmat == NULL) {
cerr << "Error opening file

<< file <« << endl;
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return(false);
}
*mArray = matGetVariable(pmat, array name);
if (*mArray == NULL) {
cerr << "Error reading existing matrix X...
matClose(pmat);
return(false);

<< endl;

}
#ifdef DOUBLE

*array_dbl = mxGetPr(*mArray);
ttelse

*array_dbl
#endif
*rows_ptr = (unsigned int) mxGetM(*mArray);
*cols ptr = (unsigned int) mxGetN(*mArray);
if (matClose(pmat) != @) {

cerr << "Error closing file

return(false);

(datatype*)mxGetData(*mArray);

<< file <« << endl;

}

return true;

bool writeMat(datatype* array,unsigned int rows,unsigned int cols, char* file, char*
array_name) {
MATFile *pmat;
pmat = matOpen(file, "w");
if (pmat == NULL) {
cerr << "Error opening file
return(false);

<< file << " ..." << endl;

}

mxArray *pa2 = mxCreateDoubleMatrix(rows, cols, mxREAL);

if (pa2 == NULL) {
cerr << "Error: Out of memory while writing existing matrix X..." << endl;
matClose(pmat);
return(false);

}
memcpy ((void *)(mxGetPr(pa2)), (void *)array, rows * cols * sizeof(datatype));

int status = matPutVariableAsGlobal(pmat, array_name, pa2);
if (status != 0) {
cerr << "Error using matPutVariableAsGlobal..." << endl;
matClose(pmat);
return(false);
}
/* clean up */
mxDestroyArray(pa2);
if (matClose(pmat) != 0) {

cerr << "Error closing file " << file << "..." << endl;
return(false);
}
return true;
}
/* _______________________________ */
/* Helper function to find the */
/* next power of 2 for the given */
/* number. */
/* _______________________________ */
unsigned int next_pow_2(unsigned int v) {
V==
v = v > 1;
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v = v o> 2;

v = v >> 4;

v |= v > 8;

v |= v >> 16;

VAt

return v;
}
/* ______________________________ */
/* ERROR HANDLING NAMESPACE */
/* ______________________________ */

#pragma once
#ifndef _ERROR_
#define _ERROR_

// Functions used for error handling
namespace ErrorHandler {

// Public Methods
const char* cublasGetErrorString(cublasStatus_t);

1

#endif // |_ERROR_

JF e e e */
/* ERROR HANDLING NAMESPACE */
/* IMPLEMENTATION */
JF e e e */

#include "GlobalDeclarations.cuh"
#include "curand.h"

#include "cusolverDn.h"

#include "ErrorHandler.cuh"

/* _______________________________ */
/* Error string from cublas call */
/* _______________________________ */

const char* ErrorHandler::cublasGetErrorString(cublasStatus t status) {
switch (status) {

case CUBLAS_STATUS_SUCCESS: return "CUBLAS_STATUS_SUCCESS";
case CUBLAS_STATUS_NOT_INITIALIZED: return "CUBLAS_STATUS_NOT_INITIALIZED";
case CUBLAS_STATUS_ALLOC_FAILED: return "CUBLAS_STATUS_ALLOC_FAILED";
case CUBLAS_STATUS_INVALID_VALUE: return "CUBLAS_STATUS_INVALID_VALUE";
case CUBLAS_STATUS_ARCH_MISMATCH: return "CUBLAS_STATUS_ARCH_MISMATCH";
case CUBLAS_STATUS_MAPPING_ERROR: return "CUBLAS_STATUS_MAPPING_ERROR";
case CUBLAS_STATUS_EXECUTION_FAILED: return "CUBLAS_STATUS_EXECUTION_FAILED";
case CUBLAS_STATUS_INTERNAL_ERROR: return "CUBLAS_STATUS_INTERNAL_ERROR";

}

return "UNKNOWN ERROR";
}
/* _________________________________ */
/* Error string from cusolver call */
/* _________________________________ */

const char* cusolverGetErrorString(cusolverStatus_t status) {
switch (status) {

case CUSOLVER_STATUS_SUCCESS: return "CUSOLVER_STATUS_SUCCESS";
case CUSOLVER_STATUS_NOT_INITIALIZED: return

"CUSOLVER_STATUS_NOT_INITIALIZED";
case CUSOLVER_STATUS_ALLOC_FAILED: return "CUSOLVER_STATUS_ALLOC_FAILED";
case CUSOLVER_STATUS_INVALID VALUE: return "CUSOLVER_STATUS_INVALID_VALUE";
case CUSOLVER_STATUS_ARCH_MISMATCH: return "CUSOLVER_STATUS_ARCH_MISMATCH";

X. Natooupag - A. Matrayswpyiou 130



MapdAAnAn Emitdyxuvon oAyopiBuwv Dictionary Learning kai Mapayovrtotroinong pe epappoyn o€ fMRI: k-SVD, aAy6piBuog MM,
PARAFAC2

case CUSOLVER_STATUS_EXECUTION_FAILED: return "CUSOLVER_STATUS_execution
failed";

case CUSOLVER_STATUS_MATRIX_TYPE_NOT_SUPPORTED: return "CUSOLVER_STATUS_ Matrix
not supported";

case CUSOLVER_STATUS_INTERNAL_ERROR: return "CUSOLVER_STATUS_INTERNAL_ERROR";

}

return "UNKNOWN ERROR";
}
/* _______________________________ */
/* Error string from curand call */
/* _______________________________ */

const char* curandGetErrorString(curandStatus_t error) {
switch (error) {

case CURAND_STATUS_SUCCESS: return "CURAND_STATUS_SUCCESS";

case CURAND_STATUS_VERSION_MISMATCH: return "CURAND_STATUS_VERSION_MISMATCH";

case CURAND_STATUS_NOT_INITIALIZED: return "CURAND_STATUS_NOT_INITIALIZED";

case CURAND_STATUS_ALLOCATION_FAILED: return
"CURAND_STATUS_ALLOCATION_FAILED";

case CURAND_STATUS_TYPE_ERROR: return "CURAND_STATUS_TYPE_ERROR";

case CURAND_STATUS_OUT_OF_RANGE: return "CURAND_STATUS_OUT_OF RANGE";

case CURAND_STATUS_LENGTH_NOT_MULTIPLE: return
"CURAND_STATUS_LENGTH_NOT_MULTIPLE";

case CURAND_STATUS_DOUBLE_PRECISION_REQUIRED: return
"CURAND_STATUS_DOUBLE_PRECISION_REQUIRED";

case CURAND_STATUS_LAUNCH_FAILURE: return "CURAND_STATUS_LAUNCH_FAILURE";

case CURAND_STATUS_PREEXISTING_FAILURE: return
"CURAND_STATUS_PREEXISTING_FAILURE";

case CURAND_STATUS_INITIALIZATION_FAILED: return
"CURAND_STATUS_INITIALIZATION_FAILED";

case CURAND_STATUS_ARCH_MISMATCH: return "CURAND_STATUS_ARCH_MISMATCH";

case CURAND_STATUS_INTERNAL_ERROR: return "CURAND_STATUS_INTERNAL_ERROR";

}
return "UNKNOWN ERROR";

/* PROGRAM PARAMETERS - EQUIVALENT */
/* OF MATLAB SCRIPT PARAMETERS FOR */
/* THE EXECUTION OF KSVD ALGORITHM */

#pragma once
#ifndef __ PROGPARAMS_
#define __ PROGPARAMS_

/*****************************/

/* Program parameters */
/*****************************/

// Number of iterations of the K-SVD algorithm
// MATLAB variable: params.iternum = 30
// Implementation maximum: 1024

#define NUMBEROfITERATIONS 30

// Sparsity level threshold

// MATLAB variable: params.Tdata = 6
#define Tdata 6

// Mutual incoherence threshold

// MATLAB variable: params.muthresh = 0.8
#define muTHRESH 0.8

#endif // !|__PROGPARAMS__

/* GLOBAL OBJECTS STORAGE */
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#pragma once
#ifndef _GLOBALS_
#define _GLOBALS_

// Namespace used for global variables
namespace Globals {

// Global values

extern unsigned int rowsX;
extern unsigned int colsX;
extern unsigned int rowsD;
extern unsigned int colsD;
extern unsigned int TPB_rowsX;
extern unsigned int TPB_colsD;

}s

#endif // !_GLOBALS_

T */
/* GLOBAL VARIABLES DEFINITIONS */
JF e e e e e */

#include "Globals.cuh"

/* _______________________ */

/* Rows of input array X */

/* _______________________ */
unsigned int Globals::rowsX = 0;
/* __________________________ */
/* Columns of input array X */
/* __________________________ */
unsigned int Globals::colsX = 0;
/* _______________________ */

/* Rows of input array D */

/* _______________________ */
unsigned int Globals::rowsD = 0;
/* __________________________ */
/* Columns of input array D */
/* __________________________ */

/* Recommended threads per block */
/* for a kernel that uses colsX. */

/* Recommended threads per block */
/* for a kernel that uses colsD. */

/2 */
/* GLOBAL CONSTANTS - STRUCTURES */
JF e e e */

#pragma once
#ifndef _ DECLARATIONS_
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#define _ DECLARATIONS

[ HFHAE A A KA A KA KK
* INCLUDES *
* *
KKK AR KK KK ]

// These should be included from every
// compilation unit

#include "cuda_runtime.h"

#include "device_launch_parameters.h"
#include <cublas_v2.h>

#include "ProgramParameters.cuh"

/**************************

*  TYPEDEFS - SWITCHES *

* *

**************************/

// Comment out the following #define
// for single-precision operations

// or leave as-is for double precision
#define DOUBLE

// The type of data used in the

// program ( can be either float

// or double)

#ifdef DOUBLE
typedef double datatype;
#else

typedef float datatype;
#endif // !DOUBLE

/******************************

* DEFINITIONS - CONSTANTS *
* *

******************************/

// Number of active threads per reduction.

// (Half of the number of elements per single reduction,
// since only half of them are needed).

// Current: 512 threads/1024 elements

#define REDUCTION_BLCK_SIZES512

// Random generator mode of operation:

// fully random ( @ ) or pre-defined

// numbers for comparison to MATLAB (1).

#define STATIC_GENERATION ©

// At least this number of samples must use the

// atom to be kept and not be cleared. This

// threshold is used when clearing the dictionary

// in the last step of the KSVD alogorithm.

#define USE_THRESH 4

// We use the square value of the Mutual incoherence

// threshold in the program so we #define it explicitly
// as well

#define SQR_muTHRESH muTHRESH * muTHRESH

// Maximum number of signals used in the special case that
// sprow() did not find any non-zero element in a row of
// Gamma. Consequently we use at most that many signals
// to construct a new atom.

#define MAX_SIGNALS 5000
Rk ok sk ok ok ok

*  PATHS  *

* *

okt ok sk ok ok ook okok

#define Xarray_in_PATH "./input/X.mat"
#define Darray_in_PATH "./input/D.mat"
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#tdefine Darray_out_PATH "./output/D.mat"
#tdefine temp_out_PATH "./output/temp.mat"
#define MATLAB_include C:\Program Files\MATLAB\MATLAB Production

Server\R2015a\extern\include\\

/*************

* MACROS *

* *

*************/

#define QUOTEME(x) QUOTEME_1(x)
#define QUOTEME_1(x) #x

#define INCLUDE_F(X,y) QUOTEME(x ## vy)

#define INCLUDE_FILE(x,y) INCLUDE_F(X,y)
#define SINGLE_THREAD(X,y) X ## <<<1,1>>> ## vy
#define SQR(x) (x)*(x)
#define MIN(a,b) (a<b?a:b)

#endif // !__DECLARATIONS_

T */
/* BATCH-OMP CUDA ALGORITHM BASE CLASS */
T */

#pragma once
#ifndef _BOMP_
#define _BOMP_

// Base class implementing the

// Batch-OMP (Orthogonal Matching Pursuit)
// algorithm

class OMP : public virtual CudaAlgorithm{

private:

// Private Functions

bool parallel_signals_operations();
protected:

// Default Constructor

OMP();

// Protected Members
bool BatchOMP();

}s

#endif // |_BOMP_

JH e e */
/* BATCH-OMP CUDA ALGORITHM */
/* IMPLEMENTATION */
JH e e */

#include <vector>

#include <thrust/device_vector.h>
#include "GlobalDeclarations.cuh"
#include "Globals.cuh"

#include "FileManager.cuh"
#include "HostMemory.cuh"
#include "DeviceMemory.cuh"
#include "CudaAlgorithm.cuh"
#include "OMP.cuh"

#include "Algorithms.cuh"
#include "Utilities.cuh"

using namespace std;
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JERFFEF R AR KA K
* NAMESPACES *
* *
HoH KR KR K

using DeviceSpace
using HostSpace

DeviceMemory<datatype>;
HostMemory<datatype>;

[ HFHRAEA A KA A KA KA A KKK
* DECLARATIONS *

* *
KKK KKK O KA KKK

inline void parallelOMP(datatype*, datatype*, datatype*, datatype*, int, int);

/* _______________ */

/* Constructor */

/* _______________ */

OMP: :OMP () CudaAlgorithm(NULL,NULL){
}

/* _______________ */

/* OMP function */

/* _______________ */

bool OMP::BatchOMP() {

// DtX = D'*data ==> DtX = D'*X ==> DtX = D_temp'*X_ARRAY

if (Algorithms::Multiplication::AT_times_B(this->CBhandle,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD),
Globals: :rowsD, Globals::colsD,
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
Globals: :rowsX, Globals::colsX,
this->deviceMemory.get(DeviceSpace: :DtX)

) == false) {

return false;

}
// Start Batch-OMP in parallel fashion now!

if (this->parallel_signals_operations() == false) {
return false;

}
return true;
}
/* ________________________________ */
/* Implementation of the parallel */
/* iterations of the OMP alg. */
/* ________________________________ */
bool OMP::parallel_signals_operations() {
parallelOMP(
this->deviceMemory.get(DeviceSpace: :DtX),
this->deviceMemory.get(DeviceSpace: :SELECTED_ATOMS),
this->deviceMemory.get(DeviceSpace::G),
this->deviceMemory.get(DeviceSpace::c),
Globals::colsD, Globals::colsX);
return true;
}

IITTTTI7T0T 7770777 7777777777777777717777777711777

1111117771717 HELPER FUNCTIONS

1177177711177117

IITTTPL7007 7777777 777777777777777771777777711777

/************************************

* DECLARATIONS *

* *
************************************/
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__global

void parOMP(datatype*, datatype*, datatype*, datatype*, int, int);

R AR A A A KA KA KA KA K KA KKK A KKK K
* WRAPPERS *
* *
KKK KK SO KK KK S HOK S K KKK KoK

/* ____________________________________ */
/* OPERATION: */
JAJEEEEEEEEE */
/* for (signum=0; signum<L; ++signum) */
/* A */
/* ce */
/*} */
/* *in parallel threads* */
/* ____________________________________ */

inline void parallelOMP(
datatype* DtX, datatype* selected atoms,
datatype* G, datatype* c,
int colsD, int colsX) {

// We set 512 threads per block as

// it was experimentally found that

// there are not enough resources on the

// GPU to utilize this kernel.

parOMP << < (colsX + 512 - 1) / 512, 512 >> > (
DtX, selected_atoms, G,
c, colsD, colsX);

R KA KA KA KA KKK KK K KKK
* KERNELS *
* *

************************************/

/* This function computes the back */
/* substitution of a linear system */
/* L'"*x = b where L is product of */
/* a Cholesky factorization. */

_inline__ _ device__

void backsubst_Lt(datatype* L, datatype* b, datatype* x, int n, int k) {
unsigned int i, j;
datatype rhs;

for (1 = k; i >=1; --i) {
rhs = b[i - 1];
for (j = 1; j<k; ++j) {
rhs -= L[(1i - 1)*n + j] * x[3];
}

x[1 - 1] =rhs / L[(1 - 1)*n + 1 - 1];

/* This function computes the back */
/* substitution of a linear system */
/* L*x = b where L is product of a */
/* Cholesky factorization. It also */
/* uses indexed input. */

__inline__ _ device__
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void backsubt_indexed_L(datatype* L, datatype* b, datatype* x, unsigned int* ind, int n,
int k) {

unsigned int i, j;

datatype rhs;

for (i = 0; i<k; ++i) {
rhs = b[ind[i]];
for (j = 0; j<i; ++j) {
rhs -= L[j*n + 1] * x[j];
}

x[i] = rhs / L[i*n + i];

/* This function computes the back */
/* substitution of a linear system */
/* L*x = b where L is product of a */
/* Cholesky factorization. It also */
/* uses indexed input and in-place */
/* output. */

_inline__ _ device__
void backsubt_indexed_append_L(datatype* L, datatype* b, unsigned int* ind, int n, int k,
datatype* temp_storage) {

unsigned int i, j;

datatype rhs;

for (i = 0; i<k; ++i) {
rhs = b[ind[i]];
for (j = 0; j<i; ++j) {
rhs -= L[j*n + i] * temp_storage[j];
}

temp_storage[i] = rhs / L[i*n + 1i];
L[i*n + k] = temp_storage[i];

}
}
/* _________________________________ */
/* Helper function to zero-out the */
/* specified array. */
/* _________________________________ */
inline__ _ device__

void zeroOut(datatype* array, int colsD) {
for (int k = 0; k < colsD; k++) {
array[k] = 0.0;

/* Helper function to return the */
/* index of the element of the */
/* maximum absolute value inside */
/* the specified array. */

__inline__ _ device__
unsigned int maxabs(datatype* array, int size) {
datatype max = SQR(*array), value;
unsigned int index = 0;
for (int k = 1; k < size; k++) {
value = SQR(array[k]);
if (value > max) {
max = value;
index = k;
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}
}

return index;

/* Helper function to return the */
/* sum of the square values of */
/* the elements in the specified */
/* array. */

__inline__ _ device__
datatype sumSquareValues(datatype* array, int size, int stride) {
datatype sum = 0;
for (int k = 0; k < size; k++) {
sum += SQR(array[k*stride + size]);

}

return (1 - sum);
}
/* ___________________________ */
/* Helper function for: */
/* alpha = D'*residual */
/* ___________________________ */
__inline__ _ device__

void addMul(
datatype* A, int rowsA, int colsA, datatype* x,
unsigned int* ind, datatype* alpha, datatype* alpha original) {

datatype sum;
for (int i = 0; i < rowsA; i++) {
sum = 0;
for (int j = @; j < colsA; j++) {
sum += A[ind[j] * rowsA + i] * x[]];
}

alpha[i] = alpha_original[i] - sum;

/* This kernel executes the parallel */
/* loops for calculating the sparse */
/* representation of each signal. */

__global
void parOMP(
datatype* DtX, datatype* selected_atoms, datatype* G, datatype* c,
int colsD, int colsx){
/>
// Start Batch-OMP...

// Index of the current signal
unsigned int signum = blockIdx.x * blockDim.x + threadIdx.x;
if (signum < colsX) {
// Local Batch-0.M.P. matrices
datatype cholBuffer[Tdatal];
unsigned int ind[Tdata];
datatype Lchol[Tdata*Tdata];
datatype alpha[32]; // colsD <= 32 as in the rest of the program
// Increasing factors
const unsigned int inc_colsD = signum*colsD;
const unsigned int inc_Tdata = signum*Tdata;
// We reset the 'selected atoms' array to zero because
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// of remnants from previous iterations of K-SVD.

zeroOut(selected _atoms + inc_colsD, colsD);

// Stack variables

unsigned int i = 0, pos;

datatype sum;

/* >>> 0.M.P. - Main Iteration <<< */
while (i < Tdata) {

if (i == 0) {
/* Avoid copy and use DtX directly*/

// Index of next atom
// OPERATION :=> pos = maxabs(alpha, m)
pos = maxabs(DtX + inc_colsD, colsD);

// Stop criterion: selected same atom twice, or inner product too
small

if ((selected atoms + inc_colsD)[pos] || SQR((DtX +
inc_colsD)[pos]) < 1le-14) {

break;
}
}
else {
/* Use alpha array for any subsequent iteration */
// Index of next atom
// OPERATION :=> pos = maxabs(alpha, m)
pos = maxabs(alpha, colsD);
// Stop criterion: selected same atom twice, or inner product too
small
if ((selected atoms + inc_colsD)[pos] || SQR(alpha[pos]) < 1le-14) {
break;
}
}

// Mark selected atom

ind[i] = pos;

///////////////// MODIFIED ///////////////]/
/* (see note at the end of this function) */
(selected _atoms + inc_colsD)[pos] = i + 1;

// Cholesky update

if (i == 0) {
*Lchol = 1;

}

else {

/* incremental Cholesky decomposition: compute next row of Lchol */
backsubt_indexed_append_L(

Lchol,

G + pos*colsD,

ind,

Tdata, i,

cholBuffer);

/* compute Lchol(i,i) */
sum = sumSquareValues(Lchol, i, Tdata);

if (sum <= le-14) {

break;

}

Lchol[i*Tdata + i] = sqrt(sum);
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i++;
/* perform orthogonal projection and compute sparse coefficients */

// The two following functions together
// compute the Cholesky factorization
// of a given array and solve the
// corresponding set of linear systems
// by executing types of back substitution.
backsubt_indexed_L(

Lchol,

DtX + inc_colsD,

cholBuffer,

ind,

Tdata, 1i);
backsubst_Lt(

Lchol,

cholBuffer,

c + inc_Tdata,

Tdata, i);

/* update alpha = D'*residual */

// Here we make the assumption that 'colsD' cannot be more than 32 atoms
// (i.e. signal sources ). Also 'i' cannot be more than colsD because the
// loop would have 'breaked' in line 316
addMul(

G, colsD, i,

c + inc_Tdata,

ind,
alpha,
DtX + inc_colsD
)s
b
/* >>> 0.M.P. - Post Iteration Finalization <<< */
/*

Note: At this point the CPU equivalent of OMP produces a
sparse array Gamma using array 'c' and indices array
'ind'. However the next step ( i.e the first step of
Dictionary update phase) commands that only non-zero
elements of Gamma can be used and their respective
indices. That can be easily implemented by launching
a new grid to recover the data and as such the need
for a temporary storage is no longer neccessary. For
this to happen, however, a slight modification has to
be made so that the 'selected atoms' array informs us
not only whether a non-zero element is present at a
specific position but also its index in the output
array ('c').
*/
/*
Modification summary:
ORIGINAL selected_atoms ARRAY => stores © or 1 to indicate
presence/absence of

element
MODIFIED VERSION => stores index of element in range {1...Tdata}
or © to indicate zero-element
A non-zero element can later be found through row and column indices
of Gamma:
For a *non-zero* element at Full Gamma[i][j] we get its value at:
(c + j*Tdata) [ (int) ( (selected_atoms + j*colsD) [ i ] - 1)
1
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*/
}
7
// END OF PARALLEL SECTION
L e
}
/* ________________________________ */
/* KSVD CLASS */
/* ________________________________ */

#pragma once
#ifndef _KSVD_
#define _KSVD_

// Class used for executing the
// K-SVD algorithm
class KSVD : public OMP, public DictionaryUpdate {

private:
// Private Functions
bool normcols();
bool errorComputation(unsigned int);
bool clearDict();

public:
// Constructor
KSVD(DeviceMemory<datatype>*, HostMemory<datatype>*);
// Destructor
~KSVD();

// Public Methods

bool ExecuteIterations(unsigned int);
bool isValid();

}s

#endif // ! _KSVD_

JH e e */
/* KSVD-OPERATION */
/* IMPLEMENTATION */
JH e e */

#include <vector>

#include <thrust/device_vector.h>
#include <thrust/sort.h>

#include "GlobalDeclarations.cuh"
#include "Globals.cuh"

#include "FileManager.cuh"
#include "HostMemory.cuh"
#include "DeviceMemory.cuh"
#include "CudaAlgorithm.cuh"
#include "OMP.cuh"

#include "DictionaryUpdate.cuh"
#include "KSVD.cuh"

#include "ErrorHandler.cuh"
#include "ThrustOperators.cuh"
#include "Utilities.cuh"

#include "Algorithms.cuh"

[ HFHRAEA A KA KA KKK K

* NAMESPACES *
* *

X. Marooupag - A. Mamayswpyiou 141



MapdAAnAn Emitdyxuvon oAyopiBuwv Dictionary Learning kai Mapayovrtotroinong pe epappoyn o€ fMRI: k-SVD, aAy6piBuog MM,
PARAFAC2

*****************/
using DeviceSpace
using HostSpace

DeviceMemory<datatype>;
HostMemory<datatype>;

[k ok ook skok stk sk ok ok ok

*  DECLARATIONS  *

* *

okt ok sk sk ok sk sk ok sk ok ok ok ok ok /

inline void diagX_Mul(datatype*,datatype*,datatype*,int,int);

inline bool use_count(datatype*, datatype*, unsigned int, unsigned int);

inline void replace(datatype*, datatype*, datatype*, unsigned int, unsigned int);

inline void initialize(datatype*, datatype*, datatype*, datatype*, unsigned int, unsigned
int);

/* _______________ */
/* Constructor */
/* _______________ */

KSVD: :KSVD(DeviceSpace* devptr, HostSpace* hostptr)
: CudaAlgorithm(devptr, hostptr) {

bool KSVD::ExecuteIterations(unsigned int iternum) {
// D_temp = normcols(D);
if (normcols() == false) {
return false;
}

// Main Loop
unsigned int* all_perms;
for (unsigned int iter = @; iter < iternum; iter++) {
// G =D'*D ==> G = D_temp'*D_temp
if (Algorithms::Multiplication::AT_times_B(this->CBhandle,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD),
Globals::rowsD, Globals::colsD,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD),
Globals: :rowsD, Globals::colsD,
this->deviceMemory.get(DeviceSpace: :G)
) == false) {

return false;

}

117171771771771177171771771711717
// Sparse coding stage! //

[1117771717771177771777717717
// Execute Batch-OMP stage now!
// Equivalent: Gamma = sparsecode(data,D,XtX,G,thresh)
if (this->BatchOMP() == false) {
return false;
}

/*
Note:
Now array Gamma is not present but its elements are accessed
using the following formula:

For a *non-zero* element at (i,j) we get its value at:
(c + j*Tdata) [ (int) ( (selected_atoms + j*colsD) [ i ] - 1) ]
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*/

[171177177777777777777177177711717
// Reset variables for the new //
// iteration before Dictionary //

// Update stage. //
IIT11710717777770777117771777177
initialize(

this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS),
this->deviceMemory.get(DeviceSpace: :REPLACED_ATOMS),
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS_COUNTER),
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS_BITMAP),
Globals::colsX, Globals::colsD

)5

[11177177711777717777717111777
// Dictionary update stage! //
[111777171777777771171717777177
// Generate a random permutation of indices in the
// range 1...colsD. Equivalent: p = randperm(dictsize);
all perms = Algorithms::RandomPermutation::generateRandPerm(Globals::colsD);
// Execute Dictionary Update stage now!
if (this->updateDictionary(all_perms) == false) {
return false;

}
1117777 7771777777777

// Compute error now! //

[171177171177117711771777177

if (this->errorComputation(iter + 1) == false) {
return false;

}

[I11777771171777777771777

// Clear Dictionary //

[1117771711717777777171777

if (this->clearDict() == false) {
return false;

}

}

return true;
}
/* _________________________________________ */
/* Clear the dictionary of unused atoms */
/* or atoms having error above a threshold */
/* or atoms that few samples use them! */
/* _________________________________________ */

bool KSVD::clearDict() {
// Count how many elements in every row of Gamma
// have absolute value above le-7
if (use_count(
this->deviceMemory.get(DeviceSpace: :SELECTED_ATOMS),
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD),
Globals::colsD, Globals::colsX

I~

= false) {

return false;

}

// Iteration to clear every atom that satisfies
// a certain condition implemented in maximum
// function below. Matlab equivalent:

//

// for j = 1:dictsize
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// | % compute G(:, j)

// | % replace atom

// end

//

for (unsigned int j = @; j < Globals::colsD; j++) {

// Now we compute:

/7 Gj = D'*D(:,3);

if (Algorithms::Multiplication::AT_times_x(this->CBhandle,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD),
Globals: :rowsD,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD) +
j*Globals: :rowsD,
Globals::colsD,
this->deviceMemory.get(DeviceSpace: :G)

I~

= false) {
return false;

// Now we compute the maximum (square) value
// of Gj. Operation performed:

// (max(Gj."2))

// We also apply the condition.

if (Algorithms::Reduction::Maximum_squared(
this->deviceMemory.get(DeviceSpace::G),
Globals::colsD,
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD) + j,
this->deviceMemory.get(DeviceSpace: :REPLACED_ATOMS) + j,
J

Il ~

= false) {
return false;

// We now find the signal with the maximum error.
// Matlab equivalent:

// [~,1] = max(err);

if (Algorithms::Reduction::Maximum(
this->deviceMemory.get(DeviceSpace: :ERR),
Globals::colsX,
this->deviceMemory.get(DeviceSpace: :G)

Il ~

= false) {

return false;

}

// We should now calculate the norm of the

// selected signal in our data.

if (Algorithms::Reduction::euclidean_norm(
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
this->deviceMemory.get(DeviceSpace::G),
Globals: :rowsX, Globals::TPB_rowsX

Il ~

= false) {

return false;

}
// Finally replace atom.

replace(
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this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD) + j *
Globals: :rowsD,
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
this->deviceMemory.get(DeviceSpace::G),
Globals: :rowsX, Globals::TPB_rowsX

)

}

return true;
}
/* ____________________________________ */
/* Compute the residual error */
/* using the formula: */
/* */
/*  sqrt(sum[ (X-D*Gamma)”2]/numel(X)) */
/* */
/* ____________________________________ */

bool KSVD::errorComputation(unsigned int iter) {
// Compute (D*Gamma) using CUBLAS
// for performance
if (Algorithms::Multiplication::A_times_B(this->CBhandle,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD), Globals::rowsD,
Globals::colsD,
this->deviceMemory.get(DeviceSpace: :SELECTED_ATOMS), Globals::colsD,
Globals::colsX,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSX_BY_COLSX))
== false) {

return false;

}

// Now reduce over the result and calculate

// the error:

// sum{ (X - X~)72 }

//

if (Algorithms::Reduction::reduce_RMSE(
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSX_BY_COLSX),
this->deviceMemory.get(DeviceSpace: :ERR),
Globals::rowsX , Globals::colsX, iter,
Globals: :TPB_rowsX,
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS_BITMAP))

== false) {
return false;
}
return true;
}
/* _________________________ */
/* Normalize columns of D */
/* _________________________ */

bool KSVD::normcols() {
// Calculating ==> 1./sqrt(sum(D.*D))
if (Algorithms::Reduction::reduce2D_Sum_SQUAREDelements(
this->deviceMemory.get(DeviceSpace: :D_ARRAY),
Globals: :rowsD, Globals::colsD,
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD),
Globals: :TPB_rowsX
) == false) {

return false;

}
// D = D*spdiag( 1./sqrt(sum(D.*D)) ) ==> D = D*spdiag(TEMP_1_BY_COLSD)
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diagX_ Mul(
this->deviceMemory.get(DeviceSpace: :D_ARRAY),
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD),
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD),
Globals::rowsD * Globals::colsD, Globals::rowsD);

return true;

}

/* _________________________ */
/* Check if error occured */
/* _________________________ */

bool KSVD::isValid() {
return(CudaAlgorithm::isvalid());
}

LIT71T770 7777770777777 777777777777717777777771777
1117711177117 HELPER FUNCTIONS  ////////1/17/1/1/
IITTTTITTT 0707777 7777777777777771777771711711777

R K K KKK R KRR SR SRR KR Kok K ok K o
* DECLARATIONS *
* *
ok stk ok ok ok sk ok sk sk ok sk kR sk sk sk R sk kR sk sk ko Kk ok ok

__global

void diagMul(datatype*,datatype*, datatype*, int, int);

__global

void use_count_kernel(datatype*, datatype*, unsigned int, unsigned int);
__global__

void replaceDj(datatype*, datatype*, datatype*, unsigned int);

__global

void init(datatype*, datatype*, datatype*, datatype*, unsigned int, unsigned int);

Rk stk ook skok sk stk ok sk ok skok skok skok sk K ok ok ok ok ok
* WRAPPERS *
* *
SR KK SR K KR K SR SRR R KR K SRR KRR KR Kok ok K/

/* _________________________________ */
/* OPERATION: */
/* out = in*diag(coeff) */
/* _________________________________ */

inline void diagX_Mul(datatype* in, datatype* out, datatype* coeff, int size, int rows) {
dim3 block(1024);
dim3 grid((size + block.x - 1) / block.x);
diagMul <<< grid, block >>> (in, out, coeff, size, rows);

}

/* ______________________________ */
/* OPERATION: */
/* */
/* usecount = */
/* sum(abs(Gamma)>le-7, 2); */
/* */
/* ______________________________ */

inline bool use_count(
datatype* gamma, datatype* counters,
unsigned int colsD, unsigned int colsX) {

// Initialize counters to zero

if (cudaMemset(counters, @, colsD * sizeof(datatype)) != cudaSuccess) {
return false;

}

// Once again we assume colsD <= 32
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dim3 block(16, colsD); // => max. 512 threads per block
dim3 grid((colsX + block.x - 1) / block.x);
use_count_kernel << < grid, block >> > (gamma, counters, colsD, colsX);

return true;

}

/* _________________________________ */
/* OPERATION: */
/*  D(:,j) = X(:,unused_sigs(i)) */
/* / norm(X(:,unused_sigs(i))) */
/* _________________________________ */

inline void replace(
datatype* Dj, datatype* X, datatype* G,
unsigned int size, unsigned int recommended) {

replaceDj << < 1, recommended >> > (Dj, X, G, size);

}

/* ___________________________________ */
/* OPERATIONS: */
/* replaced_atoms = zeros(dictsize) */
/* unused_sigs = 1l:size(data,2); */
/* ___________________________________ */

inline void initialize(
datatype* un, datatype* rep, datatype* counter, datatype* bitmap,
unsigned int N, unsigned int colsD) {

dim3 block(1024);
dim3 grid((N + block.x - 1) / block.x);
init << <grid, block>> > (un, rep, counter, bitmap, N, colsD);

Rk stk ook skok sk stk ok sk ok skok skok skok sk K ok ok ok ok ok
* KERNELS *
* *

************************************/

/* This kernel multiplies a */
/* vector transformed into a */
/* diagonal matrix with some */
/* other matrix. */

__global
void diagMul(datatype* in, datatype* out, datatype* coeff, int size, int rows) {
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < size) {
int col = index / rows;
out[index] = in[index] * coeff[col];

}

}

/* ___________________________________ */
/* This kernel uses an array of */
/* counters to simultaneously count */
/* elements of every row of input */
/* that satisfy a certain condition. */
/* ___________________________________ */

__global__ void use_count_kernel(
datatype* gamma, datatype* counters,
unsigned int colsD, unsigned int colsx) {

// threadIdx.x = my column
// threadIdx.y = my row
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unsigned int column = blockIdx.x * blockDim.x + threadIdx.x;
if (column < colsX) {
if (SQR((gamma + column*colsD)[threadIdx.y]) > 1le-7) {
atomicAdd((unsigned int*)(counters + threadIdx.y), 1);

}
}
}
/* _________________________________ */
/* This kernel performs the simple */
/* task of: */
/* D(:,3) = X(:,1) / norm(X(:,1)) */
/* _________________________________ */
_global__ void replaceDj(
datatype* Dj, datatype* X, datatype* G,
unsigned int size) {
if (1(xe)) {
// Our atom does not need replacement
return;
}
if (threadIdx.x < size) {
X += (unsigned int)(*(G + 1))*size;
Dj[threadIldx.x] = X[threadIdx.x] / (*(G + 2));
}
}
/* ___________________________________ */
/* This kernel is the equivalent of: */
/* */
/* replaced_atoms = zeros(dictsize) */
/* unused_sigs = 1l:size(data,2) */
/* ___________________________________ */
__global _ void init(
datatype* un, datatype* rep, datatype* counter, datatype* bitmap,
unsigned int N, unsigned int N2) {
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
un[index] = index;
bitmap[index] = 1.0;
if (index < N2) {
rep[index] = 0.0;
}
if (index == @) {
*counter = 0.0;
}
}
}
/* _______________________________________________ */
/* k-MEANS DICTIONARY UPDATE STAGE BASE CLASS */
/* _______________________________________________ */

#pragma once
#ifndef _DICUPD_
#define _DICUPD_

// Base class implementing the
// Dictionary Update Stage
class DictionaryUpdate : public virtual CudaAlgorithm {

private:
// Private Functions
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bool Sprow();
bool specialCase(unsigned int);

protected:
// Default Constructor
DictionaryUpdate();

// Protected Members
bool updateDictionary(unsigned int*);

};

#endif // | _DICUPD_

JF e e * /
/* k-MEANS DICTIONARY UPDATE STAGE */
/* IMPLEMENTATION */
/F e e e * /

#include <vector>

#include <thrust/device_vector.h>
#include "GlobalDeclarations.cuh"
#include "Globals.cuh"

#include "FileManager.cuh"
#include "HostMemory.cuh"
#include "DeviceMemory.cuh"
#include "CudaAlgorithm.cuh"
#include "DictionaryUpdate.cuh"
#include "Utilities.cuh"

#include "Algorithms.cuh"
#include "ReductionBase.cuh"

using namespace std;

JERFREF KR KKK
* NAMESPACES *
* *
R KRR

using DeviceSpace
using HostSpace

DeviceMemory<datatype>;
HostMemory<datatype>;

/*******************
* DECLARATIONS *
* *
*******************/
inline void sprow(datatype*, datatype*, datatype*, datatype*, datatype*, int, int);
inline void special_case_update(datatype*, datatype*, datatype*, unsigned int, datatype*,
datatype*, datatype*,

datatype*, datatype*, unsigned int, unsigned
int);

DictionaryUpdate::DictionaryUpdate() : CudaAlgorithm(NULL, NULL) {

bool DictionaryUpdate::updateDictionary(unsigned int* p) {
// We retrieve all the non-zero elements
// along with their indices for every row
// of the 0.M.P. output Gamma. That way we
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// have eliminated the operation:

// [gamma_j, data_indices] =

// sprow(Gamma, j)

//

// in each iteration.

// Output stored in 'DtX' and 'alpha'.

if (this->Sprow() == false) {

return false;
}

/*%/

/* Analyze the data obtained by sprow in parallel */
/**/

// We pre-calculate the sum of squares for

// each gamma_j because it remains constant

// for every iteration. Thus we eliminate the

// calculation of:

// (gamma_j*gamma_j")

// for each row's loop. Output stored in 'G'.

// Simultaneously, we pre-calculate the linear
// combination of the columns of X using gamma_j
// as the coefficients matrix. Essentially this
// operation is:

// Y = X(:, COLS)*gamma_j'

// But each gamma_j remains constant

// for every iteration. Thus we eliminate the
// calculation of:

// collincomb(X,data_indices,gamma_3j"')

// for each row's loop.

// Output stored in 'TEMP_COLSD_BY_ROWSX'.

if (Algorithms::Reduction::reducelD_Batched_Sum_TOGETHER_collincomb(
this->deviceMemory.get(DeviceSpace: :DtX),
this->deviceMemory.get(DeviceSpace::G),
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD),
Globals::colsD, Globals::colsX,
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
this->deviceMemory.get(DeviceSpace::alpha),
this->deviceMemory.get(DeviceSpace: :TEMP_COLSD_BY_ROWSX),
Globals: :rowsX)

== false){

return false;

}

[I1717777077 777777777 7777177777777777777
// Dictionary Update - Main Iteration //
[1177777777777777777777177777171717777717
unsigned int pJ;
for (unsigned int j = @; j < Globals::colsD; j++) {
/*-- Optimize atom --*/
pd = pl[il;
// First we handle the special case where sprow()
// returned zero for this row of Gamma i.e. no
// non-zero elements were found
if (specialCase(pl) == false) {
return false;

// Matrix-vector multiplication
// Operation:
// (smallGamma*gamma_j")

if (Algorithms::Reduction::reduce2D_dot_products_modified(
this->deviceMemory.get(DeviceSpace: :SELECTED_ATOMS),

X. Natooupag - A. Matrayswpyiou 150



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,

PARAFAC2

this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:

pJ,
Globals::colsD, Globals::colsX)
== false) {

return false;
}
// Matrix-vector multiplication
// Operation:
// D*(smallGamma*gamma_j")
//

:alpha) + pJ*Globals::colsX,
:DtX) + pJ*Globals::colsX,
:G) + Globals::colsD,
:TEMP_1_BY_COLSD) + p3,

if (Algorithms::Multiplication::A_times_x_SUBTRACT(

this->deviceMemory.get(DeviceSpace:

Globals: :rowsD,
this->deviceMemory.get(DeviceSpace
Globals::colsD,

this->deviceMemory.get(DeviceSpace:

Globals: :rowsD,

this->deviceMemory.get(DeviceSpace:

Globals: :rowsD,

this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:

Globals: : TPB_rowsX)
== false) {

return false;

// We calculate the linear combination
// of the rows of X using 'atom' as the
// coefficients matrix. Essentially this
// operation is:

// Y = X'*A(ROWS, :)

// We also calculate the norm of the new
// atom in parallel as well as execute the
// multiplication: (atom'*D).

:TEMP_ROWSD_BY_COLSD),
:G) + Globals::colsD ,
:TEMP_COLSD_BY_ROWSX) + p3J *
:TEMP_ROWSD_BY_COLSD) + p3J *

:G) + p3J,
:TEMP_1_BY_COLSD) + pJ,

if (Algorithms::Reduction::reduce2D_rowlincomb_plus_nrm2_plus_mul(

this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:

Globals: :rowsX,

this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:

Globals: :rowsX, Globals::colsX,

this->deviceMemory.get(DeviceSpace:

Globals: :TPB_rowsX,

this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:
this->deviceMemory.get(DeviceSpace:

Globals::colsD

)
== false) {
return false;
}
//
// We finally calculate:
//
// (atom'*D)*smallGamma
//

// using reduction and simultaneously
// update D and Gamma with the new values.
// These two operations can be performed
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:TEMP_COLSD_BY_ROWSX) + pJ *

: TEMP_SINGLE_VALUE),
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:c),

: TEMP_ROWSD_BY_COLSD),
:G) + Globals::colsD,
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// in parallel!
if (Algorithms::Multiplication::normal_x_times A modified(

this->deviceMemory.get(DeviceSpace::G) + Globals::colsD,

this->deviceMemory.get(DeviceSpace: :SELECTED_ATOMS),

this->deviceMemory.get(DeviceSpace::alpha) + pJ * Globals::colsX,

Globals::colsD,

this->deviceMemory.get(DeviceSpace::DtX) + pJ * Globals::colsX,

this->deviceMemory.get(DeviceSpace: :TEMP_SINGLE_VALUE),

this->deviceMemory.get(DeviceSpace::G) + Globals::colsD + pJ,

this->deviceMemory.get(DeviceSpace::c),

p3,

this->deviceMemory.get(DeviceSpace::TEMP_1 BY_COLSD) + pJ,

Globals::colsX,

this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD) +
pJ*Globals: :rowsX,

this->deviceMemory.get(DeviceSpace: :TEMP_COLSD_BY_ROWSX) +
pJ*Globals: :rowsX,

Globals: :rowsX

)
== false) {
return false;
}
¥
[1171771771777777771771771771777117771777177
// End Of Main Iteration //

II17117770 7717777777777 7777777777777777

return true;

/* SPROW: Store all non-zero elements, */
/* then store their indices ( source: */
/* array Gamma [ i.e. 'c' ]) */

bool DictionaryUpdate::Sprow() {
// Initialize counters to zero
if (cudaMemset(
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD),

0,
Globals::colsD * sizeof(datatype)
) != cudaSuccess) {

return false;

}
// Execute sprow in a single pass
sprow(
this->deviceMemory.get(DeviceSpace::c),
this->deviceMemory.get(DeviceSpace: :SELECTED_ATOMS),
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD),
this->deviceMemory.get(DeviceSpace: :DtX),
this->deviceMemory.get(DeviceSpace::alpha),
Globals::colsD, Globals::colsX
)s
return true;
}
/* ________________________________________ */

/* In this function we handle the special */
/* case when a row of Gamma is not used */
/* by any atom and thus sprow() returned */
/* an empty set. */

bool DictionaryUpdate::specialCase(unsigned int pJ) {
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// Compute (D*Gamma) using CUBLAS
// for performance
if (Algorithms::Multiplication::A_times_B(this->CBhandle,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD), Globals::rowsD,
Globals::colsD,
this->deviceMemory.get(DeviceSpace: :SELECTED_ATOMS), Globals::colsD,
Globals::colsX,
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSX_BY_COLSX)

Il ~

= false) {
return false;

// Now reduce over the result and calculate
// the error:

// E = sum{ (X - X~)"2 }
//

// Then we calculate:

// [d,i] = max(E);

//

// Output 'i' stored in *TEMP_ROWSX_BY_COLSX.

if (Algorithms::Reduction::reduce_ERROR_for_special_case(
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSX_BY_COLSX),
this->deviceMemory.get(DeviceSpace: :ERR),
Globals: :rowsX, Globals::colsX,
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD) + pJ,
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS),
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS_COUNTER),
Globals: :TPB_rowsX

Il ~

= false) {

return false;

}

// We should now calculate the norm of the

// selected signal in our data.

if (Algorithms::Reduction::SCase_EU_norm(
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSX_BY_COLSX),
Globals: :rowsX, Globals::TPB_rowsX,
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD) + pJ,
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS),
Globals::colsX

Il ~

= false) {

return false;

}

// We finally update the dictionary with the new

// atom divided by its norm

special_case_update(
this->deviceMemory.get(DeviceSpace: :X_ARRAY),
this->deviceMemory.get(DeviceSpace: :TEMP_ROWSD_BY_COLSD) + pJ *

Globals: :rowsD,

this->deviceMemory.get(DeviceSpace: :TEMP_ROWSX_BY_COLSX),
Globals: :rowsX,
this->deviceMemory.get(DeviceSpace::TEMP_1_BY_COLSD) + pJ,
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS),
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS_COUNTER),
this->deviceMemory.get(DeviceSpace: :UNUSED_SIGS_BITMAP),
this->deviceMemory.get(DeviceSpace: :REPLACED_ATOMS) + pJ,
Globals::colsX,
Globals: :TPB_rowsX

)5
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return true;

}

LI7711T771T 77777777777 7777777777777777717777177777
1111771111717 HELPER FUNCTIONS  /////////1111/117/
LIT71T770T 777770777777 777777777777717777777771777

A AR A KA KA A KA KA KA KK K KK K
* DECLARATIONS *
* *
KKK KR SO KK KK S KK SR K KK SO KK K

__global
void sprow_kernel(datatype*, datatype*, datatype*, datatype*, datatype*, int, int);
__global
void SCupdate(datatype*, datatype*, datatype*, unsigned int, datatype*, datatype*,
datatype*, datatype*,

datatype*, unsigned int, unsigned int);

R KA KA KA KA KKK KK KK O K K o
* WRAPPERS *
* *
K KKK S KO SR K KoK S OK SR K SR KR KR KR K

/* ______________________________ */
/* OPERATION: */
/* [gamma_j, data_indices] = */
/% sprow(Gamma, j); */
/* */
/* { for every j in 1...colsD } */
/* ______________________________ */

inline void sprow(
datatype* c, datatype* selected_atoms, datatype* counters,
datatype* out_values, datatype* out_indices,
int colsD, int colsX) {

// Once again we assume colsD <= 32 in
// order to fit in a single warp
dim3 block(16,32); // = 512 threads per block
dim3 grid((colsX + block.x - 1) / block.x);
sprow_kernel << < grid, block >> > (

c, selected_atoms, counters,

out_values, out_indices,

colsD, colsX);

}

/* ____________________________________ */
/* OPERATIONS: */

/* atom = X(:,unused_sigs(perm(i))) */
/* and */

/* atom = atom./norm(atom) */

/* and */

/* D(:,p(j)) = atom */
/* */

/* ____________________________________ */

inline void special_case_update(
datatype* X, datatype* Dj, datatype* temp, unsigned int N,
datatype* counters, datatype* unused, datatype* UScounter,
datatype* bitmap, datatype* replaced, unsigned int colsX,
unsigned int recommended) {

// We assume length i.e. rowsD <= 1024

SCupdate << <1, recommended >> > (X, Dj, temp, N, counters,
unused, UScounter, bitmap, replaced, colsX, MIN(colsX, MAX_SIGNALS));

X. Marooupag - A. Mamayswpyiou 154



MapdAAnAn Emitdyxuvon oAyopiBuwv Dictionary Learning kai Mapayovrtotroinong pe epappoyn o€ fMRI: k-SVD, aAy6piBuog MM,
PARAFAC2

[ HFHAEA A KA KA KA KA KA KA K H A KKK KK K
* KERNELS *
* *
KKK KKK KK KK S HOK S K KKK KK

/* ___________________________________ */
/* This kernel uses an array of */
/* counters to simultaneously count, */
/* index and store the non-zero */

/* elements of input, multiplexed by */
/* the selected atoms array, to two */
/* output arrays. */

__global__ void sprow_kernel(
datatype* c, datatype* selected atoms, datatype* counters,
datatype* out_values, datatype* out_indices,
int colsD, int colsX) {

// threadIdx.x = my column
// threadIdx.y = my row
unsigned int column = blockIdx.x * blockDim.x + threadIdx.x, ind, pos;
if (column < colsX && threadIdx.y < colsD) {
ind = (selected_atoms + column*colsD)[threadIdx.y];
if (ind) {
pos = atomicAdd((int*)(counters + threadIdx.y), 1);
*(out_values + threadIdx.y*colsX + pos) = (c + column*Tdata)[ind - 1];
*(out_indices + threadIdx.y*colsX + pos) = column;
(selected_atoms + column*colsD)[threadIdx.y] = (¢ + column*Tdata)[ind -

1];
}

}
}
/* ____________________________________ */
/* OPERATIONS: */
/* atom = X(:,unused_sigs(perm(i))) */
/* and */
/* atom = atom./norm(atom) */
/* and */
/* D(:,p(3)) = atom */
/* */
/* ____________________________________ */

_global__ void SCupdate(
datatype* X, datatype* Dj, datatype* temp, unsigned int N,
datatype* counters, datatype* unused, datatype* UScounter,
datatype* bitmap, datatype* replacedl], unsigned int colsX,
unsigned int dim) {

unsigned int offset, counter;
if (*((int*)counters) == 0) {
if (threadIdx.x < N) {
offset = (unsigned int)unused[myGenerator((unsigned int)(*temp), dim)];
X += offset*N;
Dj[threadIldx.x] = X[threadIdx.x] / (*(temp + 1));
if (threadIdx.x == 0) {
counter = (*UScounter);
unused[myGenerator((unsigned int)(*temp), dim)] = unused[colsX -
counter - 1];

(*UScounter) = counter + 1;
*replaced] = 1;
bitmap[offset] = 0;

X. Marooupag - A. Mamayswpyiou 155



MapdAAnAn Emitdyxuvon oAyopiBuwv Dictionary Learning kai Mapayovrtotroinong pe epappoyn o€ fMRI: k-SVD, aAy6piBuog MM,
PARAFAC2

}

JF e e e */
/* CUDA ALGORITHM BASE CLASS */
T */

#pragma once
#ifndef _CUALG_
#define _CUALG_

// Base class inherited from all
// algorithms implemented in the GPU
class CudaAlgorithm {

protected:
// Constructor
CudaAlgorithm(DeviceMemory<datatype>*, HostMemory<datatype>*);
// Destructor

~CudaAlgorithm();

/* ___________________ */
/* Protected Members */
/* ___________________ */

// References to the device and

// host memory objects so that all

// functions have access
DeviceMemory<datatype>& deviceMemory;
HostMemory<datatype>& hostMemory;

// Cublas Handle

cublasHandle_t CBhandle;
// Error flag

bool valid;

/* ___________________ */

/* Protected Methods */

/* ___________________ */

// Evaluates the flag for
// normal operation
bool isValid();

}s5

#endif // | _CUALG_

JH e e */
/* CUDA ALGORITHM BASE CLASS */
/* IMPLEMENTATION */
JH e e */

#include <vector>

#include <thrust/device_vector.h>
#tinclude "Globals.cuh"

#include "GlobalDeclarations.cuh”
#include "FileManager.cuh"
#include "HostMemory.cuh"
#include "DeviceMemory.cuh"
#include "CudaAlgorithm.cuh"
#include "curand.h"

#include "cusolverDn.h"

#include "ErrorHandler.cuh"

using namespace std;
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/* Constructor */

/* _______________ */
CudaAlgorithm::CudaAlgorithm(DeviceMemory<datatype>* devptr, HostMemory<datatype>*
hostptr)

: deviceMemory(*devptr), hostMemory(*hostptr) {

valid = true;
// Create handle
cublasStatus_t cubstat;
if ((cubstat = cublasCreate(&(this->CBhandle))) != CUBLAS_STATUS_SUCCESS) {
cerr << "Cublas Create failed: " <<
ErrorHandler::cublasGetErrorString(cubstat) << endl;
valid = false;

}
}
/* ______________ */
/* Destructor */
/* ______________ */

CudaAlgorithm::~CudaAlgorithm() {
// Destroy handle
cublasStatus_t cubstat;
if ((cubstat = cublasDestroy(this->CBhandle)) != CUBLAS_STATUS_SUCCESS) {
cerr << "Cublas Destroy failed: " <<
ErrorHandler::cublasGetErrorString(cubstat) << endl;

}
}
/* __________________________ */
/* Check if error occured */
/* __________________________ */

bool CudaAlgorithm::isvValid() {
return(valid);

}

/* ____________________________ */

/* ALL HOST MEMORY OPERATIONS */

/* (HIGH LEVEL) */
/* ____________________________ */

#pragma once
#ifndef _HOSTMEM_
#define _HOSTMEM_

// Class wrapper for memory allocations
template < typename T>
class HostMemory {

private:
// Private members
std::vector< T* > array;
unsigned int* rand_buffer;
public:

// Constructor/Destructor
HostMemory (FileManager&);
~HostMemory();

// Public Methods

T* get(unsigned int);
unsigned

int* get_RND_GNRT_buffer();
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// Public Types
enum {
X_ARRAY = 0,
D_ARRAY,
MAX_ELEMENTS = D_ARRAY

s
}s
// Include the implementation because

// separate templated methods won't link
#include "HostMemory.cu"

#endif // !_HOSTMEM_

/* ______________________________ */
/* ALL HOST MEMORY OPERATIONS  */
/* IMPLEMENTATION */
/* (HIGH LEVEL) */
/* ______________________________ */

#include <iostream>

using namespace std;

/* _____________ */
/* Constructor */
/* _____________ */

template < typename T>
HostMemory<T>: :HostMemory(FileManager& fm) : array(HostMemory<T>::MAX_ELEMENTS + 1, @) {
/* Arrays in vector */
if (fm.readXarray(&this->array[X_ARRAY]) == false) {
cerr << "Cannot read file for X! Aborting..." << endl;
return;
}
if (fm.readDarray(&this->array[D_ARRAY]) == false) {
cerr << "Cannot read file for D! Aborting..." << endl;
return;

}

/* End of arrays in vector */

if ((this->rand_buffer = new(nothrow) unsigned int[Globals::colsD]) == NULL) {

cerr << "Allocation for rand_gen_buffer failed!..." << endl;
return;
}
}
/* ____________ */
/* Destructor */
/* ____________ */

template < typename T>
HostMemory<T>: :~HostMemory() {
this->array[X_ARRAY] = NULL;
this->array[D_ARRAY] = NULL;
for (int i = @; i <= HostMemory<T>::MAX_ELEMENTS; i++) {
if (this-»array[i]){
delete[] this-»>array[i];
}
}

if (this->rand_buffer) {
delete[] this->rand_buffer;
}

cout << "# Host Memory Cleared!" << endl;
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JH e e * /
/* Public Methods */
JH e * /

// Return an array pointer

template < typename T> inline

T* HostMemory<T>::get(unsigned int index) {
return this->array.at(index);

}

//Return the random generator buffer

template < typename T> inline

unsigned int* HostMemory<T>::get RND_GNRT_buffer() {
return this->rand_buffer;

}

/* ______________________________ */

/* ALL DEVICE MEMORY OPERATIONS */

/* (HIGH LEVEL) */
/* ______________________________ */

#pragma once
#ifndef _DEVMEM_
#define _DEVMEM_

// Class wrapper for device memory
// allocations

template < typename T>

class DeviceMemory {

private:
// Private members
std::vector< T* > POINTERarray;
std::vector< thrust::device vector<T> > THRUSTarray;
double total, free, used,
consumed;
public:

// Constructor/Destructor
DeviceMemory(HostMemory<datatype>&);
~DeviceMemory();

// Public Methods

T* get(unsigned int);
thrust::device_vector<T>& getThrust(unsigned int);
double getTotal();
double getFree();
double getUsed();
double getConsumed();
// Public Types
enum {

X_ARRAY = 0,

/* */

/* More arrays */

/* */

// TEMPORARY

TEMP_ROWSD_BY_COLSD,
TEMP_1_BY_COLSD,

TEMP_SINGLE_VALUE,

// CONSTANT

REDUCTION_BUFFER,

// INTERMEDIATE RESULTS - batch.OMP
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G,DtX,SELECTED_ATOMS,
c,alpha,
// INTERMEDIATE RESULTS - Dictionary Update
TEMP_COLSD_BY_ROWSX,
UNUSED_SIGS,
UNUSED_SIGS_COUNTER,
UNUSED_SIGS_BITMAP,
REPLACED_ATOMS,
// INTERMEDIATE RESULTS - Error computation
TEMP_ROWSX_BY_COLSX,

ERR,

/* */
/* End of arrays */
/* */
D_ARRAY,

MAX_ELEMENTS = D_ARRAY
1

}s
// Include the implementation because

// separate templated methods won't link
#include "DeviceMemory.cu"

#endif // | _DEVMEM_

/* ______________________________ */
/* ALL DEVICE MEMORY OPERATIONS */
/* IMPLEMENTATION */
/* (HIGH LEVEL) */
/* ______________________________ */

#include <iostream>

VAR R L L E L ELE L EE LT
* NAMESPACES *
* *
oK KRSk Rk Kok Kok

using namespace std;

using HostSpace = HostMemory<datatype>;
/* _____________ */

/* Constructor */

/* _____________ */

template < typename T>
DeviceMemory<T>: :DeviceMemory (HostSpace& hostMemory)

: POINTERarray(DeviceMemory<T>::MAX_ELEMENTS + 1, 0),
THRUSTarray(DeviceMemory<T>: :MAX_ELEMENTS + 1) {

// Set up memory metrics first!
// Total used memory
this->consumed =
(Globals::rowsX * Globals::colsX) +
(Globals::rowsD * Globals::colsD) +
(Globals::colsD) +
(Globals::colsX) +
(Globals::rowsD * Globals::colsD * 1024) +
(Globals::colsD * Globals::colsD)
*
*

+

(Globals::colsD * Globals::colsX)
(Globals::colsD * Globals::colsX)
(Tdata * Globals::colsX) +

(Globals::colsD * Globals::colsX)
(Globals::colsD * Globals::rowsX)
(Globals::rowsD * Globals::colsD)

+ +

+ 4+ +
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(Globals::rowsX * Globals::colsX) +

(Globals::colsX) +

(Globals::colsD) +

(1) +

(Globals::colsX);

this->consumed = this->consumed * sizeof(datatype);
// Total available global memory

size_t free_byte;

size_t total_byte;

cudaMemGetInfo(&free_byte, &total_byte);

this->free = (double)free_byte;

this->total = (double)total byte;

this->used = this->total - this->free;

// Now the arrays!
// X_ARRAY (rowsX * colsX)
this->THRUSTarray[X_ARRAY] = thrust::device vector<T>(
hostMemory.get(HostSpace: :X_ARRAY),
hostMemory.get(HostSpace: :X_ARRAY) + Globals::rowsX*Globals::colsX);
this->POINTERarray[X_ARRAY] = thrust::raw_pointer_cast(&(this-
>THRUSTarray[X_ARRAY])[O]);

/* */
/* More arrays */
/* */

// TEMP_ROWSD_BY_COLSD
this->THRUSTarray[TEMP_ROWSD_BY COLSD] =
thrust::device_vector<T>(Globals: :rowsD*Globals::colsD);
this->POINTERarray[ TEMP_ROWSD_BY_COLSD] = thrust::raw_pointer_cast(
&(this->THRUSTarray[TEMP_ROWSD_BY_COLSD])[@]);
// TEMP_1_BY_COLSD
this->THRUSTarray[TEMP_1_BY_COLSD] = thrust::device vector<T>(Globals::colsD);
this->POINTERarray[TEMP_1_BY_COLSD] = thrust::raw_pointer_cast(
&(this->THRUSTarray[TEMP_1_BY_COLSD])[@]);
// TEMP_SINGLE_VALUE ( 1 !by colsX threads )
this->THRUSTarray[ TEMP_SINGLE_VALUE] = thrust::device_vector<T>(Globals::colsX);
this->POINTERarray[ TEMP_SINGLE_VALUE] = thrust::raw_pointer_cast(
&(this->THRUSTarray[TEMP_SINGLE _VALUE])[@]);
// REDUCTION_BUFFER ( rowsD * colsD * 1024 )
// The maximum buffer needed! ( in collincomb )
this->THRUSTarray[REDUCTION_BUFFER] =
thrust::device_vector<T>(Globals::colsD*Globals: :rowsD*1024);
this->POINTERarray[REDUCTION_BUFFER] = thrust::raw_pointer_cast(
&(this->THRUSTarray[REDUCTION BUFFER])[@]);
// G ( colsD * colsD)
this->THRUSTarray[G] = thrust::device vector<T>(Globals::colsD*Globals::colsD);
this->POINTERarray[G] = thrust::raw_pointer_cast(
&(this->THRUSTarray[G])[0]);
// DtX ( colsD * colsX)
this->THRUSTarray[DtX] = thrust::device vector<T>(Globals::colsD*Globals::colsX);
this->POINTERarray[DtX] = thrust::raw_pointer_cast(
&(this->THRUSTarray[DtX])[0]);
cudaMemset (this->POINTERarray[DtX], @, Globals::colsD*Globals::colsX);
// SELECTED_ATOMS ( colsD !by colsX threads )
this->THRUSTarray[SELECTED ATOMS] =
thrust::device_vector<T>(Globals::colsD*Globals::colsX);
this->POINTERarray[SELECTED_ATOMS] = thrust::raw_pointer_cast(
&(this->THRUSTarray[SELECTED_ATOMS])[@]);
cudaMemset (this->POINTERarray[SELECTED_ATOMS], @, Globals::colsD*Globals::colsX);
// ¢ ( Tdata !by colsX threads )
this->THRUSTarray[c] = thrust::device vector<T>(Tdata*Globals::colsX);
this->POINTERarray[c] = thrust::raw_pointer_cast(
&(this->THRUSTarray[c])[0]);
cudaMemset (this->POINTERarray[c], 0, Tdata*Globals::colsX);
// alpha ( colsD !by colsX threads )
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this->THRUSTarray[alpha] = thrust::device vector<T>(Globals::colsD*Globals::colsX);
this->POINTERarray[alpha] = thrust::raw_pointer_cast(
&(this->THRUSTarray[alpha])[0]);
// TEMP_COLSD_BY_ROWSX ( colsD * rowsX )
this->THRUSTarray[TEMP_COLSD_BY_ROWSX] =
thrust::device vector<T>(Globals::colsD*Globals: :rowsX);
this->POINTERarray[ TEMP_COLSD_BY_ROWSX] = thrust::raw_pointer_cast(
&(this->THRUSTarray[TEMP_COLSD_BY ROWSX])[@]);
// TEMP_ROWSX_BY_COLSX ( rowsX * colsX )
this->THRUSTarray[TEMP_ROWSX_BY_COLSX] =
thrust::device vector<T>(Globals::rowsX*Globals::colsX);
this->POINTERarray[ TEMP_ROWSX_BY_COLSX] = thrust::raw_pointer_cast(
&(this->THRUSTarray[ TEMP_ROWSX_BY_COLSX])[@]);
// ERR ( 1 * colsX )
this->THRUSTarray[ERR] = thrust::device vector<T>(Globals::colsX);
this->POINTERarray[ERR] = thrust::raw_pointer_cast(
&(this->THRUSTarray[ERR])[O]);
// UNUSED_SIGS ( 1 * colsX )
this->THRUSTarray[UNUSED_SIGS] = thrust::device vector<T>(Globals::colsX);
this->POINTERarray[UNUSED_SIGS] = thrust::raw_pointer_cast(
&(this->THRUSTarray[UNUSED_SIGS])[@]);
// REPLACED_ATOMS ( 1 * colsD)
this->THRUSTarray[REPLACED_ATOMS] = thrust::device_vector<T>(Globals::colsD);
this->POINTERarray[REPLACED_ATOMS] = thrust::raw_pointer_cast(
&(this->THRUSTarray[REPLACED ATOMS])[@]);
// UNUSED_SIGS COUNTER ( 1 )
this->THRUSTarray[UNUSED_SIGS_COUNTER] = thrust::device vector<T>(1);
this->POINTERarray[UNUSED_SIGS_COUNTER] = thrust::raw_pointer_cast(
&(this->THRUSTarray[UNUSED_SIGS_COUNTER])[@]);
// UNUSED_SIGS BITMAP ( 1 * colsX )
this->THRUSTarray[UNUSED_SIGS BITMAP] = thrust::device vector<T>(Globals::colsX);
this->POINTERarray[UNUSED_SIGS_BITMAP] = thrust::raw_pointer_cast(
&(this->THRUSTarray[UNUSED_SIGS BITMAP])[@]);

/* */
/* End of arrays */
/* */
// D_ARRAY

this->THRUSTarray[D_ARRAY] = thrust::device_vector<T>(
hostMemory.get(HostSpace: :D_ARRAY),
hostMemory.get(HostSpace: :D_ARRAY) + Globals::rowsD*Globals::colsD);
this->POINTERarray[D_ARRAY] = thrust::raw_pointer_cast(&(this-
>THRUSTarray[D_ARRAY])[©]);

}

/* ____________ */
/* Destructor */
/* ____________ */

template < typename T>
DeviceMemory<T>: :~DeviceMemory() {
cout << "# Device Memory Cleared!" << endl;

}

/* ________________ */
/* Public Methods */
/* ________________ */

// Return an array pointer

template < typename T> inline

T* DeviceMemory<T>::get(unsigned int index) {
return this->POINTERarray.at(index);

}

// Return a thrust device array pointer
template < typename T> inline
thrust::device vector<T>&
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DeviceMemory<T>::getThrust(unsigned int index) {

return this->THRUSTarray.at(index);

}

// Return total available device memory

template < typename T> inline

double DeviceMemory<T>::getTotal() {
return this->total;

}

// Return total memory used by the 0S

template < typename T> inline

double DeviceMemory<T>::getUsed() {
return this->used;

}

// Return free global memory

template < typename T> inline

double DeviceMemory<T>::getFree() {
return this->free;

}

// Return total memory used by our program

template < typename T> inline

double DeviceMemory<T>::getConsumed() {
return this->consumed;

}

JF e e e e e */
/* THRUST OPERATORS NAMESPACE */
T */

#pragma once
#ifndef _THR_
#define _THR_

// Methods used as unary functions
// in Thrust family calls
namespace ThrustOperators {

/* ________________ */
/* Public Methods */
/* ________________ */

// Unary functions
template < typename T >
struct Exp;

template < typename T >
struct Inv;

3
// Include the implementation because

// separate templated methods won't link
#include "ThrustOperators.cu”

#endif // |_THR_

/* ______________________________ */
/* THRUST OPERATORS NAMESPACE */
/* IMPLEMENTATION */
/* ______________________________ */
T S S S S —— |
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/* Unary function for Thrust that */
/* calculates the exponential of */
/* each element. */

template < typename T >
struct ThrustOperators::Exp : public thrust::unary_function<T, T>

{
__host__ _device__ T operator()(T x)
{
return x*x;
}
¥
/* ________________________________ */

/* Unary function for Thrust that */
/* calculates the inverse of the */
/* square root of each element. */

template < typename T >
struct ThrustOperators::Inv : public thrust::unary function<T, T>

{

__host__ __device__ T operator()(T x)

{

return (T) 1.0 / sqrt(x);

}
}s
/*================================= END ==================================%/
/*==========================================================================*/

3. AAyo6pi18pog PARAFAC?2

[11177717777177777777777777777771777777777771717
// File: main.cu //
[11177171777177777777777777177777777777771711777
#tinclude <iostream>

#include <windows.h>

#include "declarations.h"

#include "customvector.h"

#include "read.h"

#include "timer.h"

#include "parafac.h"

#include "memalloc.h"

using namespace std;
extern CustomVector *X;

int main(void) {
int maximum_variable_dimension;

cout << "Parafac2 algorithm" << endl;

cout << "Convergence criterion : " << conv_crit << endl;

cout << "Maximal number of iterations : " << max_iter << endl;
cout << "Number of sources : " << sources << endl;

cout << "Reading input from file" << endl;
cout << "Please, wait a moment ..." << endl;
/* Reading input from file */

{

Timer t;
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if (It.isvalid()) {

cerr << "Timer initialization error! Aborting..." << endl;
return -1;
}
t.tic();
if (readingInputFromFile(&X,&maximum_variable_dimension) != @) {
cout << "An error occurred on reading input" << endl;
return -1;
}
cout << "Reading time : " << t.toc() << " sec" << endl;
}
/* Allocate all the necessary memory */
{
Timer t;
if (!t.isvalid()) {
cerr << "Timer initialization error! Aborting..." << endl;
return -1;
}
t.GPUtic();

allocate(maximum_variable_dimension);
cout << "Time to allocate all the necessary memory " << t.GPUtoc() / 1000.0 <<
" sec" << endl;

}
/* Executing algorithm parafac2 */
{
Timer t;
if (!t.isvalid()) {
cerr << "Timer initialization error! Aborting..." << endl;
return -1;
}
t.GPUtic();
parafac2();
cout << "Parafac2 time : " << t.GPUtoc() / 1000.0 << " sec" << endl;
}

/* Cleaning all of the previously allocated memory */
cleanup();

return 0;
}
[1777171717777771777777777717177777777171777777
// File: Timer.h //

[I117107777 7077077770777 77777777777777777117777
#ifndef _TIMER_
#define _TIMER_

// Functions used for calculating
// elapsed time on CPU or GPU
class Timer {

private:
// Private Members
cudaEvent_t GPUstart, GPUstop;
LARGE_INTEGER CPUstart, CPUstop, frequency;

public:
// Constructor
Timer();
~Timer();

// Public Methods
void tic();

double toc();
double tocmilli();

X. Marooupag - A. Mamayswpyiou 165



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2

void GPUtic();

float GPUtoc();

bool isValid();

1
#endif // ! TIMER_

[1777171717777771717777777717177777777171777777
// File: Timer.cu //
[1777171717777771717777777717177777777177777777
#include <iostream>

#include <windows.h>

#include "declarations.h"

#include "timer.h"

using namespace std;

/* _______________ */
/* Constructor */
/* _______________ */

Timer::Timer() {
this->GPUstart = NULL;
this->GPUstop = NULL;
cudaError_t cuda_error;

if ((cuda_error = cudaEventCreate(&this->GPUstart)) != cudaSuccess) {
cerr << "Cuda event create for GPUstart failed: " <<
cudaGetErrorString(cuda_error) << endl;
}
if ((cuda_error = cudaEventCreate(&this->GPUstop)) != cudaSuccess) {
cerr << "Cuda event create for GPUstop failed: " <<
cudaGetErrorString(cuda_error) << endl;
}
}
/* ______________ */
/* Destructor */
/* ______________ */

Timer::~Timer() {
if (this->GPUstart) {
cudaEventDestroy(this->GPUstart);
}
if (this->GPUstop) {
cudaEventDestroy(this->GPUstop);

}
}
/* ___________________________ */
/* Check if timer is valid */
/* ___________________________ */

bool Timer::isValid() {
return (this->GPUstart != NULL && this->GPUstop != NULL);

}

/* ___________________ */
/* Start CPU timer */
/* ___________________ */

void Timer::tic() {
QueryPerformanceFrequency (&this->frequency);
QueryPerformanceCounter(&this->CPUstart);
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/* ____________________ */
/* Stop CPU timer and */
/* return in sec! */
/* ____________________ */

double Timer::toc() {

QueryPerformanceCounter(&this->CPUstop);

return ((double)(this->CPUstop.QuadPart - this->CPUstart.QuadPart) / this-
>frequency.QuadPart);

/* ____________________ */
/* Stop CPU timer and */
/* return in ms! */
/* ____________________ */

double Timer::tocmilli() {

QueryPerformanceCounter(&this->CPUstop);

return ((double)(this->CPUstop.QuadPart - this->CPUstart.QuadPart) / this-
>frequency.QuadPart * 1000.0);

}

/* ___________________ */
/* Start GPU timer */
/* ___________________ */

void Timer::GPUtic() {
cudakEventRecord(this->GPUstart);

}

/* ____________________ */
/* Stop GPU timer and */
/* return in ms! */
/* ____________________ */

float Timer::GPUtoc() {
cudakEventRecord(this->GPUstop);
cudaEventSynchronize(this->GPUstop);
float milliseconds = 9;
cudakEventElapsedTime(&milliseconds, this->GPUstart, this->GPUstop);
return milliseconds;

}
[117171777177777717777777717777771777177711771777
// File: rest.h //

[17177777177777777777777717777777717777771771717
#ifndef __rest__
#tdefine __rest__

void rand(curandGenerator_t, datatype *, int);

void gpu_blas_mmul (cublasHandle_ t, const datatype *, const datatype *, datatype *, int,
const int, const int, const int, const int);

void SVD(cusolverDnHandle_t, datatype *, datatype *, datatype *, datatype *, int *, int
)5

void psqrt(cusolverDnHandle_t, cublasHandle_t, datatype *, datatype *, datatype *,
datatype *, datatype *, datatype *, int *);

void pinv(cusolverDnHandle_t, cublasHandle_t, datatype*, datatype* , datatype* ,
datatype*, datatype*, datatype*, int*, int);

datatype pf2fit (cublasHandle_t, CustomVector*, CustomVector *, datatype *, datatype *,
datatype *, CustomVector *, CustomVector *, CustomVector *, datatype *, datatype *,
datatype *, CustomVector *);

void QRonly(cusolverDnHandle_t, cublasHandle_t, datatype*, datatype*, datatype *,
datatype *, int, int, int*);
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void QRsolve(cusolverDnHandle_t, cublasHandle_t, datatype*, datatype*, datatype*,
datatype*, int, int, CustomVector*, int,int,CustomVector*, int*);

void QRdecomposition(cusolverDnHandle_t, cublasHandle_t, datatype*, datatype*, datatype*,
int, int,datatype**,int*, int*);

#endif // ! _rest__

[17171717177777717777777777171777777177171777777
// File: rest.cu //
[11177177771771777777777777777771777777777717777
#include <iostream>

#include <cusolverDn.h>

#include <curand.h>

#include "cublas_v2.h"

#include "declarations.h"

#include "customvector.h"

#include "reductions.h"

#include "memalloc.h"

#include "kernel.h"

#include "errorTypes.h"

/* Generate numbers using uniform distribution
(http://docs.nvidia.com/cuda/curand/host-api-overview.html#axzz4SrFEXYZh) */
void rand(curandGenerator_t generator, datatype *Arr, int size) {
curandStatus t stat;
#if (MODE)
if ((stat = curandGenerateUniformDouble(generator, Arr, size)) I=
CURAND_STATUS_SUCCESS) {
printf("curandGenerateUniformDouble failed: %s\n",
curandGetErrorString(stat));
cleanup();
exit(-1);
}
#else
if ((stat = curandGenerateUniform(generator, Arr, size)) !=
CURAND_STATUS_SUCCESS) {
printf("curandGenerateUniform failed: %s\n", curandGetErrorString(stat));
cleanup();
exit(-1);
}
#endif

/* Matrix Multiplication (category=0 : C=A*B, category=1 : C=A"'*B, category 2 : C=A*B')
*/
void gpu_blas_mmul(cublasHandle t handle, const datatype *A, const datatype *B, datatype
*C’

int category, const int rowA, const int colA, const int rowB, const int colB) {

int 1lda, 1ldb, ldc;
const datatype alf = 1;
const datatype bet = 0;
const datatype *alpha = &alf;
const datatype *beta = &bet;
cublasStatus_t status;
// http://peterwittek.com/cublas-matrix-c-style.html
if (category == @) { // C=A*B
lda = colB; 1ldb = colA; ldc = colB;
if (colA != rowB) {
printf("colA != rowB. Cannot multiply the matrices\n");
cleanup();
exit(-1);
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#if (MODE)
status = cublasDgemm(handle, CUBLAS_OP_N, CUBLAS_OP_N, colB, rowA, colA,
alpha, B, 1lda, A, ldb, beta, C, ldc);
#else
status = cublasSgemm(handle, CUBLAS_OP_N, CUBLAS_OP_N, colB, rowA, colA,
alpha, B, 1lda, A, ldb, beta, C, ldc);
#tendif

}
// http://stackoverflow.com/questions/14595750/transpose-matrix-multiplication-in-
cublas-howto
else if (category ==1) { // C = A'*B
lda = colA; 1ldb = colB; 1ldc = colB;
if (rowA != rowB) {

printf("rowA != rowB. Cannot multiply the matrices\n");
cleanup();
exit(-1);

}

#if (MODE)

status = cublasDgemm(handle, CUBLAS_OP_N, CUBLAS OP_T, colB, colA, rowB,
alpha, B, 1db, A, lda, beta, C, ldc);
#telse
status = cublasSgemm(handle, CUBLAS_OP_N, CUBLAS_OP_T, colB, colA, rowB,
alpha, B, 1db, A, lda, beta, C, ldc);
#endif
}
else if (category == 2) { // C=A*B’
lda = colA; 1ldb = colB; ldc = rowB;
if (colA != colB) {
printf("colA != colB. Cannot multiply the matrices\n");
cleanup();
exit(-1);
¥
#if (MODE)
status = cublasDgemm(handle, CUBLAS_OP_T, CUBLAS_OP_N, rowB, rowA, colB,
alpha, B, 1db, A, lda, beta, C, ldc);
#else
status = cublasSgemm(handle, CUBLAS_OP_T, CUBLAS_OP_N, rowB, rowA, colB,
alpha, B, 1db, A, lda, beta, C, ldc);

#tendif
}
else {
printf("gpu_blas_mmul : not valid status %d \n", category);
}
if (status != cudaSuccess) {
printf("Error in gpu_blas_mmul : %s\n", cublasGetErrorString(status));
cleanup();
exit(-1);
}

}

/* Computes the Singular Value Decomposition of the given array (computes U, S, VT)*/
void SVD(cusolverDnHandle_t cusolverH, datatype *QkT_Qk, datatype *U, datatype *S,
datatype *VT, int *devInfo, int size) {
int lwork = ©;
cudaError_t err;
cusolverStatus_t stat;
datatype *d_work = @, *d_rwork = 0;
const int m = size, n = size, lda = m;
unsigned char jobu = 'A', jobvt = 'A’';
#if (MODE)
if ((stat = cusolverDnDgesvd_bufferSize(cusolverH, m, n, &lwork)) !=
CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnDgesvd_bufferSize failed: %s\n",
cusolverGetErrorString(stat));
cleanup();
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exit(-1);
¥
ttelse
if ((stat = cusolverDnSgesvd_bufferSize(cusolverH, m, n, &lwork)) !=
CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnDgesvd_bufferSize failed: %s\n",
cusolverGetErrorString(stat));
cleanup();
exit(-1);
}
#tendif
if ((err = cudaMalloc((void**)&d_work, lwork * sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc d_work failed: %s\n", cudaGetErrorString(err));

cleanup();
exit(-1);
}
#if (MODE)

if ((stat = cusolverDnDgesvd(cusolverH, jobu, jobvt, m, n, QkT _Qk, lda, S, U,
lda, VT, lda, d_work, lwork, d_rwork, devInfo)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnDgesvd failed : %s\n", cusolverGetErrorString(stat));
cleanup();
exit(-1);
}
f#telse
if ((stat = cusolverDnSgesvd(cusolverH, jobu, jobvt, m, n, QkT_Qk, lda, S, U,
lda, VT, lda, d_work, lwork, d_rwork, devInfo)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnSgesvd failed: %s\n", cusolversGetErrorString(stat));
cleanup();

exit(-1);
}
#endif
if ((err = cudaFree(d_work)) != cudaSuccess) {

printf("cudaFree d_work(SVD) failed: %s\n", cudaGetErrorString(err));
}

void psqrt(cusolverDnHandle_t cusolverH, cublasHandle_t handle, datatype *QkT_Qk,
datatype *U, datatype *S, datatype *VT, datatype *Sdiag, datatype *VS, int *devInfo) {
bool r_condition;
cudaError_t cudaError;
SVD(cusolverH, QkT Qk, U, S, VT, devInfo, sources);
filterColumns << < 1, sources >> > (S);
get_r(&r_condition);
if (!r_condition) {
if ((cudaError = cudaMemset(QkT Qk, @, sources*sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMemset QkT_Qk failed: %s\n", cudaGetErrorString(cudaError));
cleanup();

exit(-1);

}
}
else {

diagonalize << <1, sources >> >(S, Sdiag, sources, 9);

gpu_blas_mmul(handle, VT, Sdiag, VS, @, sources, sources, sources, sources);

gpu_blas_mmul(handle, VS, U, QkT_Qk, ©, sources, sources, sources, sources);
}

}

/* Computes the pseudoinverse of the given array
(https://www.mathworks.com/help/matlab/ref/pinv.html) */

void pinv(cusolverDnHandle_t cusolverH, cublasHandle_t handle, datatype *A, datatype *U,
datatype *S, datatype *VT, datatype *Sdiag, datatype *Temp, int *devInfo, int sizeA)

{

SVD(cusolverH, A, U, S, VT, devInfo, sizeA);
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pinvDiagonalMatrix << <1, sizeA >> >(S, Sdiag, sizeA, 9);
gpu_blas_mmul(handle, VT, Sdiag, Temp, @, sizeA, sizeA, sizeA, sizeA);
gpu_blas_mmul(handle, Temp, U, A, @, sizeA, sizeA, sizeA, sizeA);

}

/* Computes the fit of an execution */
datatype pf2fit(cublasHandle_t handle, CustomVector *CuX, CustomVector *X, datatype *A,
datatype *H, datatype *C,
CustomVector *P, CustomVector *M, CustomVector *cuM, datatype *diagC, datatype
*AdotdiagC,
datatype *AdiagCdotH, CustomVector * fs) {
int i;
datatype fit = 0.0;
for (i = @; i < minSize; i++) {
diagonalize << <1, sources >> >(C, diagC, sources, 1i);
gpu_blas_mmul(handle, A, diagC, AdotdiagC, @, sizeX, sources, sources,
sources);
gpu_blas_mmul(handle, AdotdiagC, H, AdiagCdotH, 2, sizeX, sources, sources,
sources);
gpu_blas_mmul(handle, AdiagCdotH, P[i].array, M[i].array, 2, sizeX, sources,
M[i].size, sources);
}
dim3 block(1024);
dim3 grid(fs->size / minSize, minSize);
pf2fitSquareSum_STAGE1l << <grid, block >> > (CuX, cuM, fs->array);
grid.y = 1;
int N = fs->size;
grid.x = (N + block.x - 1) / block.x;
pf2fitSquareSum_STAGE2 << <grid, block >> > (N, fs->array);
while (grid.x > 1) {
N = grid.x;
grid.x = (N + block.x - 1) / block.x;
pf2fitSquareSum_STAGE2 << <grid, block >> > (N, fs->array);
}
get_fit(&fit);
return fit;

/* Implements QR decomposition of the given array */
void QRdecomposition(cusolverDnHandle t cusH, cublasHandle t cubH, datatype *A,
datatype *Xbc, datatype *d_tau, int rowsA, int colsA, datatype **d_work_ptr,
int* 1 _ptr, int *devInfo) {
int 1lwork = 0;
datatype *d_work;
cudaError_t err;
cublasStatus_t cubErr;
cusolverStatus_t cusErr;
const double a = 1.0;
const double b = 0.09;

#if (MODE)
if ((cubErr = cublasDgeam(cubH, CUBLAS_OP_T, CUBLAS_OP_N, rowsA, colsA, &a, A,
colsA, &b, A, rowsA, Xbc, rowsA)) != cudaSuccess) {
printf("cublasDgeam failed: %s\n", cublasGetErrorString(cubErr));
cleanup();
exit(-1);
}

if ((cusErr = cusolverDnDgeqrf_bufferSize(cusH, rowsA, colsA, Xbc, rowsA,
&lwork)) != CUSOLVER_STATUS SUCCESS) {
printf("cusolverDnDgeqrf bufferSize failed: %s\n",
cusolverGetErrorString(cusErr));
cleanup();
exit(-1);
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ttelse
if ((cubErr = cublasSgeam(cubH, CUBLAS_OP_T, CUBLAS_OP_N, rowsA, colsA, &a, A,

colsA, &b, A, rowsA, Xbc, rowsA)) != cudaSuccess) {

printf("cublasSgeam failed: %s\n", cublasGetErrorString(cubErr));

cleanup();

exit(-1);

if ((cusErr = cusolverDnSgeqrf_bufferSize(cusH, rowsA, colsA, Xbc, rowsA,
&lwork)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnSgeqrf bufferSize failed: %s\n",
cusolverGetErrorString(cusErr));
cleanup();
exit(-1);
¥

#endif
if ((err = cudaMalloc((void**)&d_work, lwork * sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc d_work failed: %s\n", cudaGetErrorString(err));
cleanup();
exit(-1);
}
#if (MODE)
if ((cusErr = cusolverDnDgeqrf(cusH, rowsA, colsA, Xbc, rowsA, d_tau, d_work,
lwork, devInfo)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnDgeqrf failed: %s\n", cusolverGetErrorString(cuskrr));
cleanup();
exit(-1);
}
t#telse
if ((cusErr = cusolverDnSgeqrf(cusH, rowsA, colsA, Xbc, rowsA, d_tau, d_work,
lwork, devInfo)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnSgeqrf failed: %s\n", cusolverGetErrorString(cuskrr));
cleanup();
exit(-1);
}
#endif
*d_work_ptr = d_work;
*1 _ptr = lwork;
}

/* Project X down on orth(A) - saves time if first mode is large
[Qa, Ra] = gr(A, @); x = Qa'*X; */
void QRsolve(cusolverDnHandle_t cusH, cublasHandle_t cubH, datatype *A, datatype *Xbc,
datatype *d_tau, datatype *R, int rowsA, int colsA, CustomVector *Y,
int rowsY, int colsY, CustomVector* temp_buffer,int *devInfo) {
int lwork;
dim3 grid(rowsA / 32 + 1, colsA / 32 + 1);
dim3 threads(32, 32);
datatype* d_work;
cusolverStatus_t cusErr;
cudaError_t cet;
QRdecomposition(cusH, cubH, A, Xbc, d_tau, rowsA, colsA, &d_work, &lwork, devInfo);
for (size t i = 0@; 1 < minSize; i++) {

//compute Q"T*Y === Xbc*Y[i].array
if ((cet = cudaMemcpy(temp buffer[i].array, Y[i].array, rowsY * colsY *
sizeof(datatype), cudaMemcpyDeviceToDevice)) != cudaSuccess) {

printf("cudaMemcpy temp_buffer failed: %s\n", cudaGetErrorString(cet));
cleanup();
exit(-1);

#if (MODE)
cusErr = cusolverDnDormgr(cusH, CUBLAS_SIDE_RIGHT, CUBLAS_OP_N, colsY,
rowsY, colsA, Xbc, rowsA, d_tau, temp_buffer[i].array, colsY,
d_work,
lwork, devInfo);
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if (cusErr != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnDormgr failed: %s\n",
cusolverGetErrorString(cuskrr));
cudaFree(d_work);

cleanup();
exit(-1);
}
ttelse
cuskrr = cusolverDnSormgr(cusH, CUBLAS_SIDE_RIGHT, CUBLAS_OP_N, colsY,
rowsyY,
colsA, Xbc, rowsA, d_tau, Y[i].array, colsY, d_work, lwork,
devInfo);

if (cusErr == CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnSormgr failed: %s\n",
cusolverGetErrorString(cuskrr));
cudaFree(d_work);
cleanup();
exit(-1);
}
#endif
}
stripR << <grid, threads >> >(Xbc, R, colsA, rowsA, colsA);
cudaFree(d_work);

}

/* Computes only the R array og QR decomposition */
void QRonly(cusolverDnHandle_t cusH, cublasHandle_t cubH, datatype *A, datatype *Xbc,
datatype *d_tau, datatype *R, int rowsA, int colsA, int *devInfo) {

datatype* d_work;

int lwork;

dim3 grid(rowsA / 32 + 1, colsA / 32 + 1);

dim3 threads(32, 32);

QRdecomposition(cusH, cubH, A, Xbc, d tau, rowsA, colsA, &d_work, &lwork, devInfo);
stripR << <grid, threads >> >(Xbc, R, colsA, rowsA, colsA);

cudaFree(d_work);

}

/* Computes the frobenius norm of the given array */
datatype frobeniusNorm(cublasHandle t handle, datatype *Array, int size) {
datatype retval;
cublasStatus_t stat;
#if (MODE)
if ((stat = cublasDnrm2(handle, size, Array, 1, &retval)) I=
CUBLAS_STATUS_SUCCESS) {
printf("cublasDnmr2 failed: %s\n", cublasGetErrorString(stat));
cleanup();
exit(-1);
}
ttelse
if ((stat = cublasSnrm2(handle, size, Array, 1, &retval)) !=
CUBLAS_STATUS_SUCCESS) {
printf("cublasSnmr2 failed: %s\n", cublasGetErrorString(stat));
cleanup();

exit(-1);
}
#tendif
return retval;
}
[I717777777707777777777777771777777777177777717
// File: reductions.h //

[I1717777777777777777777777777777777777777177777
#ifndef __reductions__
#define _ reductions__
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__global _ void reduceDiagonal_ STAGE1l(datatype *, unsigned int);
__global__ void reduceDiagonal_ STAGE2(unsigned int);

__global _ void filterColumns (datatype *);

__global _ void reduceSquareSum_STAGE1(CustomVector *, unsigned int);
__global__ void reduceSquareSum_STAGE2(unsigned int);

__global _ void pf2fitSquareSum_STAGE1l(CustomVector*,CustomVector*, datatype*);
__global _ void pf2fitSquareSum_STAGE2(unsigned int, datatype*);
__global__ void reduceSquareSum_block(datatype *, unsigned int);
__global__ void ReduceSunSign_A STAGEl(datatype*, datatype*, int, int);
__global _ void ReduceSunSign_A STAGE2(datatype*, datatype*, int);
__global__ void ReduceSunSign_C(datatype*, int, datatype*);

void get_diag(datatype *);

void get_r(bool *);

void get_sumsum (datatype *);

void get_fit(datatype *);

void get_block_fit(datatype*);

#endif // ! _reductions__
[1117717777177777777777777777771777777777777777
// File: reductions.cu //

LI171TTTTT 7177777777777 77777 7777777777777

#include <iostream>
#include <cmath>

#include "declarations.h"
#include "customvector.h"
#include "memalloc.h"
#include "ReductionBase.cuh"

// Temporary storage

__device__ datatype sums_array[(sizeX + 1024 - 1) / 1024];

// Return value reduceDiagonal STAGE1l and reduceDiagonal_ STAGE2
__device__ datatype diagonal_sum;

/* Reduction for fit = sum(diag(XtX)) in parafac2 */
__global__ void reduceDiagonal_ STAGEl(datatype* in, unsigned int N) {
datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
sum = in[index*N + index];
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
if (gridDim.x > 1) {
sums_array[blockIdx.x] = sum;

}
else {

diagonal_sum = sum;
}

}

__global__ void reduceDiagonal_ STAGE2(unsigned int N) {

datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {

sum = sums_array[index];
¥
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {

if (gridbim.x > 1) {

sums_array[blockIdx.x] = sum;
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}
else {

diagonal_sum = sum;
}

// Return value ofo filterColumns
__device__ bool r;

/* For pinv function : Reduction count of thresholded elements */
__global__ void filterColumns (datatype *g idata) {
unsigned int i = blockIdx.x * blockDim.x + threadIdx.x;
datatype tol = sources * eps * g idata[@];
datatype value = g idata[i];
if (value > tol) {
g idata[i] = 1 / sqrt(value);
if (i == 0) r = true;

}
else {

g idata[i] = @;

if (i == @) r = false;
}

// Temporary storage for reduceSquareSum_STAGE1l, reduceSquareSum_STAGE2
__device__ datatype squares_array[(((sizeX*sources)/1024) + 1)*minSize];
// Return value for reduceSquareSum_STAGE1l, reduceSquareSum_STAGE2
__device__ datatype sumsumX2;

__global__ void reduceSquareSum_STAGE1(CustomVector* cvArray, unsigned int N) {
datatype sum = 0;
datatype* in = cvArray[blockIdx.y].array;
if (in == NULL) {
return;
}

int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
sum = sqval( in[index] );
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
squares_array[blockIdx.y * gridDim.x + blockIdx.x] = sum;
}

}

__global__ void reduceSquareSum_STAGE2(unsigned int N) {
datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
sum = squares_array[index];
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
if (gridbim.x > 1) {
squares_array[blockIdx.x] = sum;

}
else {

sumsumX2 = sum;
}
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}

// Return value
__device__ datatype pf2fit_fit;

__global _ void pf2fitSquareSum_STAGE1l(CustomVector* X, CustomVector* M, datatype*
buffer) {
datatype sum = 0;
datatype* Xin = X[blockIdx.y].array;
datatype* Min = M[blockIdx.y].array;
unsigned int N = sizeX*M[blockIdx.y].size;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
sum = sqval(Xin[index]-Min[index]);
}
sum = blockReduceSum(sum);
if (threadIdx.x == @) {
buffer[blockIdx.y * gridDim.x + blockIdx.x] = sum;

}
}
_ global__ void pf2fitSquareSum_STAGE2(unsigned int N, datatype* buffer) {
datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
sum = buffer[index];
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
if (gridbim.x > 1) {
buffer[blockIdx.x] = sum;
}
else {
pf2fit_fit = sum;
}
}
}

// Return value of function reduceSquareSum_block
__device__ datatype block_fit;

/* Reduction sum of the square of elements */
__global__ void reduceSquareSum_block(datatype* in, unsigned int N) {
datatype sum = 0;
if (threadIdx.x < N) {
sum = sqval(in[threadIdx.x]);

sum = blockReduceSum(sum);
if (threadIdx.x == @) {
block_fit = sum;
}
}

__inline__ _ device__
int sgn(datatype val) {

return (datatype(®) < val) - (val < datatype(@));
}

__global__ void ReduceSunSign_A STAGEl(datatype *in, datatype* out, int N, int cols) {
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datatype sum = 0;
int index = blockIdx.x * blockDim.x + threadIdx.x;
if (index < N) {
sum = sgn(in[index*cols + blockIdx.y]);
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
out[blockIdx.y * 1024 + blockIdx.x] = sum;

}
}
__global__ void ReduceSunSign_A_STAGE2(datatype *in, datatype* out, int N) {
datatype sum = 0;
in = in + blockIdx.x * 1024;
if (threadIdx.x < N) {
sum = in[threadIdx.x];
}
sum = blockReduceSum(sum);
if (threadIdx.x == 0) {
out[blockIdx.x] = sgn(sum + eps);
}
}
__global _ void ReduceSunSign_C(datatype *in, int N, datatype* out) {
datatype sum = 0;
for (int i = 0; i < N; i++) {
sum += sgn(in[i*blockDim.x + threadIdx.x]);
}
out[threadIdx.x] = sgn(sum + eps);
}

/* Copy returned values fron device to host*/

void get_diag (datatype* fit) {
cudaError_t cet;
if ((cet = cudaMemcpyFromSymbol(fit, diagonal_sum, sizeof(datatype), 0,
cudaMemcpyDeviceToHost)) != cudaSuccess) {
printf("cudaMemcpyFromSymbol diagonal_sum failed: %s\n",
cudaGetErrorString(cet));
cleanup();
exit(-1);

}

void get_r (bool* fit) {
cudaError_t cet;
if ((cet = cudaMemcpyFromSymbol(fit, r, sizeof(bool), @, cudaMemcpyDeviceToHost)) !=
cudaSuccess) {
printf("cudaMemcpyFromSymbol r failed: %s\n", cudaGetErrorString(cet));
cleanup();
exit(-1);

}

void get_sumsum (datatype* s) {
cudaError_t cet;
if ((cet = cudaMemcpyFromSymbol(s, sumsumX2, sizeof(datatype), O,
cudaMemcpyDeviceToHost)) != cudaSuccess) {
printf("cudaMemcpyFromSymbol sumsumX2 failed: %s\n", cudaGetErrorString(cet));
cleanup();
exit(-1);
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void get_fit(datatype *fit) {
cudaError_t cet;
if ((cet = cudaMemcpyFromSymbol(fit, pf2fit_fit, sizeof(datatype), 0,
cudaMemcpyDeviceToHost)) != cudaSuccess) {
printf("cudaMemcpyFromSymbol pf2fit fit failed: %s\n",
cudaGetErrorString(cet));
cleanup();
exit(-1);

}

void get_block_fit(datatype *fit) {
cudaError_t cet;
if ((cet = cudaMemcpyFromSymbol(fit, block_fit , sizeof(datatype), 0,
cudaMemcpyDeviceToHost)) != cudaSuccess) {
printf("cudaMemcpyFromSymbol block_fit failed: %s\n",
cudaGetErrorString(cet));

cleanup();
exit(-1);
}
}
1111777777 7777777777777777777771777777771771717
// File: ReductionBase.cuh //

[1771777777777771777777771777177177777777177171777
#ifndef _REDBASE_
#define _REDBASE_

[11717777777777777777777777777777777777777777
// This file serves as a separator between //
// reduction base functions and reduction //
// higher-level kernels. //
[I1717777777777777777777777777777777777771777

/************************************

* REDUCTION-SPECIFIC USER TYPES *

* *

************************************/

/* _____________________________________ */
/* Finding the index of the maximum */
/* or minimum value of a set of values */
/* requires interleaved, multiple */
/* reduction units per operation (one */
/* for max and one for index). */
/* _____________________________________ */

struct DoubleReductionType {
datatype  value;

int index;
}s
/************************************
* REDUCTION BASE FUNCTIONS *
* *

************************************/

[117177777717777777717777171777771777
// Reduction within a single warp //
[1171777777777777777777171717777771717
__inline__ _ device__
DoubleReductionType warpReduceMaximumIndex(DoubleReductionType val) {
for (int offset = warpSize / 2; offset > 0; offset /= 2) {
datatype shfl_val = _ shfl down(val.value, offset);
int shfl_ind = __shfl _down(val.index, offset);

X. Natooupag - A. Matrayswpyiou 178



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2
if (shfl_val > val.value) {
val.value = shfl val;
val.index = shfl_ind;
}
}

return val;

}
LIT71T77077777 77777 7777777777777777

// Reduction within a single warp //
[111777771777777771777177171771771771717
__inline__ _ device__
datatype warpReduceMax(datatype val) {
for (int offset = warpSize / 2; offset > 0; offset /= 2) {
datatype shfl val = __ shfl down(val, offset);
if (shfl_val > val)
val = shfl_val;
}

return val;

}
II17117770 7777777777 77717777177171777

// Reduction within a single warp //
[117777777777777771777777177777177777
__inline__ _ device__
datatype warpReduceSum(datatype val) {
for (int offset = warpSize / 2; offset > 9; offset /= 2)
val += __shfl down(val, offset);
return val;

}

[11717777777777777771777777777777717777
// Reduction within a single block //

[1171777777777777777777771777177777777
__inline__ _ device__
datatype blockReduceSum(datatype val) {

// Max. block size = 1024 (32 x 32) = 32 warps of 32 threads
static __shared__

datatype shared[32]; // Shared mem for 32 partial sums
int lane = threadIdx.x % warpSize;
int wid = threadIdx.x / warpSize;

val = warpReduceSum(val); // Each warp performs partial reduction

if (lane == 9) // Write reduced value to shared memory
shared[wid] = val;

__syncthreads(); // Wait for all partial reductions
//read from shared memory only if that warp
existed

val = (threadIdx.x < blockDim.x / warpSize) ? shared[lane] : 9;

if (wid == @) //Final reduce within first warp
val = warpReduceSum(val);

return val;

}

LI11177770 777777770 777771777777717717
// Reduction within a single block //

// (maximum version) //
[1117717717717777777711771717117117177
__inline__ _ device__
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DoubleReductionType blockReduceMaximumIndex(DoubleReductionType val) {

// Max. block size = 1024 (32 x 32) = 32 warps of 32 threads
static _ _shared__
DoubleReductionType shared[32]; // Shared mem for 32 partial sums
int lane = threadIdx.x % warpSize;
int wid = threadIdx.x / warpSize;

val = warpReduceMaximumIndex(val); // Each warp performs partial reduction

if (lane == 9) // Write reduced value to shared memory
shared[wid] = val;

__syncthreads(); // Wait for all partial reductions

//read from shared memory only if that warp
existed
if (threadIdx.x < blockDim.x / warpSize) {
val = shared[lane];

}
else {
val.value = 9;
}
if (wid == @) //Final reduce within first warp

val = warpReduceMaximumIndex(val);

return val;

}

ARk kst skok ook skok sk kst sk ok sk ok skok skok skok sk ok K ok ok ok ok ok
* UNARY FUNCTIONS *

* *

ok stk ok ok ok sk ok sk sk ok sk kR sk ok sk sk ok sk skok sk sk ko Kk ok ok

/* Action performed on data before */
/* reduction of sum of elements! */
/* 'SUM OF SQUARE VALUES' */
/* _________________________________ */
_inline__ _ device__
datatype sqval(datatype val) {

return val*val;

/* _________________________________ */
/* Action performed on data after */
/* reduction of sum of elements! */
/* "INVERTED SQUARE ROOT' */

__inline__ _ device__
datatype invSQRT(datatype val) {
return 1.0 / sqrt(val);

}

[ HFH R ok Sk KK ko KKk K
* GENERATORS *
* *

*******************************/

// This functions acts as a random shuffle generator
// on the device by taking an index and then returning
// the new index that the specific position maps to.

/* This function acts as a random shuffle generator */
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/* on the device by taking an index and then returning */

/* the new index that the specific position maps to. */

__inline__ _ device__

unsigned int myGenerator(unsigned int pos, unsigned int N) {
// We return the permutation: (1:length) so that every position maps to its self.
return pos;

[ HFAAEA A KA KA KA KA KA K
* END *
* *

KKK KKK KK KKK KK KK |

#endif // !REDBASE

[1171777777777777777777771777777777771777777777
// File: read.h //
[I171777777777777777777771777777777771717777777
#ifndef _read_
#define _read_

int readingInputFromFile(CustomVector**, int*);

#endif // ! _read_

[11177177171777777777777777777717777777771711717
// File: read.cu //
11117771777 77777777777777777777717777777717171717
#include <string>

#include <fstream>

#include <iostream>

#include "declarations.h"

#include "customvector.h"

using namespace std;

/* Read input from txt files */
int readingInputFromFile(CustomVector** x, int *max_dim) {
string line;
CustomVector temp;
datatype* lineArray;
cudaError_t cudaError;
int i, counter, linesize, max = -1;
char num[5], filename[25];
*x = new CustomVector[minSize];
for (i = @; i < minSize; i++) {
strcpy(filename, prefix);
itoa(i + 1, num, 10);
strcat(filename, num);
strcat(filename, ".txt");
ifstream is(filename, std::ifstream::binary);
if (is) {
linesize = 0;
counter = 0;
while (getline(is, line)) {
if (line[@] == '\n') continue;
if (linesize == 0) {
linesize = stoi(line);
lineArray = new datatype[linesize*sizeX];
continue;
}
#if (MODE)
lineArray[counter] = stod(line);
#telse
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lineArray[counter] = stof(line);
#endif
counter++;

is.close();
if ((cudaError = cudaMalloc((void**)&temp.array, linesize * sizeX *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc temp array failed: %s\n",
cudaGetErrorString(cudaError));
return 1;
}
temp.size = linesize;
if (linesize > max) {
max = linesize;

}
if ((cudakError = cudaMemcpy(temp.array, lineArray, linesize * sizeX *
sizeof(datatype), cudaMemcpyHostToDevice)) != cudaSuccess) {

printf("cudaMemcpy temp array failed: %s\n",
cudaGetErrorString(cudaError));
return 2;
}

delete[] lineArray;
(*)[1] = temp;

}
else {
printf("Cannot open input file\n");
return 3;
}
}
*max_dim = max;
return 0;
}
[I171777777777777777777777777777777771777777777
// File: parafac.h //

[I171777777777777777777771777777777777777777777
#ifndef _parafac_
#define _parafac_

void parafac2 (void);
void parafac (CustomVector *, CustomVector *, int , datatype, int);

#endif // !_parafac_

[11177777771777777777777777777777777717771711717
// File: parafac.cu //
[1117771777717777777777777777777177777777717171717
#include <iostream>

#include <cusolverDn.h>

#include <curand.h>

#include "cublas_v2.h"

#include "declarations.h"

#include "customvector.h"

#include "memalloc.h"

#include "rest.h"

#include "kernel.h"

#include "errorTypes.h"

#tinclude "reductions.h"

/* Extrern global variables */

extern curandGenerator_t generator;

extern cusolverDnHandle_t cusolverH;

extern cublasHandle_t handle;

extern datatype *A, *C, *H, *XtX, *XtXhelp, *QkT_Qk, *diagC, *AdotdiagC, *AdiagCdotH, *U,
*S
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extern datatype *VT, *Sdiag, *VS, *HCdiag, *Xbc, *XbcTemp, *CTC, *HTH, *HTHdotCTC, *Qa,
*Ra, *ReductionBuffer;

extern datatype *Rb, *Rc, *d_tauA, *d_tauH, *d_tauC, *Xac, *RaTRa, *RbpppRc, *RcT,
*RaRbRc, *S2;

extern CustomVector *X, *CuX, *M, *cuM, firstStageSums, *deviceX, *Q, *P, *Y,
*QRsolveBUFFER;

extern int *devInfo, *ID;

void parafac(CustomVector *Y, CustomVector *QRsolveBUFFER, int F, datatype crit, int
maxit) {

int i, it;

cudaError_t cet;

datatype SumSgX, fit, fite, fitold;

if (crit == 0.0) crit = le-6;

dim3 block3(1024);
dim3 grid3((sizeX*sources + block3.x - 1) / block3.x, minSize);
reduceSquareSum_STAGE1 << <grid3, block3 >> > (CuX, sizeX*sources);
grid3.y = 1;
int N = grid3.x*minSize;
grid3.x = (N + block3.x - 1) / block3.x;
reduceSquareSum_STAGE2 << <grid3, block3 >> > (N);
while (grid3.x > 1) {
N = grid3.x;
grid3.x = (N + block3.x - 1) / block3.x;
reduceSquareSum_STAGE2 << <grid3, block3 >> > (N);

}
get_sumsum(&SumSgX); // SumSgX = sum(sum(abs(X).”2));

fit = SumSgX;
fite = fit;
fitold = 2 * fit;
it = 9;
while (abs((fit - fitold) / fitold)> crit && it < maxit && fit > 10 * eps) {
it = it + 1;
fitold = fit;

//

// Update A
if ((cet = cudaMemset(Xbc, @, sizeX * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMemset Xbc failed: %s\n", cudaGetErrorString(cet));
cleanup();
exit(-1);
} // Xbc = @
for (i = 0; i < minSize; i++) {
arrayMultDiag << <sources*sources / 1024 + 1, 1024 >> > (HCdiag, H, C +
i*sources, sources, sources); // B*diag(C(k,:))
gpu_blas_mmul(handle, Y[i].array, HCdiag, XbcTemp, ©, sizeX, sources,
sources, sources); // X(:,(k-1)*J+1:k*J)*(B*diag(C(k,:)))
addMatrices << <(sizeX*sources) / 1024 + 1, 1024 >> > (Xbc, Xbc, XbcTemp,
sizeX*sources); // Xbc = Xbc + X(:,(k-1)*J+1:k*J)*(B*diag(C(k,:)));
}
gpu_blas_mmul(handle, H, H, HTH, 1, sources, sources, sources, sources); //
B'*B
gpu_blas_mmul(handle, C, C, CTC, 1, dimensions, sources, dimensions, sources);
// C'*C
elementwiseProduct << <1, sources*sources >> > (HTHdotCTC, HTH, CTC,
sources*sources); // (B'*B).*(C'*C)
pinv(cusolverH, handle, HTHdotCTC, U, S, VT, Sdiag, VS, devInfo, sources); //
pinv((B'*B).*(C'*C))
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gpu_blas_mmul(handle, Xbc, HTHdotCTC, A, 2, sizeX, sources, sources, sources);
// A = Xbc*pinv((B'*B).*(C'*C)).";

// Project X down on orth(A) - saves time if first mode is large

QRsolve(cusolverH, handle, A, Xbc, d_tauA, Ra, sizeX, sources, Y, sizeX,
sources, QRsolveBUFFER, devInfo); // [Qa,Ra]=qr(A,0); x = Qa'*X;

//

// Update B
if ((cet = cudaMemset(Xac, @, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMemset Xac failed: %s\n", cudaGetErrorString(cet));
cleanup();
exit(-1);
} // Xac = 0
for (i = 0; i < minSize; i++) {
diagonalize << <1, sources >> >(C, diagC, sources, i); // diag(C(k,:))
gpu_blas_mmul(handle, Ra, diagC, HCdiag, @, sources, sources, sources,
sources); // Ra*diag(C(k, :))
gpu_blas_mmul(handle, QRsolveBUFFER[i].array, HCdiag, QkT_Qk, 1, sources,
sources, sources, sources); // x(:,(k-1)*J+1:k*J)."'*(Ra*diag(C(k,:)))
addMatrices << <1, sources * sources >> > (Xac, Xac, QkT_Qk,
sources*sources); // Xac = Xac + x(:,(k-1)*J+1:k*J)."*(Ra*diag(C(k,:)));

gpu_blas_mmul(handle, Ra, Ra, RaTRa, 1, sources, sources, sources, sources);
// Ra'*Ra

elementwiseProduct << <1, sources*sources >> > (QkT_Qk, RaTRa, CTC,
sources*sources); // B'*B

pinv(cusolverH, handle, QkT_Qk, U, S, VT, Sdiag, VS, devInfo, sources); //
pinv((Ra'*Ra).*(C"'*C))

gpu_blas_mmul(handle, Xac, QkT_Qk, H, 2, sources, sources, sources, sources);
// B = Xac*pinv((Ra'*Ra).*(C'*C)).";

/7

// Update C
gpu_blas_mmul(handle, H, H, HTH, 1, sources, sources, sources, sources); //
B'*B
elementwiseProduct << <1, sources*sources >> > (QkT_Qk, RaTRa, HTH,
sources*sources); // (Ra'*Ra).*(B'*B)
pinv(cusolverH, handle, QkT_Qk, U, S, VT, Sdiag, VS, devInfo, sources); //
ab=pinv((Ra'*Ra).*(B'*B));
for (i = 0; i < minSize; i++) {
gpu_blas_mmul(handle, Ra, QRsolveBUFFER[i].array, U, 1, sources, sources,
sources, sources); // (Ra'* x(:,(k-1)*J+1:k*J)
gpu_blas_mmul(handle, U, H, VT, @, sources, sources, sources, sources);
// Ra"* x(:,(k-1)*J+1:k*J)*B
getDiagonal << <1, sources >> > (S, VT, sources); // diag(Ra'* x(:, (k-
1)*J+1:k*J)*B)
gpu_blas_mmul(handle, QkT_Qk, S, C + i*sources, O, sources, sources,
sources, 1); // C(k,:) = (ab*diag(Ra'* x(:,(k-1)*J+1:k*J)*B)).";
¥

//

// Calculating fit
QRonly(cusolverH, handle, H, HCdiag, d_tauA, Rb, sources, sources, devInfo);
// [~,Rb]=ql"(B,0);
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QRonly(cusolverH, handle, C, HCdiag, d_tauA, Rc, dimensions, sources,
devinfo); // [~,Rc]=qr(C,0);
ppp << < (minSize*sources*sources) / 1024 + 1, 1024 >> > (Rb, Rc, RbpppRc,
minSize*sources, sources); // ppp(Rb,Rc)
gpu_blas_mmul(handle, Ra, RbpppRc, RaRbRc, 2, sources, sources,
sources*dimensions, sources); // Ra*ppp(Rb,Rc)
reduceSquareSum_block << <1, 1024 >> >(RaRbRc, sources*sources*dimensions);
get_block_fit(&Ffit); // sum(sum(abs(Ra*ppp(Rb,Rc)."').”2))
fit = SumSgX - fit; // fit=SumSgX-sum(sum(abs(Ra*ppp(Rb,Rc).").”2));
if (it % show_fit == @)
printf("%12.10f\t\t %d\t\t\t %3.4f\n", fit, it, 100 * (1 - fit /
fite));
}
// ORDER ACCORDING TO VARIANCE
gpu_blas _mmul(handle, A, A, Xac, 1, sizeX, sources, sizeX, sources); // A'*A
gpu_blas_mmul(handle, C, C, CTC, 1, dimensions, sources, dimensions, sources); //
B'*B
elementwiseProduct3Arrays << <1, sources*sources >> > (QkT_Qk, Xac, HTH, CTC,
sources*sources); // (A'"*A).*(B'*B).*(C'*C)
getDiagonal << <1, sources >> > (S, QkT_Qk, sources); // Tuck =
diag((A'*A).*(B"*B).*(C'*(C));
bubbleSort << <1, sources >> > (S, ID); // [~,ID] = sort(Tuck);

// NORMALIZE A AND C(variance in B)

// A =A(:, ID); B = B(:, ID); C = C(:, ID);

// for f = 1:Fac, normC(f) = norm(C(:, f)); end

// for f = 1:Fac, normA(f) = norm(A(:, f)); end

// the columns of A,C change in normes

normes << <1, 2 * sources >> > (A, C, S, S2, ID, sizeX, dimensions);

normDiag << <(sources*sources) / 1024 + 1, 1024 >> > (H, sources, sources, S, S2,
ID); // B = B*diag(normC)*diag(normA);

updateAC << <(sizeX*sources) / 1024 + 1, 1024 >> > (A, S, ID, sizeX, sources); // A
= A*diag(normA. ~ (-1));

updateAC << <(dimensions*sources) / 1024 + 1, 1024 >> > (C, S2, ID, dimensions,
sources); // C = C*diag(normC. *~ (-1));

// APPLY SIGN CONVENTION

dim3 block(1024);

dim3 grid(MINIMUM((sizeX + block.x - 1) / block.x, 1024), sources);

ReduceSunSign_A_STAGE1l << <grid, block >> > (A, ReductionBuffer, sizeX, sources);

ReduceSunSign_A_STAGE2 << <sources, block >> > (ReductionBuffer, S, grid.x); //
SignA = sign(sum(sign(A))+eps);

ReduceSunSign_C << <1, sources >> > (C, dimensions, S2); // SignC =
sign(sum(sign(C))+eps);

updateSignAC << <(sizeX*sources) / 1024 + 1, 1024 >> > (A, S, sizeX, sources); // A
= A*diag(SignA);

updateSignAC << <(dimensions*sources) / 1024 + 1, 1024 >> > (C, S2, dimensions,
sources); // C = C*diag(SignC);

signDiag << <(sources*sources) / 1024 + 1, 1024 >> > (H, sources, sources, S, S2);
// B = B*diag(SignA)*diag(SignC);
}

void parafac2() {
int i, it = o;
datatype fit = 0.0, oldfit = 0.0, fite = 0.9;
// random initialization for A,C (Gaussian destribution)
rand(generator, A, sizeX * sources); // A = rand(I,F);
rand(generator, C, dimensions * sources); // C = rand(K,F);
dim3 grid(1, 1);
dim3 threads(sources, sources);
eye << <grid, threads >> > (H, sources); // H = eye(F);
// Calculate for evaluating fit
gpu_blas_mmul(handle, X[@].array, X[@].array, XtX, 2, sizeX, X[0].size, sizeX,
X[0].size); // XtX=X{1}*X{1}';
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for (i = 1; i < minSize; i++) {
gpu_blas_mmul(handle, X[i].array, X[i].array, XtXhelp, 2, sizeX, X[i].size,
sizeX, X[i].size); // X{k}*X{k}'
addMatrices << < sizeX*sizeX / 1024 + 1, 1024 >> > (XtX, XtX, XtXhelp,
sizeX*sizeX); // XtX = XtX + X{k}*X{k}"';
}
dim3 block(1024);
dim3 grid2((sizeX + block.x - 1) / block.x);
reduceDiagonal STAGE1l << <grid2, block >> > (XtX, sizeX);
while (grid2.x > 1) {
int N = grid2.x;
grid2.x = (N + block.x - 1) / block.x;
reduceDiagonal STAGE2 << <grid2, block >> > (N);

}
get_diag(&fit); // fit = sum(diag(XtX));

oldfit = fit * 2;

fite = fit;

printf("Fitting model...\n");

printf(" Loss-value\t\t\tIteration\t\tVariationExpl\n");

while (abs(fit - oldfit) > oldfit*conv_crit && it < max_iter && fit > 1000 * eps) {
oldfit = fit;
it++;
for (i = 0; i < minSize; i++) {
arrayMultDiag << <sizeX*sources / 1024 + 1, 1024 >> > (AdotdiagC, A, C +
i*sources, sizeX, sources); // A*diag(C(k,:))
gpu_blas_mmul(handle, AdotdiagC, H, AdiagCdotH, 2, sizeX, sources,
sources, sources); // A*diag(C(k,:))*H'
gpu_blas_mmul(handle, X[i].array, AdiagCdotH, Q[i].array, 1, sizeX,
X[i].size, sizeX, sources); // Qk = X{k}'*(A*diag(C(k,:))*H");
gpu_blas_mmul(handle, Q[i].array, Q[i].array, QkT_Qk, 1, Q[i].size,
sources, Q[i].size, sources); // Qk'*Qk
psqrt(cusolverH, handle, QkT_Qk, U, S, VT, Sdiag, VS, devInfo); //
psqrt(Qk ' *Qk)
gpu_blas_mmul(handle, Q[i].array, QkT_Qk, P[i].array, @, Q[i].size,
sources, sources, sources); // P{k} = Qk*psqgrt(Qk'*Qk);
gpu_blas_mmul(handle, X[i].array, P[i].array, Y[i].array, 0, sizeX,
X[i].size, P[i].size, sources); // Y(:,:,k) = X{k}*P{k};
}
parafac(Y, QRsolveBUFFER, sources, le-4, 5); //
[A,H,C]=parafac(reshape(Y,I,F*K),[I F K],F,1le-4,A,H,C,5);
fit = pf2fit(handle, deviceX, X, A, H, C, P, M, cuM, diagC, AdotdiagC,
AdiagCdotH,&firstStageSums); // [fit,X] = pf2fit(X,A,H,C,P,K);
if (1(it % show_fit) || it == 1)
printf("%12.10f\t\t %d\t\t\t %3.4f\n", fit, it, 100 * (1 - fit /
fite));
}
if (it % show_fit)
printf("%12.10F\t\t  %d\t\t\t %3.4f\n", fit, it, 100 * (1 - fit / fite));

}
[11777777777777777777777777777177777777777177777
// File: memalloc.h //

[I1170077777 0770777770777 77777777777777717711777
#ifndef _memalloc_
#define _memalloc_

void cleanup(void);
void allocate(int);
#endif // ! _memalloc_

111777717777 717777717777777717777717717771771777
// File: memalloc.cu //

LIP11T770 777777077777 7777777777777177777771777
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#include <ctime>

#include <iostream>
#include <curand.h>
#include <cusolverDn.h>
#include "cublas_v2.h"
#include "declarations.h"
#include "customvector.h"
#include "kernel.h"
#include "errorTypes.h"

/* Global variables */

curandGenerator_t generator;

cusolverDnHandle_t cusolverH;

cublasHandle_t handle;

datatype *A, *C, *H, *XtX, *XtXhelp, *QkT_Qk, *diagC, *AdotdiagC, *AdiagCdotH, *U, *S,
*VT;

datatype *Sdiag, *VS, *HCdiag, *Xbc, *XbcTemp, *CTC, *HTH, *HTHdotCTC, *Qa, *Ra, *d_tauA;
datatype *d_tauH, *d_tauC, *Rb, *Rc, *Xac, *RaTRa, *RbpppRc, *RcT, *RaRbRc, *S2,
*ReductionBuffer;

CustomVector *X, *CuX, *M, *cuM, firstStageSums, *deviceX, *Q, *P, *Y, *QRsolveBUFFER;
int *devInfo, *ID;

/* Cleaning GPU memory */
void cleanup() {
int i;
cudaError_t cerror;
cublasStatus_t cubstat;
curandStatus t curstat;
cusolverStatus t cusstat;
if (A && (cerror = cudaFree(A)) != cudaSuccess)
printf("cudaFree A failed: %s\n", cudaGetErrorString(cerror));
if (C && (cerror = cudaFree(C)) != cudaSuccess)
printf("cudaFree C failed: %s\n", cudaGetErrorString(cerror));
if (H && (cerror = cudaFree(H)) != cudaSuccess)
printf("cudaFree H failed: %s\n", cudaGetErrorString(cerror));
if (XtX && (cerror = cudaFree(XtX)) != cudaSuccess)
printf("cudaFree XtX failed: %s\n", cudaGetErrorString(cerror));
if (XtXhelp && (cerror = cudaFree(XtXhelp)) != cudaSuccess)
printf("cudaFree XtXhelp failed: %s\n", cudaGetErrorString(cerror));
if (QkT_Qk && (cerror = cudaFree(QkT_Qk)) != cudaSuccess)
printf("cudaFree QkT_Qk failed: %s\n", cudaGetErrorString(cerror));
if (diagC && (cerror = cudaFree(diagC)) != cudaSuccess)
printf("cudaFree diagC failed: %s\n", cudaGetErrorString(cerror));
if (AdotdiagC && (cerror = cudaFree(AdotdiagC)) != cudaSuccess)
printf("cudaFree AdotdiagC failed: %s\n", cudaGetErrorString(cerror));
if (AdiagCdotH && (cerror = cudaFree(AdiagCdotH)) != cudaSuccess)
printf("cudaFree AdiagCdotH failed: %s\n", cudaGetErrorString(cerror));

if (U && (cerror = cudaFree(U)) != cudaSuccess)
printf("cudaFree U failed: %s\n", cudaGetErrorString(cerror));
if (S && (cerror = cudaFree(S)) != cudaSuccess)

printf("cudaFree S failed: %s\n", cudaGetErrorString(cerror));
if (S2 && (cerror = cudaFree(S2)) != cudaSuccess)
printf("cudaFree S2 failed: %s\n", cudaGetErrorString(cerror));
if (VT && (cerror = cudaFree(VT)) != cudaSuccess)
printf("cudaFree VT failed: %s\n", cudaGetErrorString(cerror));
if (Sdiag && (cerror = cudaFree(Sdiag)) != cudaSuccess)
printf("cudaFree Sdiag failed: %s\n", cudaGetErrorString(cerror));
if (VS && (cerror = cudaFree(VS)) != cudaSuccess)
printf("cudaFree VS failed: %s\n", cudaGetErrorString(cerror));
if (HCdiag && (cerror = cudaFree(HCdiag)) != cudaSuccess)
printf("cudaFree HCdiag failed: %s\n", cudaGetErrorString(cerror));
if (Xbc && (cerror = cudaFree(Xbc)) != cudaSuccess)
printf("cudaFree Xbc failed: %s\n", cudaGetErrorString(cerror));
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if (XbcTemp && (cerror = cudaFree(XbcTemp)) != cudaSuccess)
printf("cudaFree XbcTemp failed: %s\n", cudaGetErrorString(cerror));
if (CTC && (cerror = cudaFree(CTC)) != cudaSuccess)
printf("cudaFree CTC failed: %s\n", cudaGetErrorString(cerror));
if (HTH && (cerror = cudaFree(HTH)) != cudaSuccess)
printf("cudaFree HTH failed: %s\n", cudaGetErrorString(cerror));
if (HTHdotCTC && (cerror = cudaFree(HTHdotCTC)) != cudaSuccess)
printf("cudaFree HTHdotCTC failed: %s\n", cudaGetErrorString(cerror));
if (CuX && (cerror = cudaFree(CuX)) != cudaSuccess)
printf("cudaFree cuX failed: %s\n", cudaGetErrorString(cerror));
if (deviceX && (cerror = cudaFree(deviceX)) != cudaSuccess)
printf("cudaFree cuX failed: %s\n", cudaGetErrorString(cerror));
if (Qa && (cerror = cudaFree(Qa)) != cudaSuccess)
printf("cudaFree Qa failed: %s\n", cudaGetErrorString(cerror));
if (Ra && (cerror = cudaFree(Ra)) != cudaSuccess)
printf("cudaFree Ra failed: %s\n", cudaGetErrorString(cerror));
if (Rb && (cerror = cudaFree(Rb)) != cudaSuccess)
printf("cudaFree Ra failed: %s\n", cudaGetErrorString(cerror));
if (Rc && (cerror = cudaFree(Rc)) != cudaSuccess)
printf("cudaFree Ra failed: %s\n", cudaGetErrorString(cerror));
if (firstStageSums.array && (cerror = cudaFree(firstStageSums.array)) !=
cudaSuccess)
printf("cudaFree Ra failed: %s\n", cudaGetErrorString(cerror));
if (devInfo && (cerror = cudaFree(devInfo)) != cudaSuccess)
printf("cudaFree devInfo failed: %s\n", cudaGetErrorString(cerror));
if (Xac && (cerror = cudaFree(Xac)) != cudaSuccess)
printf("cudaFree Xac failed: %s\n", cudaGetErrorString(cerror));
if (RaTRa && (cerror = cudaFree(RaTRa)) != cudaSuccess)
printf("cudaFree RaTRa failed: %s\n", cudaGetErrorString(cerror));
if (RbpppRc && (cerror = cudaFree(RbpppRc)) != cudaSuccess)
printf("cudaFree RbpppRc failed: %s\n", cudaGetErrorString(cerror));
if (RcT && (cerror = cudaFree(RcT)) != cudaSuccess)
printf("cudaFree RcT failed: %s\n", cudaGetErrorString(cerror));
if (RaRbRc && (cerror = cudaFree(RaRbRc)) != cudaSuccess)
printf("cudaFree RaRbRc failed: %s\n", cudaGetErrorString(cerror));
if (X) {
for (1 = 0; i < minSize; i++) {
if (X[i].array && (cerror = cudaFree(X[i].array)) != cudaSuccess)
printf("cudaFree array of X failed: %s\n",
cudaGetErrorString(cerror));
}
delete[] X;
}
if (M) {
for (i = 0; i < minSize; i++) {
if (M[i].array && (cerror = cudaFree(M[i].array)) != cudaSuccess)
printf("cudaFree array of M failed: %s\n",
cudaGetErrorString(cerror));

}
delete[] M;

}
if (cuM && (cerror = cudaFree(cuM)) != cudaSuccess)
printf("cudaFree cuM failed: %s\n", cudaGetErrorString(cerror));
if (ReductionBuffer && (cerror = cudaFree(ReductionBuffer)) != cudaSuccess)

printf("cudaFree ReductionBuffer failed: %s\n", cudaGetErrorString(cerror));
if (d_tauA && (cerror = cudaFree(d_tauA)) != cudaSuccess)
printf("cudaFree d_tauA failed: %s\n", cudaGetErrorString(cerror));
if (d_tauH && (cerror = cudaFree(d_tauH)) != cudaSuccess)
printf("cudaFree d_tauH failed: %s\n", cudaGetErrorString(cerror));
if (d_tauC && (cerror = cudaFree(d_tauC)) != cudaSuccess)
printf("cudaFree d_tauC failed: %s\n", cudaGetErrorString(cerror));
if (ID && (cerror = cudaFree(ID)) != cudaSuccess)
printf("cudaFree ID failed: %s\n", cudaGetErrorString(cerror));
if (generator && (curstat = curandDestroyGenerator(generator)) !=
CURAND_STATUS_SUCCESS)
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printf("curandDestroyGenerator failed: %s\n", curandGetErrorString(curstat));
if (handle && (cubstat = cublasDestroy(handle)) != CUBLAS_STATUS_SUCCESS)
printf("cublasDestroy failed : %s\n", cublasGetErrorString(cubstat));
if (cusolverH && (cusstat = cusolverDnDestroy(cusolverH)) !=
CUSOLVER_STATUS_SUCCESS)
printf("cusolverDnDestroy failed: %s\n", cusolverGetErrorString(cusstat));
for (i = @; i < minSize; i++) {
if (Q[i].array && (cerror = cudaFree(Q[i].array)) != cudaSuccess)
printf("cudaFree Q array failed: %s\n", cudaGetErrorString(cerror));
if (P[i].array && (cerror = cudaFree(P[i].array)) != cudaSuccess)
printf("cudaFree P array failed: %s\n", cudaGetErrorString(cerror));
if (Y[i].array && (cerror = cudaFree(Y[i].array)) != cudaSuccess)
printf("cudaFree Y array failed: %s\n", cudaGetErrorString(cerror));
if (QRsolveBUFFER[i].array && (cerror = cudaFree(QRsolveBUFFER[i].array)) !=
cudaSuccess)
printf("cudaFree Y array failed: %s\n", cudaGetErrorString(cerror));
}
if (Q) delete[] Q;
if (P) delete[] P;
if (Y) delete[] V;
if (QRsolveBUFFER) delete[] QRsolveBUFFER;
udest << < 1, 1 >> > ();
if ((cerror = cudaDeviceReset()) != cudaSuccess)
printf("cudaDeviceReset failed: %s\n", cudaGetErrorString(cerror));

}

/* Allocating all the necessary memory */
void allocate(int maximum_variable dimension) {
int i;
cudaError_t cuerror;
cublasStatus_t cubstat;
curandStatus t curstat;
cusolverStatus_t cusstat;
if ((M = new CustomVector[minSize]) == NULL) {
printf("Cannot allocate memory for M\n");
cleanup();
exit(-1);

if ((Q = new CustomVector[minSize]) == NULL) {
printf("Cannot allocate memory for Q\n");
cleanup();
exit(-1);

if ((P = new CustomVector[minSize]) == NULL) {
printf("Cannot allocate memory for P\n");
cleanup();
exit(-1);

if ((Y = new CustomVector[minSize]) == NULL) {
printf("Cannot allocate memory for Y\n");
cleanup();
exit(-1);

if ((QRsolveBUFFER = new CustomVector[minSize]) == NULL) {
printf("Cannot allocate memory for QRsolveBUFFER\n");
cleanup();
exit(-1);

if ((cubstat = cublasCreate(&handle)) != CUBLAS_STATUS_ SUCCESS) {
printf("cublasCreate failed: %s\n", cublasGetErrorString(cubstat));
cleanup();
exit(-1);

}

for (i = @; i < minSize; i++) {
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if ((cuerror = cudaMalloc((void**)&Y[i].array, sizeX * sources *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed Y array: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void**)&QRsolveBUFFER[i].array, sizeX * sources *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed Y array: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}

if ((cuerror = cudaMalloc((void **)&A, sizeX * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed A : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&C, dimensions * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed C : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&H, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed H : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&XtX, sizeX * sizeX * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed XtX : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&XtXhelp, sizeX * sizeX * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed XtXhelp : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&QkT_Qk, sources * sources * sizeof(datatype)))
I= cudaSuccess) {
printf("cudaMalloc failed QkT_Qk : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&diagC, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed diagC : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&AdotdiagC, sizeX * sources * sizeof(datatype)))
I= cudaSuccess) {
printf("cudaMalloc failed AdotdiagC : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&AdiagCdotH, sizeX * sources * sizeof(datatype)))
I= cudaSuccess) {
printf("cudaMalloc failed AdiagCdotH : %s\n", cudaGetErrorString(cuerror));
cleanup();
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exit(-1);
}
if ((cuerror = cudaMalloc((void **)&U, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed U: %s\n", cudaGetErrorString(cuerror));
cleanup();

exit(-1);
}
if ((cuerror = cudaMalloc((void **)&S, sources * sizeof(datatype))) != cudaSuccess)
{
printf("cudaMalloc failed S: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
¥
if ((cuerror = cudaMalloc((void **)&S2, sources * sizeof(datatype))) != cudaSuccess)
{
printf("cudaMalloc failed S2: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
if ((cuerror = cudaMalloc((void **)&ID, sources * sizeof(int))) != cudaSuccess) {
printf("cudaMalloc failed ID : %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}

if ((cuerror = cudaMalloc((void **)&VT, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed VT: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&Sdiag, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed Sdiag: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&VS, sources * sources * sizeof(datatype))) I=
cudaSuccess) {
printf("cudaMalloc failed VS: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&HCdiag, sources * sources * sizeof(datatype)))
I= cudaSuccess) {
printf("cudaMalloc failed HCdiag: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&Xbc, sizeX * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed Xbc: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&XbcTemp, sizeX * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed XbcTemp: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&CTC, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed CTC: %s\n", cudaGetErrorString(cuerror));
cleanup();
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exit(-1);
}

if ((cuerror = cudaMalloc((void **)&HTH, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed HTH: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&HTHdotCTC, sources * sources *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed HTHdotCTC: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&Qa, sizeX * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed Qa: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&Ra, sources * sources * sizeof(datatype))) I=
cudaSuccess) {
printf("cudaMalloc failed Ra: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&Rb, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed Rb: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&Rc, dimensions * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed Rc: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&CuX, minSize * sizeof(CustomVector))) !=
cudaSuccess) {
printf("cudaMalloc failed CuX: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&deviceX, minSize * sizeof(CustomVector))) !=
cudaSuccess) {
printf("cudaMalloc failed deviceX: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&cuM, minSize * sizeof(CustomVector))) !=
cudaSuccess) {
printf("cudaMalloc failed cuM: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&d_tauA, sizeX * sizeof(datatype))) !=
cudaSuccess) {
printf(“"cudaMalloc failed sizeX: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&d_tauH, sources * sizeof(datatype))) !=
cudaSuccess) {
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printf("cudaMalloc failed sizeX: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&d_tauC, minSize * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed sizeX: %s\n", cudaGetErrorString(cuerror));
cleanup();

exit(-1);

}

if ((cuerror = cudaMalloc((void**)&devInfo, sizeof(int))) != cudaSuccess) {
printf("cudaMalloc failed devInfo: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

}

if ((cuerror = cudaMalloc((void **)&Xac, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed Xac: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&RaTRa, sources * sources * sizeof(datatype))) !=
cudaSuccess) {
printf("cudaMalloc failed RaTRa: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&RbpppRc, (dimensions * sources) * sources *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed RbpppRc: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMalloc((void **)&RaRbRc, (dimensions * sources) * sources *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed RaRbRc: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&RcT, dimensions * sources * sizeof(datatype)))
I= cudaSuccess) {
printf("cudaMalloc failed RcT: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMalloc((void **)&ReductionBuffer, sources * 1024 *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed ReductionBuffer: %s\n",
cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((curstat = curandCreateGenerator(&generator, CURAND_RNG_PSEUDO_DEFAULT)) !=
CURAND_STATUS_SUCCESS) {
printf("curandCreateGenerator failed: %s\n", curandGetErrorString(curstat));
cleanup();
exit(-1);

if ((curstat = curandSetPseudoRandomGeneratorSeed(generator, (unsigned long long)
clock())) != CURAND STATUS_SUCCESS) {
printf("curandSetPseudoRandomGeneratorSeed failed: %s\n",
curandGetErrorString(curstat));
cleanup();
exit(-1);
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if ((cusstat = cusolverDnCreate(&cusolverH)) != CUSOLVER_STATUS_SUCCESS) {
printf("cusolverDnCreate failed: %s\n", cusolverGetErrorString(cusstat));
cleanup();
exit(-1);
}

uinit << < 1, 1 >> > ();

firstStageSums.size = minSize * (((sizeX*maximum_variable dimension) + 1024 - 1) /
1024);
if ((cuerror = cudaMalloc((void **)&firstStageSums.array, firstStageSums.size *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed fs: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
for (i = 0; i < minSize; i++) {
if ((cuerror = cudaMalloc((void**)&Q[i].array, X[i].size * sources *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed Q array: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
Q[i].size = X[i].size;
if ((cuerror = cudaMalloc((void**)&P[i].array, X[i].size * sources *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed P array: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
P[i].size = X[i].size;
if ((cuerror = cudaMalloc((void**)&M[i].array, sizeX * X[i].size *
sizeof(datatype))) != cudaSuccess) {
printf("cudaMalloc failed M array: %s\n", cudaGetErrorString(cuerror));

cleanup();
exit(-1);
}
M[i].size = X[i].size;
}
if ((cuerror = cudaMemcpy(CuX, Y, minSize * sizeof(CustomVector),
cudaMemcpyHostToDevice)) != cudaSuccess) {
printf("cudaMemcpy cux failed: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);
}
if ((cuerror = cudaMemcpy(cuM, M, minSize * sizeof(CustomVector),
cudaMemcpyHostToDevice)) != cudaSuccess) {

printf("cudaMemcpy cuM failed: %s\n", cudaGetErrorString(cuerror));
cleanup();
exit(-1);

if ((cuerror = cudaMemcpy(deviceX, X, minSize * sizeof(CustomVector),
cudaMemcpyHostToDevice)) != cudaSuccess) {
printf("cudaMemcpy cuM failed: %s\n", cudaGetErrorString(cuerror));
cleanup();

exit(-1);
}
}
1111777777 71777777777777777777777777777771771717
// File: kernel.h //

LI111T770T 777777077777 777777771777717717771777
#ifndef _kernel_
#define _kernel_
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__global__ void uinit();

__global _ void udest();

_global__ void eye(datatype *, int);

__global _ void addMatrices (datatype *, datatype *, datatype *, int);

__global__ void subtractMatrices(datatype *, datatype *, datatype *, int);

__global__ void diagonalize (datatype *, datatype*, int, int);

__global _ void elementwiseProduct (datatype *, datatype *, datatype *, int);

__global _ void elementwiseProduct3Arrays (datatype *, datatype *, datatype *, datatype
*, int);

__global _ void pinvDiagonalMatrix (datatype *, datatype*, int, int);

__global__ void stripR(datatype*, datatype*, int, int, int);

_global__ void getDiagonal(datatype *, datatype *, int);

__global__ void ppp (datatype*, datatype*, datatype*,int,int);

__global__ void normes (datatype*, datatype *, datatype*, datatype*, int *, unsigned int,
unsigned int);

__global _ void normDiag (datatype*, unsigned int, unsigned int, datatype*, datatype*,
int*);

__global__ void bubbleSort (datatype*, int*);

__global__ void updateAC (datatype *, datatype *, int *, unsigned int, unsigned int);
_global__ void arrayMultDiag(datatype *, datatype *, datatype *, unsigned int, unsigned
int);

__global__ void updateSignAC(datatype*, datatype *, unsigned int, unsigned int);
__global__ void signDiag(datatype*, unsigned int, unsigned int, datatype*, datatype*);

#endif // !__kernel _

[11177177171777777777777777777717777777771711717
// File: kernel.cu //
11117771777 77777777777777777777717777777717171717
#include <iostream>

#include <ctime>

#include <cublas_v2.h>

#include "declarations.h"

#include "customvector.h"

#include "kernel.h"

/****************

* VARIABLES *

* *
****************/
// Handle of cublas context allocated statically

// on device memory.
__device__ cublasHandle_t handle_gpu;

/***********************

* FUNCTIONS - init *

* *

************************/

// Initialize cublas context. It's a separate kernel
// so as to be used as implicit synchronization point.
__global__ void uinit() {

cublasCreate(&handle_gpu);
}

/***********************

* FUNCTIONS - dest *

* *

************************/

// Initialize cublas context. It's a separate kernel so as
// to be used as implicit synchronization point before destruction.
__global__ void udest() {
cublasDestroy(handle_gpu);
}
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/* Creates an identity matrix with size row x col (needs 2D block) */
__global _ void eye (datatype *matrix, int size) {
int x = blockDim.x*blockIdx.x + threadIdx.x;
int y = blockDim.y*blockIdx.y + threadIdx.y;
if (x < size && y < size) {
if (x == y) matrix[x*size + y] = 1.0;
else matrix[x*size + y] = 0.0;

/* Adds two matrices a,b and stores the result in matrix c */

__global__ void addMatrices (datatype *c, datatype *a, datatype *b, int size) {
int index = blockIdx.x *blockDim.x + threadIdx.x;
if (index < size) c[index] = a[index] + b[index];

/* Adds two matrices a,b and stores the result in matrix c */

__global__ void subtractMatrices (datatype *c, datatype *a, datatype *b, int size) {
int index = blockIdx.x *blockDim.x + threadIdx.x;
if (index < size) c[index] = a[index] - b[index];

}

/* Takes a row from an array and creates a square array */

__global _ void diagonalize (datatype *C, datatype* out, int size, int row) {
int i = threadIdx.x;
out[i*size + 1] = C[row*size + i];

/* Multiplies two matrices element by element a,b and stores the result in matrix c */
_global__ void elementwiseProduct (datatype *c, datatype *a, datatype *b, int size) {
int index = blockIdx.x *blockDim.x + threadIdx.x;
if (index < size) c[index] = a[index] * b[index];

}

/* Multiplies three matrices element by element a,b,c and stores the result in matrix d
*/
__global__ void elementwiseProduct3Arrays(datatype *d, datatype *a, datatype *b, datatype
*c, int size) {

int index = blockIdx.x *blockDim.x + threadIdx.x;

if (index < size) d[index] = a[index] * b[index]* c[index];

}

/* Pseudoinverse of diagonal matrix */

__global__ void pinvDiagonalMatrix (datatype *C, datatype* out, int size, int row) {
int i = threadIdx.x;
out[i*size + i] = 1.0 / C[row*size + i];

}

/* Takes only the R array from the QR decomposition */
__global__ void stripR(datatype* A, datatype* out,int rows, int cols,int common_dim) {
int x = blockDim.x*blockIdx.x + threadIdx.x;
int y = blockDim.y*blockIdx.y + threadIdx.y;
if (x < rows &y < cols) {
if (x <y){
out[y*common_dim + x] = 0.0;

}
else {

out[y*common_dim + x] = A[x*cols + y];
}

X. Natooupag - A. Matrayswpyiou 196



MapdAAnAn Emitdyuvon aAyopiBuwv Dictionary Learning kai MNapayovrtotroinong pe epapuoyr) oe fMRI: k-SVD, ahyopiBuog MM,
PARAFAC2

}

__global _ void getDiagonal (datatype *out, datatype *in, int size) {
int i = threadIdx.x;
out[i] = in[i*size + i];

/* Element wise product of two matrices*/
__global _ void ppp(datatype* inl, datatype* in2, datatype* out,int rows,int cols) {
int pos = blockDim.x*blockIdx.x + threadIdx.Xx;
if (pos < rows*cols) {
int x = pos / cols;
int y = pos % cols;
int in_x = x % cols;
int in_y = vy;
int who = x / cols;
out[pos] = inl[in_x*cols + in_y] * in2[y + who*cols];

__global__ void normes (datatype* A, datatype *C, datatype* outA, datatype* outC, int
*ID,
unsigned int colsizeA, unsigned int colsizeC) {

int i = threadIdx.x;
if (i < (blockDim.x / 2)) {

#if (MODE)
cublasDnrm2(handle_gpu, colsizeA, A + ID[i], sources, outA + i);
#telse
cublasSnrm2(handle_gpu, colsizeA, A + ID[i], sources, outA + i);
#endif
}
else {
#if (MODE)
cublasDnrm2(handle_gpu, colsizeC, C + ID[i - sources], sources, outC + i
- sources);
#else
cublasSnrm2(handle_gpu, colsizeC, C + ID[i], sources, outC + i);
#endif
}

}

__global__ void normDiag (datatype *array, unsigned int rows, unsigned int cols, datatype
*S, datatype *S2, int *ID) {

int pos = blockDim.x*blockIdx.x + threadIdx.x;

if (pos >= rows*cols) return;

int i = pos / cols;

int y = pos % cols;

int source = ID[y];

datatype result = array[i*cols + source] * S[y] * S2[y];

__syncthreads();

array[pos] = result;

__global__ void bubbleSort (datatype* a, int* ID) {

int size = blockDim.x;

ID[threadIdx.x] = threadIdx.x;
__syncthreads();

if (threadIdx.x >= (size / 2)) return;
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int i = blockDim.x * blockIdx.x + threadIdx.x * 2;

int cacheFirst, cacheSecond, cacheThird;

for (int j = 0; j < size / 2 + 1; j++) {
if (1 +1 < size) {
cacheFirst = ID[i];
cacheSecond = ID[i + 1];
if (a[cacheFirst] > a[cacheSecond]) {
int temp = cacheFirst;
ID[i] = cacheSecond;
cacheSecond = ID[i + 1] = temp;
}
}
if (1 + 2 < size) {
cacheThird = ID[i + 2];
if (a[cacheSecond] > a[cacheThird]) {
int temp = cacheSecond;
ID[i + 1] = cacheThird;
ID[1i + 2] = temp;
}

}
__syncthreads();

__global _ void updateAC (datatype *AC, datatype *normAC, int *ID, unsigned int row,
unsigned int col) {
int index = blockDim.x*blockIdx.x + threadIdx.x;
if (index < row*col) {
int x = index / col;
int y = index % col;
int source = ID[y];
datatype result = AC[x*col + source] / normAC[y];
__syncthreads();
AC[index] = result;

__global__ void arrayMultDiag (datatype *res, datatype *a, datatype *diag, unsigned int
rows, unsigned int cols) {

int index = blockDim.x*blockIdx.x + threadIdx.x;

if (index < rows*cols) res[index] = a[index] * diag[index%cols];

}

__global__ void updateSignAC(datatype *AC, datatype *normAC, unsigned int row, unsigned
int col) {
int index = blockDim.x*blockIdx.x + threadIdx.x;
if (index < row*col) {
int y = index % col;
AC[index] = AC[index] * normAC[y];

}

__global__ void signDiag(datatype *array, unsigned int rows, unsigned int cols, datatype
*S, datatype *S2) {

int pos = blockDim.x*blockIdx.x + threadIdx.Xx;

if (pos >= rows*cols) return;

int y = pos % cols;

array[pos] = array[pos] * S[y] * S2[y];

}
[11717177717177777777777777171777771777177171777717177
// File: errorTypes.h //
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[1171777777777777777777771777777777771777177777

#ifndef _errorTypes_

#define _errorTypes_

const char *curandGetErrorString (curandStatus_t);
const char* cublasGetErrorString (cublasStatus_t);
const char* cusolverGetErrorString (cusolverStatus t);

#endif // ! _errorTypes_

[1717777777707777777777777777777777777177717717
// File: errorTypes.cu //
[11717777777777777777777777777777777777777177777
#include <cusolverDn.h>

#include <curand.h>

#include "cublas_v2.h"

const char *curandGetErrorString (curandStatus_t error) {
switch (error) {

case CURAND_STATUS_SUCCESS: return "CURAND_STATUS_SUCCESS";

case CURAND_STATUS_VERSION_MISMATCH: return "CURAND_STATUS_VERSION_MISMATCH";

case CURAND_STATUS_NOT_INITIALIZED: return "CURAND_STATUS_NOT_INITIALIZED";

case CURAND_STATUS_ALLOCATION_FAILED: return
"CURAND_STATUS_ALLOCATION_FAILED";

case CURAND_STATUS_TYPE_ERROR: return "CURAND_STATUS_TYPE_ERROR";

case CURAND_STATUS_OUT_OF_RANGE: return "CURAND_STATUS_OUT_OF RANGE";

case CURAND_STATUS_LENGTH_NOT_MULTIPLE: return
"CURAND_STATUS_LENGTH_NOT_MULTIPLE";

case CURAND_STATUS_DOUBLE_PRECISION_REQUIRED: return
"CURAND_STATUS_DOUBLE_PRECISION_REQUIRED";

case CURAND_STATUS_LAUNCH_FAILURE: return "CURAND_STATUS_LAUNCH_FAILURE";

case CURAND_STATUS_PREEXISTING_FAILURE: return
"CURAND_STATUS_PREEXISTING_FAILURE";

case CURAND_STATUS_INITIALIZATION_FAILED: return
"CURAND_STATUS_INITIALIZATION_FAILED";

case CURAND_STATUS_ARCH_MISMATCH: return "CURAND_STATUS_ARCH_MISMATCH";

case CURAND_STATUS_INTERNAL_ERROR: return "CURAND_STATUS_INTERNAL_ERROR";

}
return "UNKNOWN ERROR";

}

const char* cublasGetErrorString (cublasStatus_t status) {
switch (status) {

case CUBLAS_STATUS_SUCCESS: return "CUBLAS_STATUS_SUCCESS";
case CUBLAS_STATUS_NOT_INITIALIZED: return "CUBLAS_STATUS_NOT_INITIALIZED";
case CUBLAS_STATUS_ALLOC_FAILED: return "CUBLAS_STATUS_ALLOC_FAILED";
case CUBLAS_STATUS_INVALID_VALUE: return "CUBLAS_STATUS_INVALID_VALUE";
case CUBLAS_STATUS_ARCH_MISMATCH: return "CUBLAS_STATUS_ARCH_MISMATCH";
case CUBLAS_STATUS_MAPPING_ERROR: return "CUBLAS_STATUS_MAPPING_ERROR";
case CUBLAS_STATUS_EXECUTION_FAILED: return "CUBLAS_STATUS_EXECUTION_FAILED";
case CUBLAS_STATUS_INTERNAL_ERROR: return "CUBLAS_STATUS_INTERNAL_ERROR";

}
return "UNKNOWN ERROR";

const char* cusolverGetErrorString (cusolverStatus t status) {
switch (status) {

case CUSOLVER_STATUS_SUCCESS: return "CUSOLVER_STATUS_SUCCESS";
case CUSOLVER_STATUS_NOT_INITIALIZED: return

"CUSOLVER_STATUS_NOT_INITIALIZED";
case CUSOLVER_STATUS_ALLOC_FAILED: return "CUSOLVER_STATUS_ALLOC_FAILED";
case CUSOLVER_STATUS_INVALID VALUE: return "CUSOLVER_STATUS_INVALID_VALUE";
case CUSOLVER_STATUS_ARCH_MISMATCH: return "CUSOLVER_STATUS_ARCH_MISMATCH";
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case CUSOLVER_STATUS_EXECUTION_FAILED: return "CUSOLVER_STATUS_execution
failed";

case CUSOLVER_STATUS_MATRIX_TYPE_NOT_SUPPORTED: return "CUSOLVER_STATUS_Matrix
not supported";

case CUSOLVER_STATUS_INTERNAL_ERROR: return "CUSOLVER_STATUS_INTERNAL_ERROR";

}

return "UNKNOWN ERROR";
}
[111771777717777777777777777777177777777717171717
// File: declarations.h //

[17177777777077777777777777777777777771717777717
#ifndef _declarations_
#define _declarations_

#include "cuda_runtime.h"
#include "device_launch_parameters.h"

#define MODE 1 // © for float, 1 for double

#if (MODE)

typedef double datatype;
#else

typedef float datatype;
#tendif

#define prefix "./input/input" // input should be placed in the folder input with
name inputk.txt for the kth slab, k=1,2,3,...
#define show_fit 100 // Show fit every 'show_fit' iterations

#define conv_crit 1le-7 // Convergence criterion

#define max_iter 1000 // Maximal number of iterations

#define sources 8 // The number of components (sources) to extract
#define sizeX 125000 // Number of rows of each slab of tensor

#define sizeZ 3 // Number of slabs

// The other dimension may actually vary in different slabs

#define MINIMUM(a,b) (a < b ? a:b) // Macro for minimum of two numbers

#define minSize MINIMUM(sizeX, sizeZzZ) // Minimum of two fixed dimensions

#define dimensions 3 // Amount of dimensions

#tdefine eps 2.2204e-16 // Floating-point relative accuracy : the distance from
1.0 to the next largest double-precision number

#endif
[1117777777707777777777777777777777771177777777
// File: customvector.h //

LI171IT770 77777077777 7777777777777177777771777
#ifndef _customvector_
#define _customvector_

struct CustomVector { // Struct to hold a slab because the third dimension is uknown at
compile time

int size; // size of each row of 2D slab

datatype *array; // serialized slab

};

#endif // ! __customvector__
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