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Euvyogiotieg

210 onueto autd Yo ko va evyoaptothow Tov x.Kwvotavtivo Mopyapltn, emPAénovta xo-
V1 yNTA Hou, yio TV ToAUTIN Xordodrynon xa Borleia Tou wou napetye ot dha Tor GTABLAL TNG
onuovpylag tne epyaociog auTAg, yior Tol EVIdEEUYTIXG TOU AOYLO TOU ATOTEAECAUY OTUAVTIXT
Ty BUVoUNG, XS xou Yiot TNV EUTLOTOGUVT TIOU Lou EDBEEE avord€ToVTaC oy auTd To Véua.

Tov Ap. Eypovourih BoloAt| yio To €VOLOPEROY TOU XL TNV TAROYY| TOU aEytx0oV UALXOU Xot
Tov untorigLo dLddxtopa Xapdhauro Koulvétouo yio tn Bordeid Tou oe Sidpopa {ntruoTa.

Enlong, Yo fdeha vo eLyoptoTHOwW TOUC GUUGPOLTNTES UE TOUS OTOIOUC TEPAOOUE TOANES WPEC
MEAETNG OTO €QYUCTARLO, YL TNV TOAITYY| TOEOUGEN TOUG, Xt QUOLXE TOUS GLAOUS Xou TNV
OLXOYEVELH [LOV.






IMepiAndm

To cuoTAaTH CUGTACEWY GLUVERYATIXG OLUNONG Elodyouy oTn uedodoloyia
YU TNV TOQUYWYT) TV CUCTICEMY EVOL CNUAVTIXO TUEdYOVTA, TN YVOUTN TV
YENOTOY TOU GLCTARNTOS. 't aUTé TO AGYO To CUGTAUATI CUCTICEWY EUQPO-
viCouv onuavTixy 6iddoor oto dladixTuvo. 'Etotl, To ohoéva avéavéuevo TArdog
YENOTWV X0 OVTIXEWEVWY TETOLWY CUOTNUATOVY, XaIoTE avVImOPEUXT TN Po-
yoolar adEnom Tou OYxou TV 6edouévwy. Mio and Tic xUpLOTEPES TEOXAACELS
OTO CUCTHUOTA CUGTACEWY, TOU OPelleTon 0TV TANU®Ea dedopévwy, elvon 7
TOEAYWYT] CUCTACEWY UPNANC TOLOTNTAC GTO GUVTOUOTERO BUVATO YEovixd Oi-
dotnuo. H yeryoen enelepyacio twv dedouévev xadloTtotar avayxaio kote T
CUOTAUATA CUGTACEWY Vo GUUBUOICOLY UE TIg ALENUEVES AMUUTHOELS Toy UTNTAG
ywelc va Yuotdletar 1) TotoTNTAL

Yy napovoa gpyacio peAeTovvTon ahydptiuol cuvepyaTIX g SLRUNoNG X To-
E0UGLALOVTAL Ol TUPUAANAOTIOINUEVES EQPUPUOYES TIOU GUVOVTOVTOL OTT GUY YOV
BBhoypagio. Emiéyeton mpog maparinhonoinor o alyopriuog slope one, OL-
OTL TOEOUGLALEL TAEOVEXTAUATA BTG TO OTL Elvol YN YOROS Xl ATOTEAEGUOTINOG
%o T OEDOMEVA UTOPOUY VoL EVNUERMVOVTAL duVaixd. MeAetwvTtar 500 LAoTOL-
HOEC TOL UE Ypnom TV eVIoAaV Tpoypoupatiopod MPT o OpenMP. Télog,
AVOADOVTOL TOL ATOTEAECUATA TV UAOTIOLACEWY QUTMY, GOUPWVIL UE ToL OToloL ETL-
TUYYSVETUL BEATIWOT TOU GUVORXOU YEOVOU EXTEAEOTC EWE X 9,5 YOpEC EvavTt
TOL OXOAOLVVLAXOD.

AéZeig xherdid: Yuvepyatnr) Auginor, Yvothuata Xuctdoewy, Alyopriuog Slo-
pe One, Iapdriinhoc Ipoypauuatioude, MPI, OpenMP.






Abstract

Collaborative filtering based recommender systems introduce the users’ opin-
ion to the procedure of the recommendations’ generation. Hence, recom-
mender systems have gained wide popularity. Thus, as the number of users
and items of such systems is increasing, so inevitably does the amount of
data. One of the most challenging factors in recommender systems, which
is caused due to the data abundance, is achieving high quality recommenda-
tions in the shortest time possible. Consequently, a great need is emerging,
the achievement of quick data processing, in order to accomplish high quality
recommender systems of great speed.

This thesis presents a survey of collaborative filtering algorithms and their up
to date parallel implementations. The slope one algorithm is chosen for par-
allelization, due to the presence of advantages such as its speed and efficacy
and the dynamically updatable data. Two parallel implementations are intro-
duced, using MPI and OpenMP, and the experimental results are evaluated.
According to the results, a speedup improvement of 9,5 is achieved over the
sequential implementation.

Keywords: Collaborative Filtering, Recommender Systems, Slope One Algo-
rithm, Parallel Programming, MPI, OpenMP.
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Kegdhawo 1

Eicaywyn.

‘Eva amd ta xuptdtepa mpofPArjuato Tng teyvohoyiog TAnpopoptey eival 0 cuveymg aulavoue-
vog Oyxog dedopEvwy. O puduodg pe Tov ontolo TAndalvouv ta dedopéva xoho Té Ty €lpeoT)
NG XATIAANANS TATPOQOPI0C OAOEVIL Xl BUGXONGTERT) Xt WUEl TNV adZNGoT) TOU EVOLUPEROV-
TOC Yo TNV amodoTixotepn Syeipior| ne. H ouvepyotinr dufinon tpoonadel va a&lonotroet
TIC OYETIXEG PE TNV EXAOTOTE avalTNOT TANPOPORIES, YENOWOTOLWMVTAS TIC TROTHINOELS TWV
YENO TV EVOC CUCTAUATOC, UE OTOYO TNV TORAYWYY| ATOTEAECUATOV UEYIANG oxpBetag.

Mia amd Tic mo SLBEBOUEVES TEQITTMOELS OTIC 0Tl eQupUOlETOL 1) CUVERYATIXY| BLjino,
elvol To CUOTAUUTA CUCTACEWY. XE AUTA YENOYLOTOLUVTAL Ol TEOTYWHOCELS TWV YENOTMY
YLoU TOL VTIXE(UEVOL TOU GUOTAUATOS, €TOL WOTE Vo xododnyolv T Sladixacior mopaywyhc
ouotdoewy. Abdyw Tou TOA) PeYdhoU GYxoU BedOPEVLY Tou TEETEL Vo eneéepyaotoly Yo
var topary 900y oL GUoTACELS, Efvan avoryxada 1) EVPECT) TEOTWY, MOTE VoL TEUYUUTOTOLELTAL 1)
Oadixaola TNG TapAYwYHS Toug 060 To Suvatov TayUtepa. H avdntuln mapdAiniov xou
HOUTAVEUNUEVDY CUCTNUATLY ETUTEETEL TN Ye1jyoeT enelepyacion UEYEAOU GYXOU BEBOUEVWLY.
Enouévwe, 1 eapuoyn Toug 6Ta GUGTAULATO CUCTICENY CUVERYATXNE Oulnong Tapouctdlel
MEY A amodoy Y.

Y1oy0¢ Tng mopovoag epyastag elvan 1) UEAETH TV XUPLOTERKY UAYORIIUWY CUVERYUTIXTS
ouinone xou 1 EQUEUOYT TEYVIXWY Tapakhnhomoinong oe évay and auTtolg, HE OXOTO TNV
vhomolnom wog tayOtepng epapuoyfc. Emmiéov, nopouctdlovtar ot TapdAANAES EQPUPUOYES
cuvepYaTixhig dUinong mou €xouv Lhomomdel To TEAEUTALA YPOVLYL, UE OXOTO VoL OTOTEAECEL
1 Tapouciact| Toug TN Bdom yio TN cUALOYWT alOAGYTOT oL GUYXELOT| TOUC.

Hapoaxdtey meprypdgpeton 1 dopur Tou axohovieiton oTr cuvéyela g epyaocioc. XTo devTe-
PO XEPIANO TEQLYPAPOVTOL OL BUCIXEC EVVOLEG TWV CUCTNUATWY CUGTUCEWY CUVERYXTIXC
ouinong, mapouctdlovton oL xupldTEPOL ahyoptiuol cuVERYUTIXS B INoTS Xou Ol UETEIXES
allohdynonc toug. Téhog, yivetonw avoapopd oTor XUPLOTERY TEOBAAUATA TWV CUC TNUATGVY
CLVERYATIXHG OLAUNONG %ot OTIC TROXATOELS TTOL TapouctdlovTal oTNY UAOTOINGT Toug.

Y70 Tplto xEPdao &nyolvTon ol Bacixéc Evvoleg TNg TapdhAning enclepyaciog xon oL TEYVL-
AEC AVATTUENG TORIAANAWY XAl XUTAVEUNUEVKDY EQapuoy®y. T'iveton pla ohvtoun meplypagpn
TV AeLToupYley Twv dtetagny OpenMP xaw MPI xau neprypdpovtar ot yetpués atohdynong
TOEEAANAWY TEOYPOUATWY. LT ouvéyela, TopatideTon éva Tapdderyua Tapahhnhomoinong
ot Yh@ooa mpoypouuatiopol C.



2 Ewaywyy.

270 TETOPTO XEPGAO BlveTon Wio TEPLYRUPT| TOL TEOTOU AELTOVEYIAS TWY TEOY QUUHUATICTIXWY
TAUGIWY TOU YENOWOTOLOUVTOL YId TNV UAOTOINCT TURIAANAGY EQUQUOYMY CUVERYXTIXC

oufinone.

270 TEUTTO XEPAAALO TEQLYPAPOVTAL OL TaEdAANAOL Ay bprluoL GUVERYUTIXAC BLAUNONG, TOU
anoTeA0lY TNV TdoT 6T 0OYYEoVT EpEuva Tou xAddou. Ilpaypatonolelton ue auTd TOV TEOTO
plol amOTELRA CUYHEVTPWOTNS TWV TUEAAANAWY EQPUPUOYKY CLUVERYUTIXNG DL INoNg xou emoT-
HOUVETOL 1) VALY ®T) CUYXEITIXNE 0ELOAGYNOT|C TOUC.

Y710 €xt0 xePdAao TapoustdleTon avahuTixd o oAyopriuog slope one xar LhoTolUVTOL BUO
TOEAAANAES E@apuoyéc Tou. Mia oe cloTtrua Hopalduevng PViung, UE yenon Tne Olemapnc
OpenMP, xau pio o€ uBEWWS cOoTNUA poealOUEVNS Xal XoTavEUNUEVNS uviAunS e OpenMP
xow MPI. Tlporypatonoteiton metpopotin| UEAETH TWV EQUOUOYMY AUTOV Xot avohDovTaL To
AmOTEAEGUATO TOU TROXUTTOLY.

YN ouvéyela axoAoutoly To GUUTERAOUATO TOU TNYALoUY omd TNV EXTOVNOT) TNG EpYAolug
%o BlvovTon TEOTACELS Yol TNV TEPOUTERL EVAOYOANCT) HE TO Ve TG TUEdAANANG CUVERY Q-

Teig dujdnorng.

Axohouvdolv To TapuETAUNTY, OTA OTola TEPLYEAPOVTOL Tot GUVOAX BEBOPEVKY TOU YENOYLO-
Tolinxay, ol YewenTixol UTOAOYLGUOL TOU YEOVOU ETUXOWVKVING Yot TNV UBELOWT| EQUEUOYT),
Topotilevton TVOXES TOU TEPLEYOUV TOL ATOTEAECUNTA TV TELROUATMY Yo TEPLYPAPETIL £V
aprdunTind mapdderypa Tou odyopiduou slope one. Téhog, emouvdnteton évag dloxog Oe-
OOUEVMV TIOU TEPLEYEL TOV TNY L0 XOOXOL TWV EPUPUOYOY TOU LAOTOLAI XY XL To GUVORX
OEDOUEVOV.



Kepdhaio 2

2uvepyatix”n Atunon xou

Zuc‘cf]poc‘ccx Y VOTACEWV.

Idvto oL dvidlpwrol atomololoay T YVeun dAAwy yia vo Bonintdody oto oynuationd andde-
OC TV GE XYTOLO AVTIXELUEVO Xou VoL ONULOVEYHOOUY Ulal TEMTT ELXOVAL Yol TO av auTo fvar
CUVAPES 1) Oyt TEOC T EVOLUPEPOVTE TouC. AUTH 1) Bpac TNELOTNTA YENoLUOTOLELTaL GUEpa
oty TEYVOhOYia P€ow TwV cuoTNUdTHY cuoTtdoewy (Recommender Systems).

To cuoTAUATH CUGTACEWY Elvar UNYAVIOUOL TUEYWYHG CUCTAGEWY YLol T AVTIXEIUEVO EVOS
cuvohou. T 10 oynuaTiond TWV CUCTACEWY YenoylomolvTal dAyopriuol Tou enclep-
yéalovtar €vor GOVORO BEBOUEVLY TO OTOlO AMOTEAELTAL OO OELONOYHOELS (ratings) YENO TWV
TOU CUCTAPATOS Yot Xdmolo amd tar avTixetueva tou cucthpatog. O cuoTdoelg unopoiv
var tapory Yoy e BLdpopous TeOToUS, OTwS, BacllOUEVES OTIC TROTYOUUEVES UELONOYTHOELS
AVTIXEWEVWY ot TOV YPNoTn Yiol ToV OTtolo e@opuoleTon 1) dladixaola TopaywY g cUo TdoE-
oV 1) olupwvo pe to TARlog xar TNV ToldTNTA TV AlLOAOYACEWY TOU UTEEYOLY Yia xdUe
aVTIXElUEVO.

O alohoYNOE TWV YENOTWY TOU CUCTAUATOS EVAL GTNV TEOYUATIXOTNTA Yld CUCYETLON
HETOEY YenoTmv xat avTixeévey. Kdlde ypriotng tou cuoTtiuatog €yel T BuvaTOTNTAL VoL
EXPEACEL TN YVOUN TOU YL To OVTIXEUEVOL TOU UG TAUATOSC PEOL TwV alohoyroewy. Ol
a&loAoYToElg umopoV ElTe Var €0V T1) Lop@n xAluaxag TGV, expedlovtag €Tt v UETEo
Yot T0 TOCO 0pEcTH Elvan Evar avTixeluevo oTo YEHoTN, £lte Vo uTdpyouv UOVo BUO TIIES
a&loAdYNoNe, Wio Yo TNV €yxplon evog avTXeévou xan uio Yo Ty andppulr) Tou. Axodua,
elvon Suvatdv var uTtdpyel pla LOVo T Tou Vo SNAGVEL TNV UTapén Eupeong alloAdynong,
ONAAOY OTL 0 YENOTNG AyOEAoE 1) EBE eval avTIXEUEVD, OANE O aUTY| TNV TERITTWOT 1) T
poucta aZlohdynong dev dleuxpvilel av o YproTne Tou €lde To avTXeluevo TeEAXd oy NudTioE
Yoo quTO VETX| YVOUN 1) av TEAxd To anépptpe.

H duwdixacior doywetopol xon extiunong avTXEEVOY HEGW TNE YVOUNG SAAWY, TepLypdpeTo
e tov 6po “ouvepyotxr| dutdnon” (Collaborative filtering). Ta cuotAuata CUGTECEWY TOU
yenotonooly Tig ued6doug ouvepyatixig Sujdnong Toapdyouv cucTdcel; 1| TEOPAEPES Yia
CUYXEXQUIEVO YPHOTN Xou Yl Eva 1) Tepioobtepa avTxelpeva. Ou cuctdoelg elvar olvola
AVTIXEWEVWY Tou oynuatilel To obotnue, To omola Yewpel otL Vo apécouy 6To YenoT,
Ywelc v Tpoodlopileton m6co apeotd Yo etvan. Eved ol mpoPAédeic elvon cuyxexpiupéveg
TIWES TOU ToEAYOVTOL Yiot X3UE AVTIXEIUEVO %ot aVTITEOGHTEVOLY TNV TiUY TOU T0 GOOTNU
Vewpel OTL 0 yprotng Vo €dve Yo va adtohoyfoel To xde avtixelyevo. H ypron twv
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ahyoplduwy cuvepyatxrc ddnong etvar ToA) BLaBeBOUEVT 0T GUGTHUITO CUCTICEMY XAl
N avdyxrn enelepyaciag ohoéva xar UEYAAITEQOU OYXOU BEBOUEVKV BIVEL CLVEYMS WUTNOoN
OTNV ETMVONOT VEWY YENYOROTEPMY X0l ATODOTIXOTEPWY aAYOopilUwY, Tou GToyYELOUY GTNV
TORUY WY TEOCWTOTOWNUEVKDY X0 TOLOTIXMY YL TOUG YEYOTEC CUCTAGEWY.

O Boowixég Aettovpyieg Twv ousTUdTwY ouvepyatixig duUnone ouvoldilovion 6Tn cloTAON
AVTIXEWEVWY YENOHOTOWOVTAS TO HEGO aptiud eXTAoEWY Tou YpNRoTr ywelc va tapdyouv
TEOCWTOTOMNUEVES TEOPAEPELC EXTYNOEWY, 1) OTNV TopaywYT) TEOBAEPEWY Yl BEBOUEVO V-
Tixelpevo 1 yio 8edouévo oivoho avTixeyévmy. O utoloylouos twv tpofBiédewy urnopel va
elvon TOAD TO AmOUTNTIXOS UG TNV TOEAY WYY CUCTACEWY 48], OUWS T ATOTEAEOUATO TTOU
amogépel 1 yerion Toug elvor mpoowTotouéva xou €Tot eivor THAVOTERO VoL LXAVOTOLAGOLY
TIC AMAULTACELS TOL YPHOTH XAl VoL AUEACOLY TNV EUTLOTOGUVT| TOU 0TO GUGTNUO GUC TAGEMV.

YN ouvéyeln g evotnTog authc Yo Topouctactoly Uepxol amd TOUS ONUAVTIXOTEQOUS
alyoprduouc cuVERYUTIXAC BLAUNOTC %ol Ol XUPLOTERES UETEIXES TIOU Y ENOULOTOLOUVTOL Yot
™V a€loAGYNoT TouC.

2.1 Xnusioypaplo.

Or alyoprduol cuvepyaTxhc BIINoNS YENOWOTOLUVTOL Yia TNV TURUYWYT) CUCTACEWY Av-
Txepévov ot yehotee. To olvolo v yenotdv cupforileta pye U = {ur, ug, ..., up } xou
T0 GUVORO TV AVTIXEWEVWY e | = {iy, s, ...,%,}. Me I, C I ouyforileton 10 cOvolo twv
AVTIXEWEVWY oL O YEHoTNG U Exel adtohoyTioet, xat e U; € U 10 00volo 1wV Yeno Ty Tou
€y 0uv allOAOYNOEL TO AVTIXEIUEVO 1.

O rivaxag R mepiéyel Tic allohoynoelc Twv yenotoy yio ta aviixeiueva. Kdde oepd tou
oot auToU avTioTolyel o€ Eva yeroTn xou xdle oThAN ot Eva avTixetuevo. O mivaxag oautodg
elvon TOAD aponde, YEYOVOC oL amotehel Eva amd ToL XUPLOTERO TEOBAAUATO TWV CUCTNUATWY
cuoTdoEwY ouvepyaTixic difinonc. Me r; ; cupfoiileton 1 alohdyNnom TOL YENoTN ¢ Yiot TO
avtixeluevo j xou ue pred(i, j) n mpéBredn tne allohdynong tou yeHotn @ Yl To avTIXEHEVO
J. Me 7; ouuPBohiCeton 1 péon Ty TV EXTUACEWY TOL YPHOTN ¢ Yiol TOug aAyopliuoug
Bdoer yenotwy (user based) 1) n uéon T OAwY TwV 0ELOAOYHOEWY TOU AVTIXEEVOU © GTOUC
olyopltuouc Bdoet avuxeévoy (item based). H eyylOtnra petalld twv yenotdv ¢ xou k
oupBolileton pe sim(i, k).

2.2 Alyopwuol cuvepyaTtixnig oLUnong.

To GUCTAUATA GUCTAGEWY XATNYOELOTOLOUVTOL GUUPWVOL UE TOV TEOTO UE ToV omolo yivovTal
oL cuoTdoel, o cUCTANNTA Tou BactlovTal GTO TEQLEYOUEVO TWV UVTIXEWEVWY, OF OUL-
O TAUOTA TTOU TORAYOUY CUGTAUCELC PE GUVERYATIXY| LAY oY Xou o LUBEWKES EPUPUOYES TToU
repriopfdvouy oTolyelo xon amd Toug BUO TEOTOUG TREOGEYYLOTG.

To cucthpata cuvepyoTixic dLUnome dlaxpivovTal GE GUC THUNTA TOU YENCULOTOLOUY TEY VI-
%E¢ Bdoel uVAUNG Xt GE CUCTAUATA TIOU YENOWOTOUY TEYVIXES Bdoel poviéiou. Eriong
xatnyoptonotolvtal o€ mavotixd xaw oe ui-mavotxd cuotAuata. To cuctrAuate Tou
epopuolouy ahydprduoug Bdoel uviung, mapdyouy Tic TpofBiédeic Twv allohoyhoewy Poot-
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Copeva 6 OAOXANEO TO GOVORO TWV AVTIXEWEVGY TOU €YOUV TEONYOUUEVKS aflohoyniet
amo toug yenotes. o vo umohoyiolel 1) tpdfiedn g allohdynong evog avTixeyévou amod
éval yenotn, hopfdvovtar urodn Oheg ol TEOPAEPES GAAWY YENoTMY Yl To (Blo avTixeiuevo.
Ye auth) ) Sdwaoio cuviine cuvutoloyilovtor oL yeNoTEC UE TN UEYOADTERY YYUTN-
To. Mg avtileon Ue auTd To CUC TAUATY, TA CUCTHUNTA TOU €QapU6LouY alybdpriuoug Bdoel
HOVTENOU, YENOWOTO0Y TIC o&LOAOYHCELS Yo Vo Hddouy €vol LOVTEAD ol OTY CUVEYELX
Yenoteonooly To Hovtého Yo vo Topdyouv Ti¢ TeolAédelg. MTn cuvéyela tapouctdlovTo
CLYOTITIXG OAYOPLIUOL GUVERYXTIXG BLAUTNONG TIOU AVAXOLY GTIC TORUTAVG XATNYOPLES [48].

‘Evag and toug mé Boocixole ahyderduoug Yo Ty TopoywyT) TeoBAébewy etvor o ahydpriuog
Bdoer péone mpoBredng yerot (Per user average). Xe autdv, 7 TeoPAedn unohoyiletan
obugpwva pe v e&iowon pred(u,i) = @ , 6tov @ eivar 0 pécog 6pog TwV TEOPAEPEwy Tou
xehotn u [27].

‘Evac ahyopriuoc Bdon povtéhou etvar o ahyoprduoc Tpocupuocuévou cuvnuLtdovou Bdoel
avtixeyévoy (Adjusted Cosine Item Based) [47, 35]. Xe owtd tov oalyodprduo 1 mpdBredn
yivetan ¢ &g
N D Ty - stm(u, @)
d = ==
predtu. ) = S im0

‘Omnou sim(i, j) lvan 1 UETELXT) OPOLOTNTOC CUVALTOVOU UETOED TWY AVTIXEWEVGY © XL j TIOU
unoloyileton w¢ e€nc:

S (rui = 7) (g — )
Vb (s = )2y S (g — 72

sim(i, j) =

2.2.1 AANydprpol Bacel yenoTtoy.

Ov ahyopriuor autol ebvon amd Toug Té BLadedoUEVouS ahydptduous GUVERYATIXAC BLAUNOTS.
H Suodixacto mapaywyhc cuctdoewy exteleltan oe Tela Brjdato:

e Troloyioudc Tne eyyOTNTAC UETAED TOU YPNROTY Yid TOV OTO{0 TOEAYOVTAL Ol GUCTAGELS
X0l TV UTOAOLTWY YENOTOV TOU GUCTAUATOC.

o Emhoy? evoc unocuvohou TV YeNoToV (OYNUATIONOS YELTOVIAC) GUUPWYL UE TNV
EYYUTNTA TOUG UE TO YENOTN YLt TOV OTolo TPy OVTAL Ol GUCTAOELS.

o Trohoyiopdc TV TEOPAEPEWY YENOILOTOWVTUS TIS AELOAOYHOEIS TV YENOTWY TNG
YELTOVLdE Tou ETMAEYINXE 670 TEONYOUUEVO Ba.

Ye auth) Ty owoyévela ahyopltunmy tepthapfdvovtar ahyoprduol mou cuvbLAlouy SLAPOPES
TEYVIXES YLoL TOV UTIOAOYLOUS xdie Bruatoc.
Mot Tov uohoyloud TNe eYYLTNTOC UETAED TWV YENOTOY, OL O SLUOEDOPEVES TEYVIXES elva:

e O ouvteleotrc ouoyétiong Pearson (Pearson Correlation Coefficient).

Troloyiletar ouyxpivovtag Tic aloAOYHOELS Yo OAAL To OVTIXEIUEVOL TTOU €YOUY EXTI-
unvel ToutdyEova amd Toug YENOTES TN YELTOVIAS %ot amd ToV yeNoTr Yo Tov oTtolo
ToEAYOVTAL Ol GUC TACELS.
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Zé 1 (rig = 73) (g — k)
S R (g —

TroloyiCetar 1 eYyOTNTA TWV YENOTOV U; XU Uy, yior Tor [ avTixeluevor yior Tor omofa
xad oL B0 yEHoTES EYoLY BGOEL alloAdYNoT 0T0 GLCTNUA. TTdEYOUV X ToEOARAYES
QUTHC TNG UETEXTS, OTIWS O CUVTEAEGTHG cuoyETiong Pearson ye meploployoig, omou
umoloyileton 1 ey YOTNTA PETOEY TWV YENOTOV OTKS TEOTNYOUPEVKS, oA avTi yiar TN
uéomn extiunomn tou yehotn yenowonoteitoan 1 yéorn extiunon Bdoet tng xAluaxog Tou
Yenolomoleiton, xaL 0 cuvteheoTHC cuoyétione Pearson ye yeron Bapdyv, 6mou Aop-
Bdvetan Lo To TARTOC TV XOWOY AVTIXEWEVKY ToU €YoLV allOAOYNOEL Ol YEOTES
[17].

sim(i, k)

o EyyUtnta cuvnuitdvou - draviopotog (Cosine/Vector Similarity).

Ou yeriotec umopolv va ewpeniolv ¢ dlaviouata dlactdoews (ong e o TAfoc Tov
AVTIXEWEVWY, OTU OTOlAL TTEPLEYOVTOL O TWES TWV EXTIUACEWY TOU YPNROTY YL To xdle
avteluevo. H eyyOdtnra petald tov yenotov u; xau ug utohoyiletar e tn Pordeia
TOU CLUVNULTOVOU TNG YwViog PETAZ) TV BlovuoUdTOY Ty Yenotov [15]. Av n )
ebvon xovTd 670 1 1 eyyiTNnTo PETOCY TV YENOTOVY Elvan UEYEAT, eved av efval xovtd
o7o 0 elvon puxe.

sim(i, k)

\/ZJ ij \/Z rk]

e Meorn tetporywvixt| SLapopd.

Trohoyiler Ty eyyLTNTA TWV YEeNoT®Y uTohoyilovTag T uéon dlapopd TwV aloAo-
YHOEWY TWV AVTIXEWEVLY Tou EYOLY EXTIUNOEL Xl ot 600 yefoTeg. Xpnowomnoleito
O¢ xoT@PAL 1 T L xow ov Slapopég mou ebvan pueyahitepeg amd auTh) TNV Ty OEV
AowBdvovton umodny.

I — Zje[iﬁlk (uij—ug;)?
[£:N 1|

L

sim(i, k) =

7, 7. /7 Z V4 14 7
Omov |I; N 1] ebvor o TAR00C TV OVTIXEWWEVODY TOL €YOUV EXTIUNOEL TOUTOY POV O
YENOTES U; %o Uy o ; TO GOVOAOD TWV AVTIXEWEVWY TOU EYEL EXTUNACEL O YPNOTNG Uj.

H emhoy?) twv yeno ey tng Yertovide yivetar cuvAtong EmAEYOVTUS Toug YeNOTES TWY OTolwY
N eYyoTNnTA Efvan YeyaAlTERN amd TNV TWH EVOC TEOXAVOPLOUEVOU XUTWPALOD 1| ETLAEYOVTAS
N yenotec pe ) peyohbtepn eyy0TNnTo UE TO YENOTY Yot ToV omolo TapdyovTat ol TpoBAéderc.
‘Evag dhhog tpémog emhoyhc TNE YELTOVIAS elvon UE Yehom Tou oy Aatog adpolo Tixg YELTO-
vide (Aggregate Neighborhood Scheme) [45], Ttou efvon moA0 yefiowo xuplwe ota ToAD apoud
oUVOAA BEDOUEVWY DLOTL ETUTEETEL OAOL OL YPHOTEC TOU CUUTEQLAUBEVOVTOL OTN) YELTOVLY Vo
TNV ENNEEAGOLV.

O unoloyiopd TV cUoTIcE®Y UTopel Vo YiVEL UE BLdQOPOUS TEOTOUS, 0TS TNV ETAOYY
amd ToL AVTIXEIPEVA IOV €YOUV EXTIUNACEL OL YENOTES TNG EMASYUEVNG YELTOVLAC, QUTMV TOU
epgaviCovton ouyvoTepa, dNAadT Tou €youv exTyundel and Toug TEPLOGHTEPOLS YPNOTES TNG
YELTOVLAC 1) HE YPNOT XAVOVWY CGUCYETIONG.
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O vnoloyloude TNE YEITOVIAC TV YeNno oV ivol axp3oc utohoyloTxd, 616t ararteiton oUY-
%QLOT) EVOC YPNOTY HE OAOUSC TOUG UTOAOLTOUS YPEHOTEG Tou cuoTAuatog. o 1 uelworn tou
YPOVOU UTOAOYLOMOU TNG YELTOVIAS, GAAGL Xall TNG UMORAiTNTNG UVAUNG EQoapuolovTal TEYVIXES
oerypatoAndiog 1 cuoTadomoinong.

O mpoPhédeic tng alloAdynong tou yehotn @ yio To avtixeiuevo k, otav 1 YEITOVIA TwV
Yenotov mepEyel | yeroteg divovton amd Tov mapoxdtw TOmo, 6mou U 1; oupfolileTan N
extiunon Tou yerotn ¢ Yl To avtixeluevo j [53].

S sim(j, k) * (r; — 1)

pred(i, k) = r; + ——
22.:1 sim(j, k)

2.2.2 ANyopuiupol Bdoel aviixeldéEvmv.

O olybpriuol autrc Tng xatnyoplag oxohovdoly Ty Blor Aoyixy| ue Toug ahyodpLriuoug Bdoel
YeNo TGOV, Ue TN Blagopd 6Tl utohoyllouvy eyylTnTa YeTald aviixewévey. To yeyolitepo
TAEOVEX TN TTOU Topouatdlouy auTtol ot ahydprduol etvor 6Tt 1) ey yYOTNTA UETOED TV AVTIXEL-
HEVGY VO IPXETE OTATIXY|, OTE VoL ETITEETEL VoL YIVETOL 1) TEAYUATOTOINOT TWV UTOAOYLOUMY
Yoo Ty €lpeon yettovidg online. Enilong, ov adyodpriupol autol napouoidlouy mohd xahiTepn
amddoan and toug ohyoderiuoue Bdoel yenotwy [47]. H Swbixacio napoywyric cuotdoewy
elvon mopopota Ue auTh Twv alyoplduwy Bdoel yenotey, utoloyiletoun 1 eyyOTNnTo UETAUED
AVTIXEWEVOY, ETLAEYOVTOL QUTA TOU €)0UV UEYOADTEQT EYYOTNTA UE TO AVTIXEIUEVO Yol TO
omolo mapdyeTon 1 TEOBAEPT, XU OTN GUVEYELXL YENOULOTOLOUVTAL Tal ETAEYUEVA AVTIXEIUEVY

oTNV ToRAYWYT TNS TEOBAEdNC.

Mo Tov umohoyiopd TN ey yYUTNTAC UETAE) AVTIXEWEVODY YETOULOTOLOUVTOL UETEIXES OTWC:

e O cuvteheotic ouoyétione Pearson.

S (rig — 75) (riw — 7%)
\/Zz 1 (rij —75)? 22:1(7"% — 7)?

e H eyylmnta ouvnuitévou - draviopatoc (Cosine/Vector similarity).

sim(j, k)

sim(j, k

_’1\/221 ’U\/Zzl Tik

e H mpocapuoouévn eyyitnto cuvnuitévou (Adjusted Cosine Similarity).

i (rig = 73) (ran — 73)
\/Zz ((rij —73) Zé:l(rik = 7i)?

sim(j, k

O umohoyioude twv TeofBréPewy umopel va yiver pe TN yerion Pefapuuévou adpoloudtog
(weighted sum) 6mou mpoc¥étovion oL exTiuAoelc ToU €yel BWoEL 6To GUCTNUA O YPHRoTNG
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Yo Tov omofo mapdyovtan o TeofBiéelc TOAATAACIIOUEVEG UE TNV EYYOTNTA UETOED TGV
avTeyévwy. O utohoytopog g TeoBiedng g allohbdyNoNg TOL YPNOoTN & Yo TO OVTIXE-
fuevo k, otav o yerotng @ €xel akloloyroet | avtixelueva diveton amd tov e€r¢ TOTo, 6ToU T
ebvon 1 extiunon Tou yehotn @ Yo To avTixeiuevo J:

22:1 sim(j, k) *;
Zé’:l |82m(]a k)|

pred(i, k) =

O mpofiédeic unopolv va tpoceyytodolv xou ye nokvdpdunon. [47, 15]

2.2.3 AANyoprdpol mou YernoLLoToLoVY TEYVIXES UEIWONS OLo-
O TACEWV.

Ou pédodol napayovtonoinone mvéxwy, 6mwe n SVD (Singular Value Decomposition), e-
(opu6lovToL 0TA GUO THUATO CUCGTICEWY Yol VoL evTomioYolv ot havidvouceg oyéoelg uetald
TWY YPNOTWV Xl TWV AVTIXEWEVKDY xat vo tapoy Vel 1 tedlAedn yio T0 mé6o0 apeotd Vo
elvon €va ouyxeXELEVO avTixelpevo oe Evay yenoTn. Tlapdyouv pla avomapdotacn youunioy
OLl00 TAoEWY ToU vl IR Tev a&lohoYOEWY TV YENOTOY Yiol To AVTIXEIUEVO TOU CUG THUO-
TO¢ EMTEETOVTOS €101 oToug alyoplduouc mou BaciCovtan otn cuvepyatxt| duidnon vo e-
TUTUY Y EVOUV XU XAUEXWOT) OTA UEYIAN GUVOAX BEDOUEVMY YO TUUTOYPOVA VO TUEAY 0LV
ToloTxég cuotdoelg [45].

‘ANec pédodol ylor T Uelwon twv dlactdoewy eivar eniong dnuoguieic, 6mwe 1 LSI (Latent
Semantic Indexing), nou yenotponotel tny SVD, xou 1 Avéivon Kopiwy Yuvictwony, PCA
(Principal Component Analysis), mtou utoloyilel Tic IBIOTES TV TUVAXWY TOU TEPLEYOUV
TIC TWES eYYUTNTOC HETOED YENOTWY 1 AVTIXEWEVLY X0 YioL TIC K UEYOAUTERES EMOTREQEL Ta
avTioTOLY O LBLOBLAVOOUATO BNULOVEYWVTAS ETOL Evay k-OtdoTtato Yweo. Ot xupldtepeg pédodol
UElOoNG BICTACEMY TEQLYPAPOVTOL GTT) GUVEYELL.

2.2.3.1 H p€dodog SVD.

Y1 pédodo SVD o m x n nivaxog R pe m > n avanaplototon g R = USV', émou ol
nivaxec U xan V' elvon opoxavovixol dlactdoewy m X m xow n X n ovtiototya, r = rank(R)
xou o mivoag S ebvon Blarydviog didoTtaong m X n.

H SVD unoloy(letan Bploxovtoc memta Tic BtoTiués xat Tor tBtodloaviopoto Ty mvixwy RR
xou R'R. To biodtaviopato tou R'R oynuotiCouy Tic oThlec Tou Tivoxar V' xon Tar L18LodLo-
voouata tou RR' tic othheg tou mivoxar U. Ot tipée otov mivoxa S elvan ot tetporywvixég
ollec twv WoTPGY evog and toug mivaxee RR' | R'R xou elvon tovounuévee otnv xbpta
otrywvio tou S xatd gdivouca té&n. O mivaxag S mepéyel TOou ur) Undevixd cTotyela oty
x0ptaL SlaryVLO Tou 601 xat 1) TEEN Tou mivaar R. Eivow dnhadi tne popgrnc:
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op 0 0
0 o9 0
S = : 0
0 0 ... o,
0

o6mou 01 > 09 > ... > 0. xu o; # 0 [1, 51].

O SVD ahyodprduoc i cuvepyatixr) diinon Eexvdel uToAoyllovTag Tov Tivaxa YenoToY-
avTEWEVWY R oTov onolo meptéyovtal ol alloAOYAOES TV YENoTOVY Yo Tor avTixelueva. O
oG auTog elvon TOAD apandg, xon UE TN YeHon UEVODWY Pelwone BlaoTdoewy, 1 avama-
pdotaot Tou Teptopiletan oe pla tpocéyyiol| Tou, tewe 1 [45]. Xtn cuvéyeta utoloyileTo
1 péon T 7; x&de ypopung tou R xan 1) yeon tun ¢ xdde othing tou R. Ot xeveg Veoeig
Tou Tivaxo R cupmhnp@vovTon Ue TNy avtiotolyn T ¢ xdde oTAANG xou €Tl AouPdveTal
évog yepdtog mivoxag Ry, Ané to otoyela autol Tou mivaxa agotpeiton 1 avtic oLy TN
7 %&e yoopuunc xar AauBdveton o mivoxag A.

Ytov mivaxar A egapudletor SVD o and tov mivoxa S mou mpoxUnTel Sltnpeolvion Uévo
o mewytal b otoryeio g xptag darywviou. Etol, hauBdvovton ol mivaxeg Si, Slactdoewmy
k x k, Uy, dwotdoeny m X k xa Vi, Swotdoewy k x n [46], [16].

Ye auto Tov alyopripo cuvunoroyileton xan 1 eyYOTNTA PETAE) YENOoTOVY Xt 1 eYYOTNTA
HETOEY YeNoTMV ot avTixetuévmy. Mio axoua dtapopd and Tov xAacixd ahyopriuo cuvepya-
Txhe djinong etvan 6Tt Yot Tov UToAoYIod Ty TeoBhéPewy dev unohoyilovton Bdpen. [15]
H ropaywyh mpoBrédewy yio Tov yehfotn @ xou To avuixeluevo j yivetar o¢ e&hg:

pred(i, j) = 7 + Uy / SE 1)/ Sk VT ().

IoMéc maparhayéc autol Tou alyodpriuou €youy pehetniel, 6mwe 1 SVD++ mou eivon uia
dtapopomoinon g xavovixorounuévng SVD, 1 onola hopfdver umddn yapoxtneloTind yern-
O TWV X0 AVTIXEWEVOY, X ot TpocgYyion e SVD mou evowuatover 6To povieho pueodoug
Tou Baoctlovtor otny elpean YeITovide, Tou apovatdlovton ato [26]. Xto [3] nopouctdleta
ula BeAtiwuévn éxdoon tng xavovixorotnuévne SVD npocdétovtag Bden, xan ploa ye yeron
My oTERWY TopapéTewy. Alyodoriuol tou BaciCovton oty SVD uédodo mapovoidlovia oto
[16] xar modég mapodhayéc tne SVD pedddou avahbovton oto [29].

2.2.3.2 Avdhivorn Kipiwv Yuvictwowv PCA.

H Avéivon Kopwwv Xuviotwodv (PCA) eivar pla uédodog mou Bploxel éva yetooynuationd
TV PYIXGY UETABANTOY TOU GUVOAOL BEBOUEVLY GE Eval GOVORO Ur) CUCYETILOUEVLY UETA-
BANTOV, €T0L HOTE Vo avamaplc TaToL 600 TO BUVATOY TEPLIOCOTERO UEPOS TWV TANPOPORLHOY
UE ALyOTERPEG UETABANTES.

EymuotiCetan €vog mhvoxag e Tor OEBoPEVE, OTIOU xAUE OTANY TEPLEYEL TIC TYWESC EVOC Yoo
XTNELOTIXOU XOU APULEELTAL O UECOC HEVE YoEoXTNEIG TO) amd Tal BEBOUEVA. X TN CUVEYELX
umohoyileTon 0 TIVOXOC TWV CUVBLAXVUGVOE®DY X0l Ol IBOTWES Xt Tol LBtodlavOouaTd Tou.
Tot 1BL0BLYICUATH TOU AVTLOTOLYOUY GTIC UIXPOTEPES WOLOTLUES oy VoOoUVTaL XoL dnuLoupyeltal
€vog Tvoag ToL TERLEYEL OTIC OTAAES Tou Ta uTohora. TTohhamhacidlovtog Tov avdoTpopo
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aUTOL TOL TtV amd KPIG TERE UE TOV AVACTEOPO TOU ARy LXOU TVaX O DEDOUEVWY, TEOXOTTEL
EVag TiVOOG UIXPOTERWY DLAC TACEMY ATtO TOV UEYIXO, TOU TEQLEYEL TOL APY XS DEDOUEVI GU-
VOPTACEL TV BLOdLVLOPETKY Tou éyouv emheydel [12].

O oryéprduoc PCA yio ouvepyatxy| duqdnon [16], otic xevéc Véoeic tou mivoxo R twv
a&LOAOYHCEWDY TV YENoTOVY Yot avTixelueva, Tonodetel To Yyéoo xde ypauuuhnc 75, Onhadt
™ Uéomn T Ty aflohoyhoeny xdlde yerotn. Me autéd Tov Tpomo Aaufdveton o Tivoxag
Ry. Agoupeiton o péoog xde othing ¢; amd tov Ry xou hopfdveton o mivoxag A. 31
ouvéyeta epapuoleton SVD otov A xou datnpodviar ol mtpwteg k wiotiués. O mivoxag mou
xotaoxeVdletan Ye owtod Tov TEoTo ouuBoiiletan ye Ay H mpdPiedn tne extiunone tou
YENOTN ¢ YLl TO AVTIXEUEVO J TORYETOL CUUPMVAL UE TOV TUEUXATL TUTO!

pred(i, j) = ¢ + U/ ST()V/S V().

2.2.3.3 Xtoyaoctixy Melworn Kiiong SGD.

O oryopriuoc SGD (Stochastic Gradient Descent) petdver Tic Slaotdoelg Tou apytxol cu-
vérou dedopévoy ot f. Kéde avtixeipevo cuoyetileton pe éva didvuopa ¢; € RS, To otowyeto
TOU @; EXPEALOLY TN GUGYETION TOU OVTIXELEVOU § UE XAUE EVay amd TOUC TORAYOVTES TOU
yapoxtnelCouy o avtixeluevo. T xdle yprotn aviiotowyo oplleton €vor Bldvuoud Py, To
oTotyeior Tou omolou ex@Ealouy TO EVOLAPERPOY TOU YENOTY TEOG TA XUPLOTERA UVTIXEIUEVY
TOL oV XoLY OE Xdie Evary amd TOUG TaEdY OVTEG.

O ahyodpriuoc umohoy(ler yioo xdde yeoTn xou AVTIXEUEVO TOU GUVOROU OEBOUEVKY TNV
TEOBAEYN TN THNAC Ty XU TO GPIAIAL AVTAS, €y = Tui — ¢iPuy -

2T CUVEYELW TEOTOTOIEL TIC TOPUPETEOUSG XATE TOoHTNTA avdhoyTn Tou 7y, otny avtidetn
xotediuvon and auTh TG TaEAYOUEVNS XAIONG TOU TEONYOUUEVOL PBrUdTog, CUUQWVIL UE
TouC TPt TUToug [61].

QG ¢ +Y(€wi Pu— A Q)

Pu < Pu+ V(€uwi G — X Pu)

H npofienouevn allohdynon vroroyiletar and tov TUTO!

pred(u,i) = p+ b + by + gipu
X0 Ol TaPAUETEOL by, by, xou p haBdvovtan amd Tnv eAdyloToToiNoT TNG TOEACTIONG:

min Y (rui = o)’ + A0+ 05+ lall® + llp?)

omou e ||.||* oupBoiileton 1 vépua Frobenius [58].

2.2.3.4 Evolloyr ehoylotwv tetpaywveyv ALS.
O rnivoxag R daotdoewy m X n napayovionoteitar otoug nivaxeg U xou V' dlaotdoewy m X d
xou d X n avtioTtorya.

H uédodog auth mpoomadel va utohoyioetl toug mivoxeg U xon V. Apywomolel mpwta Tov
mivaxor U, 9€tovtog Tn péomn aloAdynor VoS avVTIXEWEVOU OTNY TEMOTY OELOd Xl UXEEC



2.2 ANyobprdpol cuvepyaTixng dtinong. 11

Tuyadec TéS otov umbhoimo Tivaxa. Alatneoviog otodepd tov mivoxa U, Advel yia Tov
mivoar V' eAaylo TOTOLWVTAS TNV AVTIXEWEVIXT] CLVAPTNOT), dNhadr To dlpoloua TV TeTEa-
YWOVIXOV GPOAUETWY.  XTN CUVEYELW, dlotnewvTag oTtadepd tov mivaxa V', AOvel yio Tov
U, ehoylo TOTOWOVTAS TNV AVTIXEWEVIXT| CUVAQTNOT| UE TUPOUOLO TEOTIO OTWS TROTYOUREVKG.
EnavoouBdver owtd tor Bripoto uéypt v xavonoinon evoe xpttriptou [64].

H mpéfredn tne aiohdynong uroroyileton ¢ TO BVUCUATIXG YIWVOUEVO TWYV BLAVUCUSTCV
YOULUXTNPIOTIXWY TV YENOTOV XAl TWY AVTIXEWWEVLY [58].

d
pred(u, i) = Z UiV

i=1

Mio mapahhayry Tne pedodouv authc ebivon n BPTF (Bayesian Probabilistic Tensor Factori-
zation) mou mepLypdpeton oTo [59], cbupmve Ue Ty onola, 6To LovTého cuunepthopBdvovTa
TANEOPORIEC OYETIXES UE TO YPOVO Xal e@apuoletan 1 pédodoc Mapxofiavic ahucidag Mon-
te Carlo. Erniong, oo [44] neprypdpeton n pédodoc mdavotinAc mapoyovtonoinong mvixmy
(Probabilistic Matrix Factorization, PMF), nou yovtehonotel tov mivaxa mou meptéyet tig
TEOTWHOELS TV YENOTWY OE YWVOUEVO OO TUVAXWY YOUUNAOTECKVY DLUC TACEMV.

2.2.4 ANyopuiupol cuctadonolnong.

ITolhot alybprduol cuvepyatxhc difdnoNne Yo vor auEACOLY TNV TUXVOTNTO TOU TVAXOL TWV
a&LOAOYCEMY X0 TNV EMEXTACIIOTNTE TOUG YeNoYloTololy pedddoug cuctadoroinong. IIin-
Vopa TEToIY alyoplduwy cuvavtdtar ot PiBAoypapla. Ed®, avapépovtal evOEXTnd uepL-
xol.

‘Evag amd autolg meptypdgeton 010 [60]. LOppvA U oUTOV, ONULOUEYOUVTOL CUCTEOES
YenoTov Ue Yeron Tou K-means, emAéyovior s ye10TEC OO TIC OUADES YENOTWV TOL Ta-
eouctdlouy UeyahlTeERT EYYUTNTO UE TOV YPHOTN Yiol TOV OTolo 0 oAYOELIIOC ToRdYEL TIC
meoPréelc, vnoloyiletan 1 eyyOTNTA PETAEY *de YEHoTN xan Tou evepyo YEHOTN Xal €-
mAgyovtar ot K yproteg ye 1 ueyohltepn eYYOTNTa ¢ Ol XOVTWVOTEPOL Yeltoveg. Xt
ouvéyela Tapdryovtal ol Tpofiédeic pe Bdor T cuuneplpopd Twv K yenotoyv. O tpoBiédeig
TopdyovTon 0g e€RC,

Zfil w;; - sim(u, 1) (Rij — ;)
Zif; (I sim(u, 1)

omou wj; ebvan évog Tapdyovtag otdduong Tne BapdtnTag TG alOAOYNONS TOU AVTIXEEVOU
J amd Tov yenotn i.

pred(u,j) = 7, +

Yto [4] Siveton pla mpooéyyion yua évo alotnua cuvepyatixrc dtfinone Pactopévo oe ou-
0Tédeg, oluPLVa Ue TNV omola, TEmTa emAéyeTon o u€Yod0g Yl Vo YEUIGOUY Ol XEVEC
Véoeig Tou mivaxa Twv aLOAOYCENMY XL OTT) CUVEYELXL EQPUPUOLETAL GUC TAOOTOINCT Yol TOUG
xenotes. To clotnua cucTtdoewy yio va TeoPAédel TNy a&lohdynomn Tou yehotn u Peioxet
TEWTA T1) CUCTADN OTNY OTOLOL AVAXEL AUTOC Xo TaEAYEL TNV TEOBAEd (¢ e&Ng:

Doy (Tig = Ti) W

Z?:l Wy

pred(u, j) = 7y +
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omou N elvar To TARUOC TWV YENOTWY TOU AVAXOLY GT1) CUCTAOA TOU ETUAEYUNXE.

'Evag npbogatog ahyderduoc mou Basciletar oc cuctadonolinom Ue To JOVTERO VEQOUS TaPOU-
odletan oto [43]. Hpdta otic adohoyroelc oupmepthopBdveton xon plor Tyy| oyeTtllOUevn Ue
TO YEOVO. XTI GUVEYELX TU AVTIXE(UEVA CUCTAOOTIOLOUVTAL GUUPMVY UE TO LOVTEAO VEPOUG
xou 0 ahyopLiuog utohoyilel TNV eYYUTNTO TOU AVTLXEEVOL p TOU oTolou oL YEITOVES ava-
{nTolvTon xou ToL XEVTEOL NG cLCTAduS. EmAéyel Tic ouUGTADdES oL €youV TN HEYUADTERN
eYYOTNTO PE TO AVTIXEIUEVO P X Pdy Vel OE AUTEC TOUC XOVTIVOTEPOUS YEITOVEC TOU OVTIXEL-
uévou. 'Emeita mapdyel pio AMota b cuotdoswy emhéyovtag To TeadTo b avTixelueva pe T
HEYAUTEET EYYUTNTA PE TO AVTIXELUEVOD P.

2.2.5 'AXN\ot aAyoprdpol cuvepyaTIXNg dLnUnons.

Extoc and g mapamdvey xatnyopleg alyoplduwy cuvepyaturig diinong taindmpea dhiwy
HeV6dwWY Eyouv avamTuyVel. LTn CUVEYELL OVAUPECOVTUL OL TiLO OLUOEDOUEVES.

Alyopriuol tou Bactlovton o€ Tahvopouno).

Ewuw xatrnyopla odyopidunmy Bdoet aviixeyéveny, 6mou 1 cLoYETIoN UETHED TV AVTIXEL-
uévewy umohoyileton yenotonowwvtag T wEWodo TN yeouuix\c makvdpdunone. Aiyopriuol
auUTAG TNE xatnyoplac éyouy npotadel oto [52].

[Tvdovotixol ahydprduot.

O meplocdtepol miavotixol olyodpriuol cuvepyatixhc Sudnong utohoyilouv Ty mdavotn-
o évag yenotng u vor aglohoyfoel To avtixeiuevo @ ye v Tr . To povtéda Bixtiov
Bayes etvar 1 mé Sadedopévr uédodog, 1 onola mopdyel eCupTHOEIC HETAE) YENOTWY 1) ov-
TIXEEVWY. Dy nuatileTon €va LeymploTod BEVTEO anodoewy yio xdle avTixeiuevo 1 yerjotn
Tou ouoThAuatoc [10].

Similarity Fusion.

O olyobpriuog mou tpotddnxe oto [53] e€etdlet xou TNV EYYOTNTA YENOTWY Xot THY EYYOTNTAL
AVTIXEWEVWY, UE OXOTO Vo Topdry el BEATIOUEVES TPoPBAEDELS e8d dTary E@apuoleTal o€ TOAD
opatole Tivaxeg aloAOYNoEWY TEOCTOMVTIS Vol AEIOTIOLCEL OGO TO BUVITOV TEQIOCOTEQRES
TANEOPORIEC TOREYOVTAL OO TOV VOO TwV AELOAOYCEWY.

Owoyéven ahyopituwy Slope One.

H owoyéveio autdv tev ahyopliuwy utoloyilel tn dla@opd 1wV aloAOYHOENDY AVTIXEUEVLY
TIOL €Y 0UV DWGCEL OL YPNOTES TOL E£YOUV EXTIUNOEL X0l ToL OVO AVTIXEUEVA, XL TT| Y PNOWOTOLEL
Yoo vor mapdryet TeOBAed ) yior TV extipnom mou Yo Smoel yio Eva omd auTd Tar v TIXE(UE VAL EVag
YPNOTNG TTOU EYEL EXTIINOEL UOVO TO VoL amtd Ta 000 avTixelueva. Xto xe@diato 6 avaadeTal
OAn 1 BLodxacto.
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2.3 Metpwég allordynong aryoplduwy cuvepyo-
TXNg ounons.

Iapd o yeyovog 6T ou ahyoprduol cuvepyatxrc O Unong UeAETOUVTUL €06 %Ol OPXETY
Yeovia, Bev LUTdpyEL Uiot TAPWS ATMODEXTY| HETEIXT| XV VO EXTIUYOEL THUTOYPOVA OAOL To
ONUaVTIXG xptThplal Tou oyeTiovtal UE TNV anddoom eVOC CUCTAUATOS CUVERYATIXNS OLiin-
ong. ITTodhéc petpuéc yenowomnoolval Yl TNV EXTUNCY TWV BIUPORETIXMY TTUYMV TWV
CUCTNUATWY CUVERYATIXNC OLRUNoNG, xou o GUVEYELX ToEouctdlovTal Ol XUPLOTERES Amd
AUTEC.

e Méco ondhuto opdhuo xou Méco tetpaywvind opdhua (MAE, MSE).

Ou petpixéc autég ypnotwonololvTon Yo TNV extiunot g oaxplBetag twv TeoBAEdewmy.
TroloyiCetar 1 Yé€omn andxAon TNE THNG TWV TAURAYOUEVWY oo TO 6o TN TEOBAEpe-
®V, and TNV T TNS TEAYRAUTIXAC A€LOAOYNONC TOU TUEEYEL GTO UG TN O YENOTNC.

> it iy — pijl
n;

MAFE =

Me 7;; cugBoAileton 1 a&tohdyNoT TOL YeNOTN ¢ YLol TO AVTIXELUEVO 7, UE Pi; 1) avTloToym
TEOPBAEdYN ToU ToEdYEL TO GUCTAPN Yot UE 1; TO TAHDOG TV aElOAOYNOEWY TKV OTOlKY
umoloy{leton 1 amdxAon and T TEOPAEPELS Yiot TOV ¥EHOoTH ©.

> (rig — pij)®

n;

MSE =

Yuyvé yenoylomoleltar xou 1 TETEaywvIXY| el TOU UEGOU TETPAYWVIXOU GQPIAIATOS
RMSE, nou divel €ugaorn ota ueyohiTep oQaAIoTL.

o Kdhun (Coverage).

Efvar 10 1000616 TV aVTIXEEVWY TOU CUCTAUNTOC GLVERYUTIXNG Bdnong yio Ta
omola umopolv vo tapay oy tpofAiddec. H mapoywyr npofAédewy yio xdmowa avti-
xetueva umopel va efvon adivatn Adyw TN oEotdTNTUC TOU TEVAXOL TV EXTIUYOEWY.

2 iy i
i=1 NP
m
D iy M
7, 4 4 4 7 /4 A ’
Omou n; eivon T0 TAHOC TWV AVTIXEWEVKDY Yia ToL OTtold 0 YENOTNG @ EYEL DWOEL 0&Lo-

Aoyroelg, np; eivon T0 TANHOC TV AVTIXEWEVGY VLol To OTolal TO GUG TN GUC TAGEWY
umopeoe vo mopdyel TeofBAEdelc xou m elvon To TARUOC TWV YENOTOY TOL GUC THUTOC.

Coverage =

e Precision, Recall xou F1.

Ou petpweg Precision xou Recall Siagpoponolotvton otny nepinTtewon mou 1o cLoTnua
4 4 Z 7 4 4 7 :

nopdryet Mota twv BéAtiotwv N cuotdoewy. Anuovpyeiton éva aOvoho (Hit set) mou

TepL oUPAveL Tor avTIXElUEVO TTOU UTdpy oLV TawTOYeova oTo test set xa 6To cOvoho

TV N BEATIOTOV GUCTICEMVY.

size of hit set ~ |{test} N {top-N}|
size of top-N set N

precision =
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size of hit set  |{test} N {top-N}|
size of test set [{test}|

recall =

H petpuer) F1 ouvbudler i Precision xou Recall.

1= 2 x recall x precision

recall + precision

e Receiver Operating Characteristic Curve, ROC.

H petpu autr mapéyer plo evolhoxtinr) Aoor yio Tig yetpixéc Precision xon Recall
24], xou yenowornoteiton tay de yperdleton vor extiuniel n axpiBnic T tne npdBredng,
aAAG povo TO dv Evar avTixelpevo ebvan apecTtod 1) Oyl and Tov yenotn. Emteénel 1
YEoPIXY| VATAPAGTACT) TNG CUUTERLPORAS TOU CUGTAUATOS OTaY auTd Slary wpllel apeaTd
1) Un oeectd oto ypRotn avuxelyeva. T'a Ty egopuoyn authc T peTEhC ebvou
amopadTNTN 1 TeoToToNoN TNG XA TV AELONOYACEWY GE BUADIXT LOP@T, WOTE
VO XUTT)YOPLOTIOLOUVTOL Tl AVTIXE(UEVOL OE Yproda Xou Y| Yeroudd.

e Half-life utility.

Me ™ petem| auTh| eXTpdToL 1) YENoOTNTO PG ToEVOUNUEVNS AMOTAC TEOTEWVOUEVKY
avTEWEVWY. Addn oty xopuer Tng Motag Yewpolvtar TOAD To onuavTixd amd Adin
TEOG T0 TENOG TN AoTog, Lot 1 TiaveTNTA O YEAOTNG Vo BEL TIC XATUYWEHOELS TTOU
Beloxovtar oty apyr Tng Moo etvar YeyollTeE.

Z;Vﬂ max(r;; — d,0)

Ro = 9(—1)/(a—1)

‘Omou d ebvan o oudétepn allordynor, a etvon 1 péon Cwn Yéaong evog avTixeluévou,
Onhadr) n Véon ot Aota dmou to avtixeipevo éyet 50% mdavétnta va Yeadel and to
Yenotn, xou 1;; ebvan 1) Tearyuatr) afloAOY o TOU YEHOTN ¢ Yo TO oVTIXEUEVO 7.

Trdpyouy TEPIMTOOELS OTIC OTOlEG Ol TaPATAVG PETEIXEG OV emapxolv. Autéd cuuaivel
otav yeetdletar vor exTiundoly SLUPORETIXES WOLOTNTEC TOL GUOTAUNTOS CUCTACEMY, OTKS 1)
IXAVOTNTA TOL VoL TEOTEIVEL AV TIXELUEVL Sy VWO TOL HAAS APEGTY GTO YEeY|OTT 1| TO TOGO YRT Yo
umopel va elvol amOTEAECUATING GTO VoL TapdyeL Y OWES cuoTdoEl oto yerotn. Erlong, n
ixavorolnon tou Yenotn and To 6UoTNUN CUCTACEWY efvar BUoX0AO Vo uetenlel BLoTL amontel
amo TOV YPNOTY Vo TUPEYEL 0TO CUOTNUA TepLocdTEREC TAnpogoplec. 'Etot, mpoteivovran
ouveywg véeg petpxeg omws 1 GIM xou nn GPIM nou elvor 10 u€co o@dhua Twv YerRowy
OVTIXEWEVOV X0 TO UECO GPAAIOL TWV YENOWOY TROTEWVOUEVKY AVTIXEWEVWLY avTioTolya [17].

2.4  llpoBAuata xo TEOXAHOELE TWV CLUCTNUATWY
oLVERYATIXNS OLUNnoNne.

‘Eva and o xuptdTtepal TeoBAAUATO TV GUC TNUATWY GUVERYUTIXAS SLAUNONG Elvor 1) XA -
on (scalability). Ot unohoyiouol Twv ahyopldumy eZoptdvTon and Tov 6YX0 TV Sedouévny,
o omoiog cuvey®g avEdvetar. Etol 1 edpeon amodotinmy xal Ypryopwy ahyopiiunmy, mopd
TOV OYX0 Bedouévwy mou ypeetdleton vo enelepyacdoly, etvar avoryxola.
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H onopadixdtnto Tou mivaxo 1wy adlohoyoewy urnopel vo anoteAéoel TpoBAnu, entneeedlov-
To¢ TIg TEOPAEDES xon 0BNYWVTUG o TaparywyT| haviaouévwy cuotdoeswy. T vo mapdiyet
€vol cUOTNUA CLOTACEWY TEOBAEDEC Yl Evar YENOTY, amouteltan vor To €YEL TPOPODBOTHOEL
TEONYOUUEVWS auTO e adlohoyroeic. Ilpénel howndy var AaufBdvovton pétpa yior TiC TEEL-
TTOOES VEOV YENOTWY, OOTE Vo Umopoly vo topaydolv mpoBiédec. To (Bo oupPaive
XL OTaY EVAL VEO OVTIXEUEVO ELOBYETOL OTO GUCTNUA X0 OEV UTOREL VO GUUMETEYEL OTIG
cuoTdoelc Tetv v a&tohoyniel amd xdmolov YeHoTr. XE AUTEC TIC TEPLITOOELS 1) EYYUTNTA
HETOED YENO TV 1 AVTIXEWWEVWLY BEV Untopel var utohoyiolel Adyw éhhewdng mAnpogoplidv [49)].

H ouvevupio petoll avixeyévony anotehel TpdBAnuo TV cUG TNUATWY GUC TACEWY OLOTL BEV
elvon Suvatt| 1 e0pecn Aaviovouchy oyéoewy UETAED TV AVTIXEWEVKDY, To onolo Tapd To
OLUPOPETIXG OVOU TIOU €YOLY, UVIUPEQOVTUL OF TUPUTANOIO0 TepLeyduevo. llpenet vor hoy-
Bdvovtan pé€tpa (OTE To GUO THUATO CUC TACEWY VoL UTOEoVY Vo eVTOTI{ouv xou va yeiptlovTon

TIC Aovdvouceg OYECELS PETOED TWY AVTIXEEVGY, WOTE VoL TUPEYOLY XUADTERES GUC TAOELS
[15].

H naporywy?| molotixmy cucTdoewmy efvar onuavTixy SLOTL aLEAVEL TNV EUTIGTOCUV TWY YPT-
otV Tpog To aloTnua [45]. Av éva cUoTnua tpoteivel oToug yerioTeg avTixeluevo Tou Bev
ToEoLSLAloLY EVOLAPEPOY Yo AUTOUC, TOTE efval oyeddV Glyoupo 6Tl Yo GTUHATACOUY VA TO
YEY|OWOTOLOUV.

LNUOVTIXOC EVOL X0 O TEOTIOG AVTYETWTLOTG TOU CUCTAUUTOS CUGTAGEWY TROS AcUVHNLOTOUG
YeNoTES, OLOTL auTol UTopel Vou W) HTOPOLY VoL THUTIOTOUY EUXOAA UE TIC OUADES YPNOTWY, 1
VoL ETAEYOUY avTixelueva Tou va ur) oyetiCovton uetadl Toug 1 v etvar omdvio. ‘Etol autol o
YEYOTEC ELYOOVY TNV ELCAYWYT) AVTIXEWWEVWY OTIC CUCTUCELS TTOU BeV fval TOAD BLUOEOOUEVAL
XU EMOPEVLC UTOPEL VoL Elvar &y vewoTa 0Toug dAloug yeNoTeg 48].

H mpootacia twv tpocwmixy dedouévny eivon enione onuavty]. To cucthuata cuc Tdoewy
a&lOTOLOLY TI TANPOPORIEG TTOL ELGEYOLUY OE AUTY OL YENOTES, YL VO TURAYOUY ECUTOUIXEU-
peveg ouvotdoelg. H cuhhoyr| meplocdtepnmy mhnpopopldv 0dnyel o€ xahitepeg cLoTAoEL,
oAAG umopet va €yel apvnTiny| entidpaot oToug YeNRoTeS, oL omolol unopel vo aro¥dvovton 6Tl To
oo TNUA YVeEILEL TOAEC TANPOYORIES VLol TIC TEOTWHAOELS TOUG. MUVETWS, UTHEYEL ovayX
OYEBLOUOV ANOGEWY, (OTE VOl TPOC TUTEVOVTAL TO TROCWTIXA BESOUEVO TwY YenaTov [41].

210 [42] nopouotdlovton GUVOTTIXG Ol TPOXAACELS TwY GUCTNUATOY cuotdoewmy. Ot yerotes
emAéyouy avtixetueva €yovtag xdde @opd dlapopeTiny| OLEEST 1| BLaPORETIXNG GXOTO Yo TOV
omofo xou o emAéyouv. H Siogpdvela (Transparency) evoe cuotiuatoc unopel va agopd
NV ooyt Borlelag oTo YeroTr, WoTE Vo xdvel Wio xahY| ETAOYT| 1| VoL amoQasloEL oy Lot
CUYXEXPUEVT cUcTaoT evapuoviCeton ue T diddeor Tou.

Avédoya e ™ @OON TWV AVTIXEWEVWY, Ol OYECELS UETUEY TWY YPNOTWY XL TOV VTIXEL-
UEVGLY EVOC GLUOTAUATOS CUCTACEWY, UTopoLy v ahhdlouy Ue ypryopo 1 apyd oudud. H
EVOWUATOON YEOVIXOY TAUGIWY OTU UG THUNT GUGTAGEMY XAl O Ol WEIOUOS TWV LOXQO-
Tpoveouwy A Peayunedleoumy aAlay®Y OTIC TROTIUNOELS EVOS YLENOTT), ATOTEAODY Ula oxOua
TEOXANON OTNV EPELVA TWV CUC TNUETWY CUC TUCEMV.

Mio axbpa mpdxhnon etvon 1 xododnyoluevn mhorynon (Guided Navigation), émou 7o
oLoTNUA CAANAETORA pe Tov Yenotn. H epunvelo twv dpdocwv tou yeroTn xou 1 dvTAn-
on mhnpogoplag amd auTéC, xaL 1 a&lOAGYNOTN TV CUCTNUATWY CUCTICEWY, €lval emlong
TOUELC TTOU ATOTEAOLY TROXANOT) OTO GYEDIOUS TWV UG TNUATMY CUCTACEWY.



16

Yuvepyvatixny Adnon xou SuoTARATA VOTACEWY.




Kegpdhouwo 3

[TapdAAnAn Eneepyacia.

3.1 Baoweg €vvoleg topdAANAng enelepyaciog.

Me tov 6po Hapdhhnin Enclepyocio neptypdgeton 1 Tautdypovr ¥eHoT TOMATAOY UTOAO-
YIOTIXOY TOPwY Yoo TNy enthuct evég mpofAfuatoc. To medfinua diacmdtar ot dloxpLtd
TURaTo Tor omtolar Uoeoly va emAudoly TauTdypova xou xGUe TUUo exTEE(TOL OE BLapopE-

Tixéc CPU.

O xuptdtepol Adyol yia Toug omtoloug yenowonoteiton 1 tapdhhnin enelepyaoio etvon 1 eAdT-
TWON TOL YPOVOU EXTENEONC Xou 1) ETALOT UEYAURITERWY TEOPANUATOY. Me v TopdhAnin
enelepyacio 0To (Bl0 ypovxd BTN uTopolV Va enelepyacVoly TEQLOCOTERN OESOUEVA
xou vor tapaydoly teptocdtepol uoloyiouol. Eniong etvon duvath n xatavour| Sedopévmy oe
TOAOUC UTOAOYIGTEC X0l UE AUTO TOV TEOTO TEptopllovTon Tor TEOPAT AT UeYEVOUS UVAUNC.

O mapdAAniol utoloylotég draxpivovton olugomve ye Ty tadvounon Flynn ue Bdon v
TOMOTAOTNTA EVIOAGY xai 6edouévwy. Opilovtar téooepic mavée xatactdoeic. H mpd
etvar 1) SISD (Single instruction, single data), mou elvow 0 TuTxdC GELELOXGS UTOAOYIG THC.
H 6edtepn, n SIMD (Single instruction, multiple data), otnv onofo undpyet cuvidne wo
XEVTEIXY| LOVADN EAEYYOU %ot TOMATAES UoVadeS enedepyacioc, Tou exteholy TV (Bla Ev-
TOM oe xde ypoviut| oty LNy xatnyopla auth nepthopBdvovtar ol Aeyduevol vector
1) array processors, mou eivon TOA) 1oy Ueol eCEWOIXEVUEVOL UTEQUTOAOYIOTEG %o OEV Elvor
eupetag xuxhogoplac. Emmiéov, ol nepiocdtepol olyypovol uTohoYloTég xal xuplnwg autol
mou mepthaBdvouy povdodeg enelepyaciog yYeapwwv GPU, yenowomowldv odnyieg xar po-
vadec extéheonc tng xotnyopioc avthc [6]. H enduevn xatdotaon etvor  MISD (Multiple
instruction, single data), émou Ut 0oT) DEBOUEVLV TPOPOBOTEL TOMNATAEG UOVAOES ETElep-
yooiog, xou téhog, n MIMD (Multiple instruction, multiple data), otnv onoio undpyouv
Tohhamhol enelepyaoTéC cuVBEdEUEVOL UETAED Toug, xat xdde Yovdda enelepyaoioc umopet
VoL EXTEAEL BLUPORETIXNY| POT) EVTOAGY 1) BLaORETIXT| EVTOAT| amd TNV (Bl POT| EVIOANDY o Vo
enelepydleTon SLapopeTIXT| POT) DEBOUEVWY 1) BLUPORETIXG BEBOUEVO amd TNV (Bl o).

Yy xatnyopioc MIMD Siopivovton 800 emipépoug utoxatnyopies, ot omoleg Sayweilovtan
Bdoet xatavourc TG UVAUNG OE oAl OUEVY) ) XOTAVEUTUEVT). TNV xaTnyopio Lotpalduevng
uvAune (Shared Memory) 6hot ot UTONOYIOTEC €YOUY UETT X LIGOTIUY TPOGBACT, GE XOWT
QUOLXT) VAT, XL OTNY XUTI YOI XUTUVEUNUEVNG UVANG (Distributed Memory) x&de uro-
AOYIOTAG EXEL duEOT) TPOCBACT) OF WOLWTLXY) TOTUXY) UVAUY), EVG 1) TEOCPBACT, GTN UVAUN GAAWY
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UTIOAOYIG TRV ETLTUY Y AvETOL SUVATKS Péow dTUou dlachvdeons. Ot alyypovol TapdAinhol
UTOAOYIG TEC avrixouy oTny xatnyopioc MIMD.

Luvidog ou mapdAinieg diepyaole ypewdleton vor avtahhdiouv dedopéva. H emixowvwvia
HETAZ) TV OLEQYUOIOY YIVETOL EITE EUUECT, YENOOTOWWVTIC XOWVEC Véong uviung, eite
dueoa, petofi3dlovtac to dedoUEvVa UEcw dixTLou dlaclvoeonc. TIohég popéc amontelton xan
OUYYPOVIOUOC TWV TURIAANAWY EQYACLOY, OTOL ATAUTEITOL ETLXOWVMVIN UE SARES EpYaoieg IOV
ouveyloTel 1) exTéleot) o€ plo epyacion xon xatd CUVETELN XATOL0¢ ENEEERYATTAS ovoryxdleTal
VoL TEOEVEL GE avopovT] Tl ouveyloel TNV eEXTEAEST) TWV EVIOAKV.

3.1.1 ApYlTEXTOVIXES TALAAATAWY UTOAOYLOTOV.
3.1.1.1 7Ymnoloyiwotéc Morgpalopevne MvAunc.

Y1oug TaEEAANAOUC UTOAOYLO TEC HOLpalOUEVNE UVIAUNG, OAOL OL ETEEEPY AT TES €Y 0LV TEOG[a-
on o€ €va xaOAXO YWEo UKDV BLleVdUVoE®Y, Tov omolo UotpdlovTon ToEd TO YEYOVOS
ot epydlovtan aveldptnta. Av amd évav eneepyaoTy| Tpoyatonoldody TOOTOTOACELS GE
TEPLOYEC UVAUNG, Ol ahhary€g auTéC Yo efval 0paTéC XaL 0TOUC UTOAOLTOUC ETECEQYUO TECS.

To mAeovexThuaTo TG apytteXToViXAg auThC ebval 6Tt 0 xaJOMXOS YWEOS PUOIXWY BLEVTUY-
OEWYV ETUTEETEL £V HOVTEAO TROYEUUHUATIONOU PLALXO TEOG TO YENHOTY), Aol elvon TUQOUOLO
UE aUTO TOU axohou ool TEOYROUUATIONOV, XOL 1) XOWT YeNoT) TwV BEBOUEVWY UETOEY TwV
enelepyao TV elvon Ypriyoen xo oUdotouop@n. And tnv dhhn TALURE, TO x0PLO UELOVEX TN
elvor 1 EAhern xhdxwong otov apriuod enelepyactwy. Ilpooiétovtag enelepyaotéc au-
EhveTon 1) xuxhoopiol 6To Blavio TG UVAUNG, xodwg entiong xou 1 xivnorn mou oyetileton Ue
TN GUVOY Y| XEUOPTC UVAUNG. "Evor oxduor UELOVEXTNUA TNS JEYLTEXTOVIXAC HOLRUCOUEVNC UVAUNG
elvon 6Tt €yxerton 6TNY VIOV TOU TEOYQPOUUATICTH) O CUYYPOVICHOS TWV ETEEEQYUCTHOVY Yo
1 BLCPIMGT) TNG OWOTAS TEOSPBACTC GTN) UVIUN.

Ov umohoyiotég polpalduevng Uviung Uropoly v dloxptioly ce 500 xatnyoples, cUUPLYA
HE TOV TPOTO TEOCTEAAOTS TNG UVAUNG. LTNV XATNYOEiol OUOLOUORYNE TEOCTIEAAOTC UV UNG
(Uniform Memory Access, UMA) xat otnv xatnyopia OVOUOLOUOPYNG TROOTEAUOTG UVANNS
(Non-Uniform Memory Access, NUMA).

H xotnyoplo opotdpopeng mpoonehaong UvAuUNG avTltpoomTeLETAL amd MUUHETE0LS TTohu-
EneZepyaotéc (Symmetric Multi-Processors, SMPs), ot onolol éyouv {coug ypbvoug mpo-
oTéENUONG OTN LOLalOUEVT VAT

Yy xatnyopio avouolduopgne tpoctéhacne uviung 6o 1 tepiocdtepol SMPs cuvoéovto
UE €100 BlowAo 1) BLcLVBETNO BIXTVO, Xou XodEvag amd auToNE €YEL BUVATOTNTO TEOCTEA-
ONG OTN UVAUN TOU GANOU, 0AAE O YEOVOS TEOCTIENACTC TNG ATOPUXPUOHEVNS UVAUNG OEV
elvon (00¢ peE aUTO TNG TOTUXNS TOU UVAUNG.

Yo oyfuata 3.1 xon 3.2 anewoviCovtar ol 800 %ATNYORlEC TWV UTOAOYIOTOV HOLRalOUEVNS

HVAUNG.
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Yyfua 3.1: Opowopopen Ipoonéhaon Moipalduevng Mvrung.

Bus Interconnect

Yyfua 3.2: Avopoldpopgn Hpoonéhaon Mowpalduevng MvAune.

3.1.1.2 7Ymnoloyiwotéc Kataveunuévne Mvrunc.

LTIC UPYITEXTOVIXES XUTAVEUNUEVNS UVAUNG, Xde enelepYao TG €YEL TOTXY UVART Xou 1) €-
TUXOWVWVIN UE ATOUOXEUOUEVY) UVART), ONAAOY TNV TOTXY| UVAUY TWV JAAWY ETECERYAC TRV,
ETUTUYYAVETOL PUECE BLXTOOL XaL CUVADLG UE TN ENTY| CUPUETOYY| TOU OTOUAXQUOUEVOU ETE-
Cepyoaoth. O xdle enelepyaotrc €yel TOV WLWTIXG Tou YwEo BleLHiVoEWY, €Tl BEV UTHPYEL
1 €vvola EVOC 0oL Yla OAOUS Toug EMEEERYAC TEC XaOALX0U Y(hpou dleutivoewy. H apyt-
TeExTOVIXY) aUTY amexovi{eTon 6To oYU 3.3.

Yo 3.3 Apytextovin) Koataveunuévng Mvrung.

Kde enelepyaotric €xel 0 Sxr| TOL TOTXT UVAUT, OTOTE, THAVEC TPOTOTOICELS O VECELS
UVAUNG evOg emelepyaoTh Oev emnppeedlouv Tr uviun dhhwy erneepyactmv. H xpuey| uviun
Aertoupyel axpBag Omwe xou otar cudBaTtind cuoTAuata xan 0ev TideTton (ATNUA GUVOYTC
™. Ouwg otny mepintwon npooTéhacng BEBOPEVODY ATOUAXEUOHEVNS UVAUNG, cUVHTwS o
TROYPUUUUTIOTAC TEETEL ENT& Vo oploel TOTE X ToLd OEdOUEVY Yol TPOOTEAUCTOUY XAl Vo
OLYYEOVIGEL TIC TUPAAANAES EpYUGIEC OE BLaPOPETXOUC EMEEERYUOTEC.

Ou teyvohoyieg duxthou Tou yenotuonotolvTon xuuaivovton amd omhd Ethernet uéypet ewdud
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umeptayéa dixtua. Emlong n emxowvwvia umopel vo ebvan xadohixn ¥ onuelant|, dnhadt| vo
uploToton xdmola Tomoloyia, OTwWe yeouun, duxtUAlog ¥ TAéyuo. Emmiéov, 1o x60T0C A0
TAOXEVTG, GLVTHAENONG Yo avaBAYULoNE TOL TUEIAANAOLU GUO THUATOG UTOREL VoL TEQLOPLO TE
ONUOVTIXE, UE TN YPNOY CUUPATIX®Y UTOAOYLOTWY Xat TEYVoloyiwy dixtOou. H avofdiuion
NG UVAUNG ETUTUYYAVETOL EUXOAAL, PE TNV TEOGUNXY TEPIGOOTERMY ETELEQYAT THOV.

2TOUC UTIOAOYIOTEC XAUTAVEUNUEVNG UVAUNG YPNOWOTOLETOL TO TROYPUUUATIOTIXG UOVTERO
petofiBaong unvupdtoy, To omolo amuuTEl UEXETO XOTO MOTE VA TO XATAVONOEL TARPWS O
TEOYEOUUOTIOTAS. ANl UELOVEXTAUOTO TWV CUCTNUATLY XATAVEUNUEVNS UVAUNG Elvan 6Tt
1 amEOVIoN GOVIETWY Bou®Y BEBOUEVWY Eiva BUOXOAT XL UTOREL Vo YPELIGTOUY GTUoY-
TIXEC YETOXWVACELS OEQOUEVMY, Xal ETUTAEOV, OL YPOVOL TPOCTEAUCNG OTN UVAUN OEvV clval

OUOLOUOPYOL.

3.1.1.3 YBewdwxol ITapdAAniol Y ohoyiotec.

Or peyohitepol xou Ty 0TEEOL GUYYPOVOL UTOAOYLO TEC GUVOUALOLY TIC UPYLTEXTOVIXES LOLRO-
COUEVNG %O XUTAVEUNUEVNC UVAUNG. XTNV amhoOo TR EX00Y T, TOAU-TUPNVOL ENEEERYUOTES
X0l XETOLES POEES xou Lovddec enelepyaaioc ypapxwy (GPU), cuvdéovton yéow evoe yeryo-
eou ToTX00 BLXTUOU.

O xdde xoufoc eivon évar oloTnuo Lotpalduevng UVAUNG ouotouopene mpootéhaons. Ol
enelepYaoTEC €)Y 0LV TEOCBACT TN UOLal OUEVT TOTUXT| UVHUT] TOL XOUBOL, UE GUVOYT XPUYTC
uvAune. Ot xouBot elvon cuvdedepévol Yetald Toug Ue 6ixTuo, €10l KHOoTE 0 xde xoUfog va
€YEL TPOCBACT GTN UVAUN TWV UTOAOITOV XOUPOVY UE TN AOYIXT) TN XATAVEUNUEVNS UVAUNG
avouoLdUopPNG TeooTéhaoNG. LTo oy 3.4 amewxoviCovial oL GUVOEDBEUEVOL xouPBoL TNg
UPELOWAC dEYLTEXTOVIXTC.

Eyfuor 3.4: TPRodwery Apyitextovix).

O UBEIBWES dPYITEXTOVIXEC AMOTEAOLY TNV Tpogavy) AVon Yo Ty alontolnoT 660 To duva-
TOV TEPLOGOTEPWY TOPWY, UAAYL O TEOYPUUUATIOUOS EVOC TETOLOU GUGTAUNTOS Efval opXETd
oUVIETOC AMAUTWVTAS TUUTOY POV GUYYPOVIXO TORUAANAOUS o 1T emixovwvia. (dotéoo0,
oL TEEY0VOES TAGELS TNG TEYVOhoYiag Belyvouv oTL To uéAlov Bploxetar oTic UBELBIKES TaEdA-
Anhec apyttextovixéc [31, 6].

3.2 Movtéia ITagarAniou Ipoypauupaticuon.

Trdpyouv apxetd LOVTEAN TUEEANNAOL TEOYEUUUATIONOU, Tol ETUXPATECTEQH GTOUS GUYYQEO-
voug unoroyto té¢ ebvor To Movtého Nrudtov xan 1o Movtého Metofifaong Mnvupdtwy. ‘A-
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Aol Y VOO TE LOVTEAD TIoRdAANAOL TeoYpaaTiopol etvan To Movtého Mowpalduevne Mvhung
xou 70 TPRedwd Movtého. O Hapahhnhioude Aedopévewy xou o Hapahhnhioude Asttovpyloy
elvor povTéha TapdAANAou TEOYEUUUATIONOY UYNAGTEROU ETULTEDOU, ToL OTIOLN €Y 0LV AVAPORES
ot mponyoLueva Yoviéha. Ta poviélo TeoypouUUaTIoNo) OE CUVOEOVOL QUECO UE CUYXE-
HEUIEVES QPYITEXTOVIXEG, OhAG amOTEAOUY Eval epYahelo TOU OLlEUXOADVEL T1) oyedlacn xal
CLUYYPUPY| OGO TO BUVATO THO EUEALXTOU XU UETAPEETON XOOLXAL.

Movtérho Mowalbuevne MvAung.

Y€ auTO TO HOVTELO oL epyacieg £YouY X0Wo Y®Eo Bleviivoewy, 6oL BlaBdlouy xat YEdPouY
acUyyeova. I'atov éleyyo npbdoBaong ot pwolpalduevn Ui YeNoULOTO00VTAL UNY AVICHOL
otauolpacuod Topwy, Omwe xhewaplec. H emxowwvia xou o cuyypovioude vionotovvtol
QUECT, OUMCS 1) ATAOTNTA TWY UNYOVICUOY cLVATWS 00NYEL OE BUOKONO TEOYEUUUAUTIONS XAl
OXOUT| BUOKONGTEQT] ATOCPAUNUGTLON Kol EAEYYO TNG EXTEAEOTG.

Movtého Nrudtwy.

To yovtého vnudtwy etvar évag TOTOC TEOYEUUUTIONOL Uotpalduevne Uviung, 6mou xdie
otepyactio urnopel va €yl oA cuvdpouxd viuata. Ta vAuato autd elvor poég EVIOAGDY oy
EXTEAOUVTOL €YOVTUC XOWO YHOEO AOYIXGY BlevIVeEWY aAAS LT 6TolPo xANoEWY XAl
xatdotoon encéepyaoth. To vAuata cuvidwe LvAomololvTal We €va GUVOAO GUVIPTHOEWY
BeAodhxme 1 0ONYIOY TEOG TO UETAYAWTTIOTH, X0l O TEOYEUUUATIOTAC elvar urebuvog
yioe Tov xadoploud tou mopaAinAiopod. O npoondleleg mpotutonoinong odrynoav ce 5Vo
OLUPOPETIUES 0ANG oy eTI OpEVES LhoTo|oElC Vudtwy, Tic POSIX Threads xow OpenMP. H
0elTEPN TEPLYPAPETL OTNY EVOTNTA 3.4.

Movtého Metof3iBaong Mnvupdtwy.

Y10 povtéro uetaPifoaone UnvuudTwy UTdeyEL £vol GUVOAO EPYOGCLMY, TOU 1 xdde o €yel
BTG Y0Eo Aoyway dteudivoewy. Ot yweol dievdivoewy umopel va avtiotolyoly efte
o€ ToTXEC QUOIXEC UVAES Elte var polpdlovTon xowr| guowr) uviun. Do v emxovwvia
X0l TO CUYYQPOVIOUO TGV EPYUCLAY, TOU TEUYUATOTOVVTAL UEGW AmOCTOAASG Xt Tapaha3ig
unvupdTLy, arotobvton (edyT cUVERYULOUEVLY AELTOURYLHOY TIOLU UAOTIOLOUVTOL GE OLopOpE-
Tég epyaotec. To povtéro petofiBoone unvuudtonv cuvidone vhoToleltal we €vo GUVOAO
ouvapTAcewy BiBModixng. O mpoypauuatiothg xadopllel ToV TOURUAANALOUS UE XAACELS TGV
ouvapThAcewy péoa oto Tedypopua. H tpétunn Aenogh MetafiBaone Mnvupdtov (Message
Passing Interface, MPI) nepiypdpeton otny evétnta 3.5.

TBRewwo Movtého.

Y autd To Yovtéro cuvbudlovTon U0 1) TEPLECOTERN LOVTENN TAUPSAANAOU TEOY AU TIONOV.
To mo6 xowd mapdderypa ebvar 0 cuVdLaouoS Tou Yovtélou tNne peToPiBoong unvupdtwy
(MPI) e to povtéro vnudtev (OpenMP). To povtého autd meprypdpeton otny evotna 3.6
‘Eva oxxduor dnpo@uieg mapdderypa Tou uBetdxol yovtéhou ebvan 1 yerion MPI xou GPU.

Movtéro Hapohhnhiouoh Aedopévey.

270 povTtého TaRUAANAIOUOY BeBoPEVWY, 1 TapdAAnAn enelepyacia eoTIdleTal OTNY EXTEREDT)
AELTOVEYLOY OE €va GUVOLO BedoUEvwY. To alvoho dedouévwy elvon ueydho xa bivon opya-
VOUEVO OE Lol BOUT| OTIeS Vo Tivoxag dtapopwy Slao tdoewy 1) évag xUog. Kdie epyaocia
douleleL o BlopopeTnd TUo TNg Boung. ‘Otav T0 poviého autd LvAomolelton TEOYEU-
HOTIOTIXG OF OPYITEXTOVIXES POLRALOUEVNG UVAUNG, OL EPYUOIEC TPOOTEANDVOUY BLUPOLETIXG
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TUAUS TNG XOWAS UVAUNG. Eve dtav vlomoleiton o apyITEXTOVIXES XATAVEUNUEVNS UVAUNS,
x&ie epyocio €yel 0T TOTXN TNG UV U OLPORETIXG TURUA TwV OEBOPEVWY. e Evar GUoTNUN
TOAVETEEEQYAUCTWY 0TO omolo exteleiton Eva hvoro odnyLwy SIMD, o napahhniioude dedo-
UEVOY ETITUY YAvETOL 6Ty Xdle emeepyaoThAg extelel Tig (Bleg Aettoupyleg oTal BlapopeTIXd
HEQT TV XaTaveunuévwy dedopévey [54].

Movtéro IHaparhnhiouol Acttovpylody.

270 HOVTENO QUTO, O TEOYEUUUATIOTAS O@Elhel va ywpeloel Ty epyacio oe emuépoug Aet-
TOUPYIEC OL OTO{EC AVTIOTOLYOUVTUL AUTOUATKS OTA PUOLXE VAATY TOU TEoYeauuatilovTal
and TO CUC TN 2]. O TOEUAANMOUOS AelToLE YWY uTopel vou egapuociel ue xAfoelC oe Xo-
TANAeg BiBhodrneg. Xe éva 000 TNUA TOAUETECEPYUOTWY, O TUPUAANMOUOS AELTOLRYLOY
emTUYydveTon 6ty xdde emelepyac T extehel BlapopeTinég Asttovpyieg oTa Bla ) xou o€
OLoupopeTixd Sedopévor [57].

3.3  Avdmntugn IHoapdAiniwyv Eg@oguoyov.

O oyedlaouog xar 1 avamTUEYN TUEEANAWY TEoYEaUUdTwY eivan clvieTtn dladwacio.  Xu-
vijdwe o Tpoypauuoatio T eivon ureduvog Yl vor avTthngUel, var oY EBLUOEL X0 VoL UNOTIOLHOEL
TOoV TopoAANAopO. Trdpyouv dudpopa epyakeior UToBoNUNCNE TOU TEOYEUUUATICTH YL TNV
QUTOUOTY) UETATEOTY OPLGHEVOU TUTOU aXOAOUTIAXMY TROYEUUUETLY O TapdhAnha, ohhd 1
YeNon ToUG UToREl Vo BNULoVEYoEL TOAG TEOBA AT, OTKS TNV adUVO{d EVTIOTIOUOL TwV
UTUDY ECPANIEVGY ATOTEAECUATWY, XU T1) DUGKOAY] TPOTOTOLNOT) XAl GUYTAENOT) TOU XWOLXA.
2T CUVEYELN TIEPLYPEPOVTOL TA CTYUOLX TOU OYEBLACUOL TUPAAANAWY TEOYEUUUETWY.

ot xou Poaoinr| pépuvar elvon 1 xatovoncT) Tou TEOBAYUUTOS XaL OToY UTEPYEL 0XOAOUL-
YaxdC (WOOWOC, 1 xATUVONCT ALUTOV. KT CUVEYELN TRETEL VoL TPOCOLoPLo TEL oy fvon ELxTH
1 mopoAAnlonoinon Tou mpoAfuatoc 1 oyt. H edpeon twv méd ypovoBopwy TunudTtewy tou
TEOYQEUUTOS Xalk 1) MEAETY) UTopE NG ONUELWY CUUPOENONG OE aUTE, xS xou 1) LEAETT UTop-
&ng eumodiwy TapahAnAopol, OTKe 1) e€ApTNOT) BEBOUEVKY, UToEOUY VoL Yenotuonotniody we
XELTARLAL YLOL TOV Y €Vag oXOhOLTLOXOS xMOWXOG elvol XATIAANAOS Yiow TopaAAnAoTolnoT.

‘Otav éva mpdfinua xprdel xatdhinho yio taparknhonoinoy, To enduevo Briua etvon o emuept-
OUOC TV BEBOPEVLY Xal TV AelToupYlwy. Ot douéc dedouévey Tou Tpofifuatog ywetlovto
o€ TUNUATA, UE omoldnTote TeoTo Vewpniel xatahinidtepog, xou xdle TopdAANAT dlepya-
olo emelepydletar éva 1 meplocoTEpa TuUaTa. O ETYEQIOUOS AEITOLEYLWY apopd To AOYIXd
TUAMaTH TOL TpoYedupatog. Mo epyacta atotehelton and v | TEQLOGOTEQN UTOTROY OG-
0, %o TOAAEG (ORES elva amapafTnTh 1) EMOWVLVIA UETAED TV EPYUCLOY. MUy v amanteiton
0 CLYBLAOUOE TWY BVO UEVOOWY ETYIEQLOUOU.

H emxowvwvio tou yeeidletar va etooydel oe €va topdAinio mpdypauue e€aptdton amd Tov
TUTo Tou TEofAAuaToc. ApxeTd mpoBAYdoTa yeetdlovTal EAGYLOTO BLoOLRUoUO DEBOUEVWY
1 %o EAGYLOTN EmowmVia PETal) TV EYACIOVY Yo Vo Tapuiiniomomndoiv. IIé civietot
TOTOL TPOBANUAT®WY, TOU TEPEYOLY Xdmola Hop@Y| e€8eTNONG OEBOUEVWY 1 GUYYEOVIOHOD,
amoutolV TEPLOGOTERT) EmoveVin. Tdpyouv apxetol mapdyovTeg Tou TeEnel va Angdoly ur’
on xotd To oyEdloud TN EMXOVLVING HETALY EPYUCLOY, OTIWE TO XOOTOC ETUXOWVWVIAS, 1)
0pUTOTNTAL TNE ETXOVWVIAC, ONAUDY| TO &V Vo TUPEUBALVEL O TEOYPUUUATIOTAC GTO TEOYEUUUN
yioo voo puduioel Ty emovwvior 1 Oyt, To €0p0C XAl 1 ATOBOCY] TNG ETUXOWGVING XaL O
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CUY Y POVIOUOC TNG.

O ouyypovioudg apopd GUVATWE T CUC THUNTA XATUVEUNUEVNS UVAUNG X0 OVOPERETAL OTIG
epyaoieg mou exteholy TNy emownvio. O cuYYEOVIOUOEC TOV TURIAANAGY EQYACLDY TOU
Tpoyeduuatog urnopel va emitevydel ye ™ yerion geayudtonv. Otav xdrnow epyasta @Tdoel
o€ Eva PEdrypa, avao TEAAETAL 1) AEtToupYior TNG W€y el OAEC oL EpYaolec Var YTdcGOUY TO PEdY-
uo. Emioneg, umopolv va eqopuocstoly xAedouoata Yo TNV TeooTacta TG Tedcuone Twy
EQYUOLOV OE UolpalOueVa BEBOUEVAL.

H opdotnto exTéheong TV EQURUOYOY GTOV TURIAANAO TEOYROUUATIONOS ETNEEGCETAL AT TIC
eCopTNoEIC TwV dedouEvmy. Mropel vo utdpyet oelptaxt| e£deTnon YETAUED TWV EVIOA®Y EVOS
TEOYEAUUATOS, OTAV 1) GELRH EXTEAEOTC TWV EVIOA®Y EMNEEGLEL TO AMOTEAEGUO TOU TROYEA-
potog. Ernlong, and v mohhamiy| yerion Twv Bumv UETABANTOY omd SLapopeTIXES EPYUOLES,
umopel va mpoxOel e€dptnor dedouévev. H e&dptnom dedouévmv umopel vor odnyfoet oe
odLE€oda xar oe cuvixes avtaywviopuol (Data Race Conditions), ta omola eivon tor Booixd
TEOBAAUATO TV CUCTNUATLY Uotpalouevne uviune. H e&dptnon dedopévwy avtiuetwniletar
UE TO CUYYEOVIOUO X0l TNV ETXOVWVIO f§ TO XAEDWUA TWV OEDOUEVHV.

H e€iooppdnnomn goptiou €yel ooy 6T6Y0 TNV 6G0 TO BUVATE LOOUERY| XATAUVOUT) UTOAOYLGTIXOD
poeTou YeTal) ToV epyaolwy. Etol, dheg ol gpyasiec extelolV YEYOWOUS UTONOYIOHOUS
Yot 660 TO OUVATOV UEYUADTERT) DLEXELN, Xl EAAYLOTOTOIEITOL O YPOVOS XUTd TOV OTolo
nopauévouy depyes. H e€iooppomnon goptiou elvan onuavtixd 616TL BeATIOVEL TNV amddoon
TV TUPGAANAWY €QUEUOY®Y, xou umopel vo emtevyvel elte ye ototixn, elte ue duvouxr
XoTavour| @opTiou.

‘Evog axdua mopdyovtag mou amoutel puiuloeig xotd Ty avdmtuln TapdAANAmY EQUOUOY GOV
elvat 0 YEpoUOS TV AEtToupYL®Y eto6dou xat e€68ou I/0. O Aettoupyieg I/O npoxaholv
xoduo teprioelg, omoTe elvon YEULTO VoL UEWWVOVTOL 600 TO BUVATO TEPLOGOTERD Ol VO TEQLO-
ollovTon 6g GUYXEXPWEVA, CELRLIXE TUAUATA TOU TROYEUUUTOS.

3.4 OpenMP.

To OpenMP (Open Specifications for Multi Processing) etvou po Aenagy| Hpoypopupo-
Tiopol Egapuoydy, mou anotelelton and odnylec mpog o Yetayhwtio T, Bihovixn ou-
VapTAoEWY Xa UETofANTES TepBdAhovTog, UE o%0oTmd TNV ETUTELEYN TORUAANALOUOY amd TO
HETOYAWTIOTH) OTO TEOYEUUUL.

Efvar éva mpbdTumo mopdAANAOU TREOYEAUUUATIOUOU, TOU TOREYEL T1) BUVITOTNTA AvVATTUENG TTa-
PEAANAGY TEOYEUUUATOVY VLol CUCTALATO LOLUCOUEVNS UVAUNG [11]. To OpenMP umopel
v yenotponotnel ot yawooeg C/C++ xou FORTRAN. To povtého mpoypauuotiopol
tou OpenMP eivor Baciopévo 6To TOALVNUATIXG POVTELD TapaAANAlouoL. O egupuoyés Ce-
xvoLy ue éva viua (master thread) xouw oo onuela mTou o TEOYPOUUTIOTAS €)EL OpioeL Vo
exteleotoly apdAinia (parallel regions) Snutoupyolvton véa vidata. Metd tny moedhhnin
Teploy 1y cuveyiletar 1) EXTEAEST TOU xOOLXA UE €var VAU, To master thread. O mpoypopuati-
o TAC elvar LTEKTUYOC Yol TOV OPLOUS XAl TO YELRLOUO TORIAANAWY TEQLOY MDY OTO TEOYEUUUL,
®od G XOL YL TO CUYYPOVIOHO TV VIUATWY, OTou auTdg elvon amopodtnTtog.

[Mo var amogedyetan 1 cLVEY S TEOCTERACT) OTN VAT, %&0e VAua UTopel vor €yeL Ui Tpo-
owewY| drodm (temporary view) tng uviung xou Wwwtr| uviun (thread-private memory)
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oTnv omoio €yl TEOcBacT HOVO aUTO. e Wi 0dnyia TapolAnAiopol uropel vo optlovto
uotpaloueves ot WLTES YetaBintéc. Kde avagpopd oe popalduevn yetaBinTy elvon pio
avapopd oTNY (Blar TNV UETABANTY, €V Plal ovapopd: o€ WL TIXY| METHBANTA efvan Lol avapo-
ed og €va Toxd avtlypapo TNV WIwTix Uviun tou vApatog. T tnv npoonélaoy 1wy
Lol OUEVGY PETABANTMY amt6 BLPORETIXG VAUATO OTOLTEITAL CUYYPOVIOUOS. XE TERITTWON
ELPOAEVUEVOY 0BNYLOY TORUAANALOUOU Uit HETABANTH Tou elvor LOLO TN OTNY EEWTEPLXT] To-
EGAANAT TEpLoY T, Umopel v efvon polpalOuevn oTNY E0KTEPIXT TUPGAANAT TEQLOY T, EXTOS oV
EYEL 0PI TEL OTNV ECHTEPLXY| 0ONYLoL WG WOLWTIXY.

Ytov mivaxa 3.1 meprypdgpovton oL 0dnyieg Tou OpenMP. Ot odnyleg for, sections xau single
elvon 0dnyleg dopolpacuol epyactag xar ot oonyieg Barrier, master, critical, atomic, flush,
ordered xou threadprivate elvan odnyleg ouyypoviouov.

Y€ GUVBLUOUO [E TIC 0ONYIEC DLoWoLpaool epyaciog YENOOTOLUVTOL Ol PEAoELS EUPBENELNS
ONAWOCEWY BEBOUEVLY, oL oTtoleg xordopllouy TNV euPBéAcla XL TO BLUUOLRUOUS TV UXTAUBAN-
V. Ou gpdoeic auTég €youv Loyl LoVo oTIC 00NYlEC oL yenoonotolvTal xou oplCouy o
ot uetoPAntéc Va ebvon opatéc o OAo ToL VAUATA 1 O GUYXEXEWEVO Xou &V Vo PETOPEEOLY
TIC TWES TOUG OO X0t TEOG TNV TURIAANAT TEQLOY Y| XA UE TOLO TEOTO 8, 31].

Ytov mivaxor 3.2 mepLypdpEToL 1) AEITOURYIA QUTWY TWV QPEACEWY.

OAHTI'TA | IIEPITPA®H

parallel Optlel v meptoyr) Tou xWOWa Tou Vo EXTEAECTEL TUPIAANAL
for Awaporpdlet Tig emavarfelg evog Pedyyou for ota vipata Tng
TEEYOLOAUC TUPGAANANG TIEQLOYTC.
sections Awopolpdlet tnv epyaota o dlaxpitd blocks. Kdile block exteheiton
oo EVOL VAU
single Yielplomolel Evar TUUO TOU XWOXOL WOTE VoL EXTEAECTEL UTOYPEWTIXS
oo EVOL VAU
barrier Yuyyeoviler Gho T VAUOTO TNG OUSOAS.
master OplCet éva tunua xddxa o onolo Yo exteheotel and 1o master thread
UOVO.
critical Kodopilel pior meployr| 1 onola mpénet va exteheotel Lovo and éva
VAo xde popd.
atomic Kadopilet 611 1 ouyxexpipévn V€om uviung TEEMEL Vo EVIUEQWMVETAL

atopxd (atomic action), unv emtpénovtag TOARG VAo

VOL EVIUEQWOOLY TAUTOY POV T CUYXEXPWEVT YEon uviunc.

flush Kadopilel éva onueio ouyypoviopol o1o onoio 1 UAOTOMGOT TOU XWOLXA
TPETEL VOl TOREYEL EVOL GUVETEC GTLYMLOTUTIO TN UVAUNG XL 1) TeEY0Uoa
TWn oG potpalOuEVNS METUBANTAC EYYEAPETAUL GUECO OTY) UVAUTY aTtd T1
cache (write back).

ordered Kodopilel 67t ov emavokeic Tou ecmxdelnuevou Bpdyyou du
EXTEAEGTOUV UE T1) OELRd OTWE Yol EXTEAOVUVTAY CELRLIXAL.

threadprivate | Koadopilet 61t xodohxd avuxelpevo (1 petaintéc) uropolv vo yivouv
TEOCWELVE LOLWTIXE YLl XATOLO VAU

ivoxag 3.1: Odnyieg Tou OpenMP.
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PPAYH | IIEPITPA®H

private OpiCet petoANTéS W TIXES YLot xGVE VAL

shared OplCet petofAntéc we dSouolpaldueveg o€ Ohar Tor VAUOTA. AuTd onualvel OTL av
Eval VA OAAGEEL TNV LA WLog TETOLG METUPBANTAS, 1) oddory?| Vo ebvon opatt| o€
ONOL TOL VAOLTAL.

firstprivate | OpiCet yetoSANTéC WM TIXES Yiot xGDE VARO xon ToL AvTlypapar TwV HETUBANTGY
AEYIXOTOLOVVTOL GTY) ONULOUEYIN TWV VIUATOY.

lastprivate | Awtnpet, xatd tnv €€0d0 ano TN TapdAANAn TEQLoy T, TNV TEAUTAO TIY| TTOU
ATEXTNOE XAMOLo amd ToL AvTlypupd Tng.

default OplCet éva mpoxatopiouévo TOTo TEdSPRaoE Yiol OAEC TIC UETABANTES OE Wia
TOEAAANAT, TEQLOYT).

reduction | Extehel pla mpdln avoywyhic o xdmoteg polpaldueves peToAnTéc.

copyin Xenowomnoteiton yioo var dwoet apyixy| Tyur oc threadprivate yetaintéc.

copyprivate | Xpnouylomoleiton yior TNV dlavour| TGV UETHBANTAC amd Evar VAL OE OhaL To
avtiypago TG UETUBANTAC oTar UTOAOLTOL VAUATOL.

Hivoxac 3.2: Ppdoeic Eypéretac Aniwoewy Aedopévwy tou OpenMP.

3.5 H Awenagpr MetafiBacne Mnvuudtwyv MPI.

H Awenogpr) Metofifoaone Mnvuudtov (Message Passing Interface - MPI) etvau évar tpétuno
oLotnua PeTaPiBoaone unvuudteny otatixrc oUvoeoTg Bactopévn otny mpodlaypapr Tou MPI
Forum. To mpétuno MPT opilel to ouvtaxtind xou T onpactohoyia poutiviy yer oWy e
€val eUp PAOUOL YENOTWY YIa TN CLYYEAPTH TUPSAANALY TEOYpuUUdTeY Tou Bacilovtu 6T
petofiBaon unvupdtwy. Ou tpodlaypages Tng DETagrc EYouv NON OPIOTEL Yid TIC YADOOES
npoypoupotiopol C/C++ xou Fortran.

Ebvar éva mpwtéxohho emxowvmviog aveldptnto amd YADCOESC TOU YENOWOTOLETOL Yo TOV
TEOYQOUUITIONS TORGAANAWY UTOAOYIOTOVY. TTooTneilel onuelony| xon GUANOYLXT) ETIXOVG-
vio xou mepthapBdver poutiveg vl Tn dtayelpiom tepBdhhovtog, yio Sty elplon ouddwy diepya-
OOV X0l EXOVIXWY ToToAoylwy. Ot atéyol tou MPI eivon udmiy) andédoor, enextaoyudTnTa
X QoENTOTNTAL.

Hopapéver 10 xuplopyo UOVTELD TOU YENOLIOTOIELTOL GE UTOAOYIOTES LPMAGY ETIBOCEWY,
xou elvor TEOTUTIO YLl TNV EMLXOWVGVIN UETAED TWV BIEPYIOLOY TOU EXTEAOUY Eval TUpdhANAO
TEOYEUUUY OE EVal GUOTNUA XATAVEUNUEVNS UVAUNG. To mpoypeduuata Tou yenoylonooly T
oteropr) MPI exteholvton xan og cuoThuata HolalOUEVNS UVARNG.

To tpoypduuata tou yenotponooty MPI hettovpyolv ue diepyaoieg. Xuvitng ot diepyacieg
avtiotoly(lovton ye toug encgepyaotéc. T eniteuén yeyahitepwy emdéoewy oe xde CPU
1) og x«dde muprvar oe mohumpnvoug uroloyloTég Vo avatedel povo uio diepyaoio. Autr
n avéeon yivetoaw otnv apyt tou MPI mpoypdupotoc 6tay xohkeiton 1 evioAr) mpiexec (n
mpirun). H dierapr MPI éyet ¢ otdy0 va mopgéyer ouyypoviopd xou AELToupydTNToL TNV
emxovwvio HETaEY evog ouvdhou diepyootodv [31, 55, 7] .

Ytoug mivaxeg 3.3, 3.4 xan 3.5 TEPLYPAPOVTOL CUVOTITIXG UEPIXES OO TIC XUPLOTEPES POUTIVES
otayelpnong mepBdihovTtog, onuelomy|c xon LAY XS emxovwviag Tou MPL
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POYTINA

ITEPITPA®H

MPI_Init

Apywomolel 1o epif3dhhov extéreon tou MPIL

MPI_Comm _size

ITpooBlopilel Tov aprdud twv Slepyaoldy 6To group To
omolo oyetileton ye évoy communicator.

MPI_Comm _rank

ITpoobiopilel To avary VweIoTind TNG XoUAOUHEVNS
olepyooiog péoo otov communicator.

MPI_Abort

Tepuatiler dhec Tic Siepyaoiec tou MPI nou oyetiovro
UE ToV communicator.

MPI_Get_processor_name

Emotpégel to dvoua tng diepyaotag.

MPI_Initialized

Aclyver av €yet xindet n MPIInit, emiotpéper hoyixod
true 1 false.

MPI_Wtime

Emotpégel Tov ypdvo mou Eyel TEQIOEL OE BEUTEPOAETTOL.

MPI _Finalize

TeppatiCel o nepiBdihov extéheong tou MPIL

ivoxag 3.3: Poutiveg duayeionong nepi3dhhovtog tou MPILL

POYTINA | IIEPITPA®H

MPI_Send Boowr| Aertovpyia amootohrig unviuatog.

MPI_Recv Boowr| Aertovpyla moporofShc unvopatog.

MPI_Ssend | X0yypovn avacTaATixr) anocToh: GTEAVEL Eval UAVUHOL UEYEL O
buffer tn¢ egopuoyfc vo adetdosr xan vor elvor £Touog va
Eavayenowdonouniel xou péyet 1 Siepyasio mapahaf3nc va
emPBeBarcdoet TNV TapahaY| TOU UNVORATOC.

MPI_Sendrecv | Anoctohy| evog unviuatog xon mopahaf3ry evog dhhov.

MPI_Wait Hpoxohel avaoTOA UEYEL VO OAOXANEWUEL Lol UN-OVAOTAATIXT
Aettoupyio.

MPI_Probe | Aw&dyet évay éAeyyo avacTOAAG Yo €Vor UvVUUOL.

ivaxag 3.4: Poutiveg onuetaxiic emxowveviog tou MPLL

POYTINA | ITEPITPA®H

MPI_Barrier | Anuoupyel éva 6plo GUYYEOVIGUO) GE Lol OUAOA.

MPI_Bcast Aodidel €vor wAvuua amd TNV dlepyaoio-Tnyr oTIC UTOAOLTES
olepyaoieg Tng ouddoC.

MPI_Scatter | Awovéuer TpfuaTo eVOC UNVOUATOC OTIC UTOAOLTES BIERYATIES
NG opddog

MPI_Gather | Yulieyel drapopeTind unvipota and xde diepyaocio oe uia
olepyaoio-tpooploud.

MPI_Allgather | ‘Okec ot Bipyasieg NG oUddac GUAREYOLY Tol LUVAUATO OAWY
TWV OLERYUCLOV

MPI_Reduce | M Siepyacta eqopudler uio cuyxexpiuévn mpdln ota
Borduwtd dedopéva Tou GUAREYEL amd OAEC TIC Dlepyaocieg xau
tonovetel To anotéheoya o Wio UETABANTY).

[Tivacag 3.5: Poutiveg cuhhoyuric emxowvwviag Tou MPIL
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3.6 YBeLowd poviero ue yenon MPI xaw OpenMP.

To uBEWIK6 wovTého TapdAiniou Tpoyeauuationol pe yerion MPI xa OpenMP yenowuo-
moel MPT yio ) yetagopd unvuudtov wetollh xouBwyv xo OpenMP oe xdide cuypeteind
nolv-eneepy oot (SMP) twv xouBwv (Eynfua 3.5). Ta xuptdtepa xivnteo yior TV EQooUoYT
evog LBV YovTélou ebval 1) EAXYLOTOTOMNOT TOEAYOVIWY 0TS TO XOGTOG EMXOVWVIA,
UTOAOYLOUMY X0t GUYYEOVIoHO0, xou 1) eEl00ppOTNoT PopTiou UETAED TV (OUBwY Tou ou-
O TAUATOC.

OpenMP OpenMP

Yyua 3.5: TPRewdwd Movtélo.

Ou peyohitepol xou Ty OTEPOL UTOAOYIGTES Y PNOULOTIOLOUY UEYLTEXTOVIXY| TIOU TEPLAOUPBAVEL
xou polpalouevn xou xotaveunuévn uviun. Ilapd to yeyovoe 6t 1o UPBpdind poviéro mpo-
YOEUUUATIONOU EXPETAAAEVETOL Xol TOUG BUO TOTOUG UVAUNG TOU GUC TAHUATOS, OEV Elvon TévTaL
EUEPYETIXT 1) EQapUOYT| TOL Yortl e€apTdTon amd T Bour) ToU TEOBAAUATOS, TOUS UTOAOYIGUOUS
xou TNV emxowvwvia Tou arnotelton. 201600, av 1 €QapuoYY| UBELOIXOU UOVTEAOU TROYEU-
potiopol og éva TEOPANU elvol ETLTUYNUEVT], UTOREL VOl ATOOMOEL ONUAVTIXT| ETLTEYLVOT)
(speedup) xat xhudxwon (scalability).

3.7 Metpixeg a&loAdYNONS TOUEAAANAWY TEOY PAU-
UATWV.

YNy mopodoo EVOTNT TEQLYPAPOVTOL GUVOTITIXG OL UETEIXES IOV YPNOYLOTOLOUVTAL Yol TV
o€loAGYNON TN AmOB0oNE TwV TAPSANAWY egapuoydy [31, 22, 9]. Me T cuuPBoiileta o
OELRLOXOS YPOVOS EXTEREOTG, UE T}, 0 TapdhAnhog yeovog exTéAEOTC, Xl UE P TO TAHUOC TwV
enelepYaoT®Y ToU Yenowomowlvtal. T, ebvar 1o x6cTo¢ extéheone xde Aertovpyilag, T,
elvor 1) cuvohxt| emBdpUVOT), BNAUDY| 0 YEOVOS EXTEAEGTIC AELTOUEYLOY TIOL OEV EQUPUOLOVTOL
otov axolouthaxd alyoprduo xar W to yeyedog tou npofArjuatog.

Emtdyuvon (Speedup)

Emtdyuvon evog mapodAnhoTonuévou Tpoyeduatog eivor o AGYog Tou Yeovou TNg oxohou-
Yiaxhic EXTENEOTC TIPOS TO YPOVO TNG TUEAAANANG EXTEAEONC, Yol EXTEAECT) UlaG TTAESAANANG
EQUQUOYHC UE CUYXEXQUEVO aptdud emelepyacTmy xou (Blo ahyoprduo xan Sedopéva OTwWe 1
axohoutioy|. ‘Otav 1 emtdyuvorn auldveTon avIAOYA UE TOV 0ptlud TWV YENOULOTOOUUEVLY
enelEpYUC TV OVOUGLETOL YROUUIXT.
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T

p

S

To mAflog Twv enelepyaoT®Y TOU YENOWOTOOUYTOL ANOTEAEL EVa dvew 6plO OTNV ETLTAYUV-
or mou unopel va emtevyVel oe €va tapdhinio cbotnua. H emtdyuvon yia ) yerion evog
enelepyaoth oplleton {on pe éva. Otav yenoonolodviol TEPLOGOTEQOL ENELEQPYUOTES €~
TTUYYdvEToL ETITd VoY Tou cuVATLS elvon UxpdTepn and To TARUOC TV ETEEEQYUCTMV.
Luyvd yenowonoteitar o véuog Tou Amdahl yio Tov uTtohoyIoUd TNC UEYIOTNG AVUUEVOUEVTS
Behtlwong tng EmTdyUVOTS EVOS TEOYRAUMUATOS OO TOV TUPUAANALOUS BLaPORKY TUNUATWY
TOU. LOUQWVIL UE TO VOUO autd, dv P elvar To T0G0GTO TOU TEOYEIUUATOS TTOU TURUAATO-
mote{ton xou 1 — P elvor qutd mou mopaével axohovdond, TOTE 1) UEYIO TN EMLTAYUVOY) TOU
umopet va emtevy Vel pe ) yeron N enelepyac Tty eivon:

N 1
NEBTITp

‘060 10 N — 00 1) éy1oTn EMLTEYUVOT Soe — ﬁ.

Khudxowon (Scalability)

Eivow 1 Suvatomnta diog TapdAANANG eQopuoyric vor emdeilel Yooy EmTdyuvor Ue
Tpéodeon TEPooOTEPWY EMEEERYUOTOY 1) PE TNV ad&Nnom Tou Ueyédoug Tou EMAUOUEVOU
meoPBiAuatog. H petpnr| auth| oyetiletar Ue TNV 100amdO0CT, TOU TEPLYPAPETOL TORUXETE.

Anodouxémta (Efficiency)

Arnodotixdétnta evég mapdhhnhou cuoTApaTog oplleTal KOS 0 AGYOC TNG EMTEYUVONE TOU
EMTLYYAVETOL TEO¢ TO TARYOC TwV ETECEPYUGTEOY TOU YENOULOTOLOUVTL.

E=—
p

EnBdpuvon (Overhead)

Ebvar 0 ypdvog mou damavdtal 6T0 GUVTOVIOUS TV TURUAANAGY ERYACLWY o€ avTiVeoT Ue To
Xeovo w@éhuou utoloylopol. ECaptdtor and Tn dnuioupyla xaL Tr) Slavopr| EQYACLOY, omd
TO GUY)YPOVIOUO XOL TNV ETUXOWOVIN X.T.A

Koxxétnra (Granularity)

Yuvidwe 1 emxovevia efvar TOAD To damavner| and ToV UTOAOYIGUO, XUEIS 0T GUC THUO-
ToL XOTOVEUNUEVNS vAung. H xoxxdtnta elvon o Adyog Tou ypdvou UTOAOYLIOU®Y TEOE TO
yeovo emxowwviog. H xoxxdtnta yopoxtneileton adpoucprc (coarse) 6tV 0 UTONOYLOTL-
%0¢ pOETOC UG TapdAANANG epyaotug efvar TOAD peYahOTEPOG amd TNV ETLXOVWVIA TNG, XA
Aemtopepnc (fine) 6tav o umoloyloTxde PdEToC ULa ToEdAANANG epyaciog eivon cuyxplotuog
ME TNV EmxoVeVio TNG.

Kéotog xaw Qgehpdnro (Cost and Utilization)

Kéotog etvon 0 ypdvog extéheong enl tov apriud enelepyactmv mou yenoyonoolva. -
pehOTNTA efvar 0 TocooTidog Adyog Tou axohovdoxol TEog To TapdAAnho xécToC. A@e-
Apotnro 100% onuoiver undevixr emBdpuvor, dnhady avixr togarinionoino.
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Ioooamédoon (Isoefficiency)

Eivaw 10 mocoot6 ad&nomng tou mpofArjuatog mou amouteltar, WoTe auidvovtag To TAfdog p
TV EMEEEPYACTWY TOL YENOLUOTOWUVTHL, 1) ATodoTixoTNTo £ var moipauével otadept).

W = KT,
‘Omou K etvor pla otodepd mou e€optdton amd TNV amodoTXoTNTA.

E

k= 72(1__53

Iooanddoon ot etepoyevr ovotiuata (H-Isoefficiency)

H wwooanédoon (Isoefficiency) eZoptdtar pévo amd 1o mAlog 1wy enelepyaotdy, Yempdvag
OTL oL emelepyaoTEC €youv OAoL TNV (Blo uTohoYIoTIXY oy, XTNnV TEQINTWoN OUS TwV
ETEQOYEVOY CLCTNUATKY Ot cupPaivel autd. H H-Isoefficiency opiCeton ¢,

W = KT,Pr

H vrohoyiotiny| 1oy 0¢ evég etepoyevoilc oucthuatos, Pr optletal (¢ to dlpoloua Tng uto-
hoyio g oyvog xde eneepyacty| B

%—ia
=1

7 / /7 Ve / 7 / /
To K eivaw xou og outy| Ty mepintwon pla otadepd mou e€aptdton and Ty AmodotxdTnTa
TOU CUOTHHUATOG.

3.8 ITlapddeiypa toparAAnAonolinong TeoypdUaTog
UTTOAOYLOUOU TOUL T.

3.8.1 3Xeipltaxdg UTOAOYLOUOG TOUL T.
Y10 mopaxdtey mopdderypo utohoyiletar To T UE yeron aprduntixrc oloxirfpwone. Tro-

hoyiletar to t6€0 epantopévne 4arctan(l), 6mou arctan(l) = fol Tz dr. ¥ ouvéyew
nopartiVeton o oxolouvdhaxde xwdixag (thaioto 3.1).

# include <stdio.h>
# include <math.h>

double f( double );
double f( double a )
{
return (4.0 / (1.0 + axa));
}

int main( int argc, char *argv[])

{
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int done = 0, n, ij;
double PI25DT = 3.141592653589793238462643;
double pi, h, sum, x;

n = 0;
while (!done)
{

printf ("Enter the number of intervals: (O, quits) ") ;
scanf ("%d" ,&n) ;

if (n == 0)
done = 1;
else
{
pi = 0.0;
h = 1.0 / (double) n;
sum = 0.0;
for (i = 0; i <= n; i++)
{
x = h * ((double)i - 0.5);
sum += f(x);
}
pi += h * sum;
¥

printf ("piisyapproximately %.16f, Erroryis %.16£f\n", pi, fabs(
pi - PI25DT));

3

return O0;

Listing 3.1: Axoloudaxdc x@dixog LTOAOYIGUOU Tou T .

Me n oupBorileton o opriude twv Slotnudtwy ot onola yweiletu to ddotnua [0,1]. O
apLIUOC QUTOG TUPEYETAL OTO TREOYPUUUN OO TOV ¥EHOTH. LTNY TEPINTMON Tou 0 ¥eHoTNS
dwoel Ty Twn 0, 1 extéheon Tou tpoypdupatog tepuotiCeton. H yetafAnt h civon 1o mhdtog
®die draothuatog. O oAyoprluog TOU YENOWIOTOLEITAL OTO TUQUTAVG TEOYEUUUN EXTEREL 1
enavoAAEC Yiot TOV UTOAOYLOUO Tou T, SNhadY 60eC xou To TARYOC TWY BLICTNUATKDY TOoU
enélele o ypotne. 'Etol, oc nepintworn mou o yeNotne 0ot ToAD UeYdAn TWh Yl To 7,
T0 YpOovoPopo TUuA Tou TEOYEdUUaTOS Yo Efvol 0 UTOAOYLONOS TTIOU TRy UATOTOLElTAL UETH
ot for.

3.8.2 Tlapariniog unoloyicpog touv m e OpenMP.

Y1 ouvéyela mapatiieton oto mhaiolo 3.2 1 uAoTolnon Tou UTOAOYLOUOU TOU T UE YEHOM
tou OpenMP.

# include <stdio.h>
# include <math.h>
# include <omp.h>

int main ( int argc, char x*argv([] );
double pi_est_omp ( int n );
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int main ( int argc, char *argv([] )
{

int n;

printf ( ", Number of processorsjavailable,=,%d\n", omp_get_num_procs
D))

printf ( '|_||_|Number|_,0futhreads|_|=|_,|_||_||_||_||_||_||_||_||_||_||_||_||_|%d\n" N
omp_get_max_threads ( ) );

printf ( ",,Give number of_ points,=Luuuuuuuun™);

scanf ( "%d", &n);

printf C "LuNLLLLLLLLLMODE LLLLLLLLLLESTIMATE LuuuuwuERRORLLL\D") ;

pi_est_omp ( n );

return O0;

}
double pi_est_omp ( int n )
{
double pi = 3.141592653589793;
double h;
double estimate;
int i;
double sum2,suml;
double x;

h =1.0 / ( double ) ( n );
sum2 = 0.0;

# pragma omp parallel \
shared ( h, n ) \
private ( i, x,suml ) \
reduction ( +: sum2 )
{
suml1=0.0;
# pragma omp for
for (i = 1; i <= n; i++ )
{
x = h * ( double ) ( i - 0.5 );
suml = suml + 1.0 / ( 1.0 + x * x );
}

sum2=sum2+suml ;

3

estimate = 4.0 * sum2 / ( double ) ( n );
printf ( "%11d,,0MP,%14f,,%14guu\n", n, estimate, fabs(estimate-pi) );

return O0;

}

Listing 3.2: Iapdhhnhog xcdixag utoloylopol tou m ue yefon OpenMP .

1oV axohoutiond xmowxa yenotornot\dnxay ol uetoAntéc, n, i, PI25DT, pi, h, sum xou x.
Y1ov mopdhinio yenowono\dnxay oL n, 1, pi, estimate, h, suml, sum2 xou x. O petofAntég
PI25DT xou pi tou axoloudaxol xot Tou TUESAANAOU xOOXA avTioTOLYd, oVIpECOVTL
OTN YVWOTY| EX TWV TEWTERKY TN TOU T, TOU YPNOWOTOLETOL Y TOV UTOAOYLONO TOU
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OQANIOTOS TNG TEOGEYYLONG Tou amd To Tpdyeauue. H petafAnty pi Tou axohoudioxol xal
1 UETUBANTY estimate Tou TOUEIAANAOL TEOYEAUUTOS OVUPECOVTOL TNV TULY| Tou UTohoY{leL
TO TEOY AU YLOL TO .

21N CLUVEYELL TEPLYEAPOVTAL OL OANXYES TTOU YPEEWIOTNXE VO TEAYHATOTONDOUY Lol VoL o
corAnromotniel o oelploxdg xwoxag. Xt oepd 3 mpootelleton 1 BiBAodrxn omp oto
TEOYPUUUA. 1T Oelpd 6 dnhdveTal 1) cuVdETNoT pi_est_omp mou urohoy(lel TNV T Tou T,
eve 0To oelploaxd 1 ouvdptnon f mpayuatorololoe uoévo To UEEOC TOou UTOAOYLOUO) TOu T
Tou aopd TN cuvdptnon xatavouric Cauchy, f(x) = 1:962. Yig oetpéc 12 xon 13 xoholv-
TOL Ol GUVAPTHOELC omp_get_ Num_procs, mou MO TEEPEL To TAYOC TV ENEEEPYATTOV TOU
cuoThUaTog Tou ebvan dlardéotpol xar 1 omp_get_max_threads, mou emocTEéPel To YEyioTO

aprdud YNUATEY ToL UToEoLY va dnutovey oy,

Y oepd 35 Eexavdel 1) TopdhAnhn TEELOY T, ONAADT TO TUAHO TOL XWOWXA ToU Vol EXTEAEGTEL
a6 OAOL TOL VAUATOL TTOU ONULOURYOUVTOL T OTLYUT TOU 1) EXTEAEST] TOU TROYEAUUUITOS QTAOEL
oe auTo TO onueio. XTn cUVEYELL ONAGVOVTOL Ol UETOPBANTES TNG TURSAANANG TEQLOYNAC XAl
1 gedorn reduction mou extelel pa mEdn avoywyng oTn PETOBANTA sum2 oto Téhog TNg
TOEAAANANG TEpLOyAG. 2T o€lpd 41 eqopudleton 1 odnyio for mou diopolpdlet Tig emavorfdelg
ToU oy ou oTa VAKTA TNG ToRdAANANG Teployic. H oeglpd 50 Yo propoloe va cuuneptingdet
oTNV TOEIAANAT exTéleoT Tng 0dnylag for, aAAd ot auth TV TepinTwon Yo Enpene 6To TENOC
NG TOEIAANANG TEQLOYAC VoL YIVEL avarywYT| ot UETABANTY estimate avti yio T UETUBANTH
suma2.

Kot otor 800 mpoypdupata yenoonotovvton ou dleg YetaBAnTés, ahhd yio var emiteuyde-
{ owoTd 1 mopaAAnAomoinoT xon Vo amo@eLy Vel O CYNUUTIONOC CUVINUOY AVTOYWVIGUOU
(Data Race Conditions)l, eQopuolovTal aAAXYEC GTOV TEOTO YEHoNS TV UETABANTOY. O
uetaBAnTég h xan n dOnhavovton polpalbUeVeS, dMAadr xdide VAo uTopel Vo Tpory U TOTOLOEL
alhayeg o aUTEG, ol omtoleg Vo efvan 0paTég amd Ao ToL VAUATAL, %ot oL UETHBANTES 7, suml
X T ONAOYVOVTOL WLOTXES, 0moTeE Adde vua Yo €yel Oxd Tou avTlypoapo Tng UeTUBANTAS.
[oe xéde vApo Snuroupyettar éva mTxd avtlypago tng HeToPANTAC sum2. Y10 Ao TwV
TEAEEWY, 1) T auTC TNG ETOPBANTYC Tou €yel xde viua, tpooteldeTou.

3.8.3 IlapdrAiniog vnoloyiopnog touv m ue MPL.

1o mhadoto 3.3 @adveTon 1 TOEUAANAOTIONGCT] TOU UTOAOYIOMOU TOU T UE TN YPNOoN TOU
MPL Xty mpotn oepd xakeiton 1 Bifhiodrxn tou MPL. Y10 mpdypauua autd dnhwvov-
Tou ot {Bleg petafBAnTéc pe to axohovdhoxd, n,i, PI25DT, pi, h, sum xou x, xou EMTALOV
ov myid, numprocs xou mypi. H myid yenowomoleiton &¢ avoryvewploixd yior Tny xdie
Olepyaoio, xou 1 NUMProcs Yol T0 GUVOAXO JELIUO TOV BLERYUCLOY TOU Y ENOULOTOLOUVTOL.

Y oepd 13 apywonoteitan to nepBdihov extéreong tou MPI ue tn poutiva dioyelpnong
nepi3dhovtoc MPI Init, o apéowe uetd npoodioptletal 0 GuVORXOE oELIUOS TwV BIERYACLOV
ue tn poutiva MPI_Comm size xou diveton oe xdie depyaoia Evag povadnog apriude mou
yenoomoteiton ooy TawtdTnTa, P TN poutivae MPI_Comm rank.

Yc oeipég 18 ewg 20, 1 Siepyacia ue mpocdioptoTixd aptdud 0 {ntdel and Tov yeroTn To

101 ouviixec avtaywviopol, Race Conditions, efvor mporypoppatiotind A&dn mou mapdyouv ampdBientn
CUUTERLPOES Xall OTOTEAECUATA AOY® U CUYYPOVIOUEVGWY TouTOYpoveY exteléocwy. H aviyveuot| toug oe
TopdAANAa TpoYedupaTa LotpaloUevne UVAUNG uropel va etvar ToAD SOGXOAT.
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TAfYog TV SoTnudtwy n. O aprdude autdg Sadidetor oTic UTOAoLTES Dlepyaolec Ue Yprion
¢ poutivag culloyinic emowvevioe MPI_Beast. Ytn cuvéyela, dheg ot diepyaoieg eqop-
uolouv unohoyiopols. H evtoly| for ot oepd 27 pudullel moég enavarfe Yo exteréoer
xd&de diepyaoia, YENOLOTOWWVTAS TOV TEOGOLOPIo O aptiud xdle diepyaciog xaL T0 GUVOAL-
%0 opiUd TV BLEPYAOLDY TOU GUUHETEYOUV OTOV UTOAOYLOUO Tou . Kdle diepyaoio, yetd
TO TENOC TV ETOVUAAPEWY, EXYWEEL TO ATOTENEGHO TWV UTOAOYLIOU®OY TN OTN UETOBANTN

mYypi.

#include "mpi.h"
#include <math.h>
# include <stdio.h>

int main(argc,argv)
int argc;
char xargv([];

{

int done = 0, n, myid, numprocs, 1i;
double PI25DT = 3.141592653589793238462643;
double mypi, pi, h, sum, x;

MPI_Init (&argc,&argv);

MPI_Comm_size (MPI_COMM_WORLD ,&numprocs) ;
MPI_Comm_rank (MPI_COMM_WORLD ,&myid) ;
while (!done)

{
if (myid == 0) {
printf ("Enterthe_ numberof intervals: (O, quits) ") ;
scanf ("%d4d" ,&n) ;
}
MPI_Bcast (§%n, 1, MPI_INT, O, MPI_COMM_WORLD);
if (n == 0) break;
h = 1.0 / (double) n;
sum = 0.0;
for (i = myid + 1; i <= n; i += numprocs) {
x = h * ((double)i - 0.5);
sum += 4.0 / (1.0 + x*x);
}
mypi = h * sum;

MPI_Reduce (&mypi, &pi, 1, MPI_DOUBLE, MPI_SUM, O,
MPI_COMM_WORLD) ;

if (myid == 0)
printf ("piyisyapproximately %.16f, Error_ is_ %.16f\n",
pi, fabs(pi - PI25DT));

}
MPI_Finalize () ;
return O;

Listing 3.3: Iapdhhnhog xodixag unohoylopol tou m ue yefon MPI .

2N ogpd 33, ue Tt poutivar culhoyurg emxoveviog MPI_Reduce, 7 dwepyaoia ye npocdio-
eloTind oprdud 0 culiéyel amd Oheg Tig diepyaoieg TNV Tun TNg YetaBAnthc mypi, adpoilet
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OhoL Tor Bedouéva Tou GUAAEYEL xan TomoVeTel To dlpoloua ot uetaBANTY pi. Xt ogpd 40,
tepuotiCetan To mepBdihov extéreonc tou MPIL

3.8.4 YPpeoixodg napgdAAniog untoloyiopog Tou m ue MPI xou
OpenMP.

Y10 mhaloto 3.4 mopatideTton 0 xWdWag TNG UBELOIXYC LAOTIOINGTE TOLU LUTOAOYIGUOU TOU T UE

MPI xow OpenMP

#include <stdio.h>
#include <math.h>
#include <omp.h>
#include "mpi.h"

int main(int argc, char x*argv[])

{

double mypi, sumpi,h,sum,x,suml;
int n,myrank,numprocs,i;
double PI25DT=3.141592653589793238462643;

MPI_Init (&argc, &argv);
MPI_Comm_rank (MPI_COMM_WORLD, &myrank);
MPI_Comm_size (MPI_COMM_WORLD, &numprocs);

n=10000000;
h=1.0/n;
sum=0.0;

#pragma omp parallel default(shared) private(i,x,suml) reduction (+:sum)

{

suml1=0.0;

#pragma omp for

for (i = myrank+
x =h *x (i -
suml += 4.0 /
}

sum=sum+suml ;

1; 1 <= n; i+= numprocs) {
0.5 ) ;

(1.0 + x*x ) ;
}

mypi = h * sum;

MPI_Reduce (&mypi ,&sumpi,1,MPI_DOUBLE ,MPI_SUM,0,MPI_COMM_WORLD) ;
if (myrank == 0)

printf ("pi,isyapproximately %.16f, Error is, %.16f,\n",sumpi,fabs(
sumpi-PI25DT)) ;

MPI_Finalize ();
return O0;

Listing 3.4: IopdAAniog UBELOixog (MOIXAS UTOAOYIOUOY TOU T .
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Ye autd To TEdYpauUa xaholvTal xat ot dvo BBAodrxec, MPI xar OpenMP. Ytic oeipég
am6 13 w¢ 15 apyxonoteitar to mepBdAiov extéreonc tou MPI, npocblopiletar o cuvolt-
%0¢ apLiuoC TwV dlepyaolny xou avtioToly (et oe xdle dicpyacio Evag Lovadixos aptiuoc.
Y oeipd 21 Eexavdel 1) mapdhAnin teploy | uéoa oTny omolo dnutoupyolvTal vApata. Kdie
owepyaoia, 6tav Yo eloéhder oty mapdhhnin Teployr, Yo ONULOVEYHOEL VAUXTA VLol VO EXTE-
AECOLY TOUC UTIOAOYLOUOUS UEYPL TO TENOC TNG TORUAANANG TEQLOY YIS, OTIOU OAoL Tal VAUATY
Yo TepuaTioToUY xou Yo cuveyioel uévo éva. Ov petofBAntéc 4, & xou suml etvan WLwTéS
oe xde viua, xou 1 @edorn reduction extehel wa mEALn avaywync ot UETUBANTY sum.
‘Oleg ot Bigpyaoieg unohoyilouv T0 UEpog TOU TOUG avTIoTOLEl, XaL TN Oelpd 34, Ye TNV
epappoYT) e poutivag culhoyixig emxovmviog MPI_Reduce, culhéyovtar Ohec ou Tiuég
NG UETABANTAC mypt amd TIC Olepyaoieg xaL EXyweoLVTUL OTN UETABANTH sumpi.
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Kegpdhaio 4

ITeoypoppoatioTixnd ITAalcio yia
ITapdAANAN Xuvepyatixny Awjunon.

To npoypappatiotind mhoioto (Software Frameworks) etvon hoyiouxd mou mopéyouv yevixh
AELTOLVEYIXOTNTOL XAl UTOPOLY VAL TEOTIOTOLNYO0UY (HOTE Vo TUPEYOUV EOWES Aettoupyieg ot
ula epappo@n. Iepeyouv culloyec BiBAoUnx@my xou TUEEYOUY DLETLPAVELNL EQUOUOYWY TRO-
Yeouuatiopol (API). O oxondc 1wy mpoypauatio Tixdy tAaciny eivor vo BEATUOC0UY Ty
amodOTIXOTNTA TNG ONULoUEY{og VEOU AOYIOUXOU XaL TNV TOQOYWYIXOTNTO TOU TEOY QU
TIoTH. Xtoyevouy enlong ot Pertiwon Tng moldTnTaC Xou TN oloTo TIAS TOU AOYIoUIXOU.
270 XEPAAUO AUTO TEQLYEAPOVTAL TO TLO DLUOEDOUEVA TIOOYPUUUATIO TS TAdLCLYL TTOU Y ENOL-
HOTIOLOUVTOL Yot TNV AvVATTUEY TUEdAANAWY TEOYRUUUTOY cuvepyaTixig djdnong.

4.1 MapReduce.

To MapReduce [50, 14] eivar éva mpoypoppatiotixd TAaioto mou dnuoupyHinxe yua vor uto-
oTNelEeL TN YPNOT XATEVEUNUEVGY UTOLOYLOUWY GE UEYAAN GUVOR BEGOUEVWY XAl OE GUCTOL-
ylec vmoroyiot@yv. O BiBAodrxec Tou MapReduce €youv avantuydel oe ToAES YAOOOEC,
Omw¢ c++, ¢F#, java, python x.o.

H Xertovpyia tou mhausiov awtol eivon 1 eneepyacio xaTaveunUéVemY TEoBANUdT®wY 6 TOAD
HEY AL GUVOAXL DEDOUEVMY YENOHLOTOLOVTAS HEYSAES cuoToLy(EC UTOAOYIoTWY. Ta dedouéva
umopoLY va efvon amodnxeupéva oe éva clotnua apyeioy 1 o Bdon dedopévwy. To mhaiclo
MapReduce petatpénel plor AMota (EUYOV XAEWBOV-TOY ot Wia AloTo Tiuey, ywelloviag T
Aertoupyia Tou o€ BuO PruaTa.

To mpwto eivan to Bripa Map, xotd to onolo o x6ufoc mou €yel T0 POAO TOU GUVTOVIGTH
AoyfBdver Tor Oedouéva, Tor Loty wellel G UXEOTEQN UTOTEOBAAOTA XOL T XAUTUVEUEL GTOUC
umohotmoug x6pPoug. Ou umdhoirol xéufol umopoly eniong va ywploouy to deEdOPEVA TTOU
Yo AdfBouv ot urompoPAfuata, xar va dnuovpynUel Tehxd wa dour Tohueninedou dEVOpOU.
O x6uPot eneepydlovTon Tor BEOUEVO X0 ETOTREPOUY GTOV CLVTOVIOTH TI¢ anavThoelc. H
ocuvdptnorn Map mou yedgeton and éva yerotn tne PiBAodixne MapReduce, houfBdver éva
Celyog xAEWBLOU-TINC Xou ToRdYEL vl GUVORO (EUYMY EVOLIUECLY XAEWDIWV-THuwY. H BiBio-
01xn MapReduce opadonoiel 6ha tor (ebyn mou avticTolyolv 6To opyxd (Euyog XAELBLOU-
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TWrg xan o Tapéyel ot ouvdptnor Reduce.

H culhoy?) twv amoteheoudtonv 1oV utoteofAnudtony, and Tov xoufo cuvTtovioTy, Yivetal
oo Briua Reduce. Ta anoteréopata cuvdudlovto e XUTIAANAO TEOTO, (OOTE VoL TRy OLY
N AVon Tou apyol tpoflAruatos. H cuvdptnon Reduce houPBdver éva evoidueco xAeldi xa
€val GOVOAO TGV TIOU aVTIOTOLY00Y GTO XAEWDL, Xal GUYYWVEVEL TIC TWES Yiol VoL oy NuaTioet
EVOL XPOTEQO GUVOAO TLIMV.

To MapReduce emitpénet tnv exTéAeon TURSAANAGOY UTONOYIOUWY OE BLOPORETINOVE ETEEEQ-
Yo TEC, avohauBAvovTaS TIC AETTOPEPLES TOU TORUAANAIGUOU, OTKS 1) XAUTUVOUT TKV OESO-
HEVWY, 1 EELO0PEOTNGT) YORTIOU %ol 1) VoY Y| CPUAUSTGLY.

Yny emodva 4.1 gatvetan 1 ouvohxr pory tng MapReduce Aertoupyiag. ‘Otav éva mpdypouua
xokel T MapReduce cuvdptnon cupBaivouy to e€nc:

1. H MapReduce Bihotxn yweilel ta dedopéva oe M xopudtia, xar oTrn cuvéyela
Eexavdel avtiypapa Tou TEoYEdUUATOS O Uit GUTOLYid UTOAOYIOTOV.

2. 'Evog enelepyaothic avahau3dvel To pOAO TOU GUVTOVIOTY| Xt avord€Tel epyacio oToug
uméroimouc. Ou avatedolv M epyasicc tinou Map xou R epyastec tOnou Reduce.

3. 'Evag epyalduevog, otov omolo avatideton pla epyaoia tonou Map Swfdler to Oe-
douéva, To avahlel oe (elyn ¥AeWo0-TWAC xan T elodyel ot Map cuvdptnon mou
TOEAYEL To EVOLGUESH (VYT XAEWBLOU-TIINC XOL T PORTWVEL OTT| UVAUT.

4. Iepoduxd, ta Lebyn mou elvon oTn Uviun eYYpagovTal oTov Tomxd dioxo, ywellovto
oe P meployéc xou 1 tonoveoia otnv onola eyypdpovtal ETMGTREPETOL GTO GUVTOVLOTH),
o omolog eivan uTehYuvog Yo To Bloolpacud Toug otoug epyalouévous yia tn Reduce

pdom,.

5. Otav évog epyalopevog tng gdong Reduce evnuepmveton amd 10 oUVTOVIGTY Yiot TNV
Tonoveoior Twv 6edouévemy, dlofdlel Tor Gedouéva amd Tov Tomxd dloxo Twv epyalo-
uévev tne Map gdong, xou 6tav €yet dlafBdoel Oha Tar eVOIIUETH BEBOPEV, Tol TOEIVOUEL
OUUPOVOL UE TOL EVOLIUESO XAELOLY Xal OUUOOTOLE! Ot T TEQLO TATIXG UE TO (B0 HAELOL.

6. O epyalduevoc, Yo xdie Lovadixd evoLdueco xhewdt mou Boloxel, elodyel To Xheldl xou
Tic avtioTtotyeg Tweg otn Reduce ouvdptnom, xou 10 amoTEAECUN TEOCUPTTAL OE £V
TeElxd apyelo. Mto téhog Yo undpyouv R apyeio ue 1o anotérecua tng MapReduce.

7. 'Otav tedewdoouy dhec or Map xou Reduce epyacieg, o cuvtoviotig emotpégel 6To0
opy Wb TEoYpeaUUa, Tou xdheoe T MapReduce cuvdptnon, xon cuveyilel Ty extéheon
TOU.

4.2 Hadoop.

To Hadoop eivon €vor mpoypoppatio Tind TAAGIO avoLy TOU XOOXAL Yiol TapoywYT| a&LOTLO TGV
XL HANIAXOOYWY TREOYRoUUATwY. Emitpénel Tnv xataveunuévn enclepyaocio peydAwy ou-
VOV BEBOUEVWY GE GUGTOLYIEC UTOAOYIGTOY, YPNOOTOLOVTS EVOL ATAO TOOYQOUUATIO Tl-
%6 povteho. Eivow oyedlaouevo )oTe Vo ETTUY Y AveEL Xoh) XAUdX®OT ETE YENOLOTOLOVTOG
EVoy UTOAOYLOTY), €lTe YtALdoeC.
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Yyfuo 4.1: H MapReduce Aettoupyto.

Y10 Hadoop meprhopfdvovton modhéc eqopuoyéc. Thomolel pla eqaupuoyt| mou ovoudletan
Hadoop MapReduce, mou eivat Tpoypouotio Tind Thalolo yia xatoveunuévn enelepyaoia oe
ouototyiec utoroyotoyv. H epopuoyr| ywelletoun oe wixpd turjdota epyaoctac o onola exte-
AoUvTal oe omolod|noTe xoUPo tne oucTolyluc. Emnione, mapéyel éva xataveunuévo cbotnua
opyeiov, HDFS (Hadoop Distributed File System), nou omodnxedel dedopéva otoug x6y-
Boug au&dvovtag To cuUVohxd ebpog Lwvng ot cuotoyia. To Hadoop MapReduce xo to
HDF'S etvou oyedaocuéva ue TET0L0 TPOTO MOTE Ol TEQITTMOOELS OTOU XATOL0¢ XOUBOS ATOTUY-
YAVEL VoL YELo TEL Tor OEBOPEVA, Var avTETOTI ovTon auTopaTa. Av xdmolol xoufol amotdyouv
VoL OAOXANEWGOUY TNV gpyacia Tou Toug €yel avatelel, 1 epyaoio auty avatidetar o dhhoug
xouPoug. Emniéov, oto Hadoop MapReduce, éco nepiocdtepec Map xow Reduce epyaoieg
uAoTOLOLUYTAL, TG0 XAAUTERY £ELC0PEOTNOT POETIOU EMITUY YAVETAL.

H eqoppoyr) Hadoop Map/Reduce Aettoupyel 6mwe xou 1o npoypoypationxd mhaioto Ma-
pReduce nou neprypdgnxe otny mpornyoluevn evotnta. Acitoupyel oc cuoTolylec uToloyL-
otV exTEN®VTOS epyaoiec tonov Map/Reduce otoug xouBoug, xan eQapuolEL XATAVEUT-
HEVoug UTOAOYLOPOUS O GUVOAa BEBOPEVKDY Tou Teptéyouy L0y TNG LoP@NC XAEWDi-Tiun.
H opyitextovint| mou oxohouvdel ebvar autr tou cuvtovioti-epyalopévou. Xernoluonoteital
€vog eCUTNEETNG CUVTOVO TS, O OTOl0G OAANAETILOEY UE TOUC YPNOTEC XOU UE TO UTOAOLTO
oVotnua. Ot yeoteg utofdhhouy epyaocieg Tiou Map # Reduce 6to cuvtoviots xou autdg
Tic TonoVetel oe pio oepd xou e€umnpetel CexvavTag and Ty toAwoTteen. O cuVTOVIGTHC
avardétel Tic epyaoleg oToug epyalouEvoug eEUTNRETEC ToL €yel oTr OLdeor| Tou. e xdie
xouPo tne oucTotyiog avtiototyel évag epyalouevog eCutneétng. O epyalduevol extehoy
TIC epyaoiec xou droyetpiCovton 1 Soxivnor tTwv dedouévwy Yetald twv Map xou Reduce
PACEWV.

To HDFS eivon oyedaouévo yio v amodnxelel altomotar ToAD peydho apyeio oe umoloyt-
otég plag peydhng ocuototyiog utohoyiotiy. Amolnxedel xdle apycio cov plo oxxorouvdio
amd pedTERa looueYEln apyela, extéc amd To TEeLTlo TOUL £lvon BlaopETXOV PEYEDOUC.
Keareitow avtiypago and autd to mixpdtepa apyelor yior vor emteuy Vel 1 avexTixdTnTo T0U
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CUCTAUNTOS OE GQPIAUNTA. € QUTY| TNV EQPUPUOYT|, OTWS XL TEONYOUUEVKS, oxohovleital
1 AEYITEXTOVIXT) GUVTOVOTH-EPYalopEVLY. O cuvtovioTAC avahopfBdver OAeC T Aettoupyieg
avolypotog, xhewsluatog, yetovouactiog xat opilel motd and ta apyceia Yo dcdoel oe xde ep-
yalopevo. Ou epyalouevol eCUTNEETONV TIG EVIOAES AVAYVWONS Xou EYYRAUPNS OTa apyEld,
onutoveyolV véa apyela, dnuoupyoLy avtiypaga A Slrypdpouy utdeyovta apyela, cOupwva
ue odnyieg mou houPBdvouy amd To GUVTOVOTY.

Meta€l dhhowv egapuoyny mou tepthapfdvovtar oto Hadoop eivon to Mahout, mou eivon pla
BuBAoU N Yo xAtoxaotun exudinon pnyavey xan e£6puén dedouévwy, to Pig, pla upniod
eTUTEBOU YAOOGU PONG BEBOUEVLY YLl TRIAANAOLS UToAOYIGUOUS, xaL To ZooKeeper, mou
etvan pla LPMAAC amédoone uTneEeaior YLor XUTAVEUNUEVES EQOPUOYES [23].

4.3 Mahout.

To Mahout eivon pio epopuoy?| ue 01dY0 TNV LAOTIOMOT KATAVEUNUEVLV 0L XALUUXWOULWY
olyopliuwy Mnyavixric Mdinone (Machine Learning) otnv mhotgdpua Hadoop. O xupt-
otepol aAyopriuol Tou Mahout yia custadomoinoy, Talvounor, xar cuvepyatxr oudnon
vhornotoVvtar oto Hadoop ypnowonowdvtoc to mhalolo MapReduce. Qotéc0 1 cuhhoyt
BBhoUnxmy auth, dev meplopiletar wovo ot eapuoyéc mou Bacilovton oto Hadoop, ahhd
umopel va ouuTEpLAABEL Xan TRoYEAUMaTA oL afloTololy éva uévo xoufo 1 plo cuoTolyia
ywelc Hadoop. Ou xupidtepeg Biaodrixee Tou Mahout elvor Bedtiotomoinuéveg wote va
TOEEYOUV XUAEC ETUOOCELS OO X0 OF UT) XATAVEUNUEVOLS ohyOpLiouC.

O arydprduot mou cuureptiopfdvovton oto Mahout agopolv xuplwg técoepic Touelg. Tny
TOPAYWYT] CUCTACEWY, €CETALOVTOG T CUUTEQLPORE TWV YENOTMV Xl TEOOTOIOVTAC Vo
Teocdloploouy amd auTh To avTixetueva Tou elvor mavd vo apécouy otoug yenoteg. T
cuotadomoinoy, 6Tou To cucyeT{OUeva avTixelpeva ogadomoolvTot. Ty talivounor, 6mou
ULV UE T 1HON XaTnYoptoTotNuéva avTixetueva, Todivouoival xon To UTOAoLTa xou TEAOC,
TO GLYVO EAEYYO TWV CUVOAWY TWV AVTIXEWEVWY, UE OXOTO TNV EVPECT] UVTIXEWEVKY TTOU
emAéyovton poll.

Y10 Mahout mepioufdveTtan pio unyoave mopaywyic oucTdoewy Tou dev Pactleton oto Ha-
doop. Autd 10 cloTnua cuoTdcewy TepLhapPavoTay TahaloTERa oty E@appogtr Taste, n
omoia evowpateinxe oto Mahout. Aoufdvoviar ol TpoTWACES TV YENOT®Y Yo Tal VTl
xelpeva xou utoloyiCovtal ol TpoTWAHoELS Yo dAAa avTixelueva. To Mahout napéyel ToAiég
EQUQHOYESC TTIOL UTOPOVY VA YENOWOTOINUOUY (GTE VO XATECHEVACEL XaVelS TOo GG TNUA OL-
OTUCEWY TOU AVTITPOCWTEVEL XUAVTERA TIC avAyxeC Tou. MeToll Twv e@apuoy®y autmy
TEQLAAUBAVOVTOL BLETLPAVELEG YLOL TOV UTOAOYLONO TNG EYYOTNTOG PETAC) YENOTOV 1 AVTL-
XEWEVWY, YO TO OYNUATIOUO YELTOVIOY YENOTOV %.o. XENOWOTOLOVTNS TG EQPUQUOYES TOU
Mahout pmopolv vo Gyedlac T00V GUOTALAUTH CUCTACEWY BAcEL UVAUNG 1) BACEL AVTIXELUEVW®Y,
aAAG TPOg TO ToEdY BEV UTOG TNEIOVTAL CUC THUNTA CUCTACEWY BAOEL LOVTENOU.

[ Ty €opuoyY| CUCTNUATWY CUGTACEWY cuveRYUTIXTS BLRinoNg Bdoet avTixeevey, oTo
Mahout mepthopfBdvovton 500 Map/Reduce viomotfoeic. H mpdtn mpoobiopiler dhor o orv-
Tixelpeva mou mopouctdlouy eyylTnTo PETa€) Toug, Aapfdver €va apyeio Tou TEpIEYEL TIC
TEOTWNACELS TWV YENOTOV Xalk Toedyel LEOYT) THIMV AVTIXEWEVGY X0t EYYUTNTOC METOEY TOUG.
H Sedtepn etvon éva xataveunuévo oo Tnua cuoTAGEWY Tou AauBdver éva opyeio ue Tic Tpo-
TIWACELS TOV YPNOTOV XU ToEAYEL AMOTEC YPNOTOY Xl Ta TEOTEWVOUEVY ovTixelpeva Joll Ue
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uior Tun mou exppdlel To PBadud mpotiunohc Toug amd to Yehotn [30].

4.4 GraphLab.

To GraphLab etvor évar Toh) Tpdo@aTo, UTE AVATTUEN TEOYPUUUATIOTIXG TANIGIO OVOLXTO-
O xOOXAL YL T BLEUXONLVGOT] TORIAANALY LAoToINoEWY adyopiduwy Mryovixie Mdadnong.
Xenowomnotel €vo HOVTENO BEBOUEVKDY TUTOU YRUPHUATOS, TOU EXTOC AT TNV AVITHEEC To-
o1 TV BedoUEVLY eExpedlel xou Tic utoloyioTixéc eCopthoelc. To Graphlab amaiidooel
TOUG YPHOTES amd T PUUULOT TOEAYOVTIMDY OTWE O GUYYPOVIGUOS XAl 1) ATOQUYY| QOUVOUEVGY
cuVinxey avtayeviopol (data race), mopéyovtag o LYo EMTESOU AVOTOEAC TACT TWYV
OEDOUEVWV UECE YRUPNUBTWY.

Hapéyer Aertovpyiec mou potdlouy pe autéc Tou mpoypauuatio ol Thaciou MapReduce.
Avéhoyn pe ™ Map hertoupyla, etvon pio Aettoupyia evnuepwoenmy (update function), n o-
molo umopel v SLoBdoeEL X VoL TPOTIOTOLACEL ETUXAUAUTTOUEVA dpy el BEBOUEVWY, UE TEOTO
mou 0pllEL 0 YPNOTNG oL TuEEYEL 0TO GUO TN TO YRAPNUA TwV dedouévwy. Ot dBidpopeg
XUTUC TAOELS TOU TPOYEUMTOC avomopio TovTton pe avdafpetor TUAOTA UVAUNG To omolo G-
oyetiCovton YE TIC OMUES XOU TIC XOPLYES Tou Yeaphuatoc. Ou Aettoupyieg evnueptoEwY
UToPOLY VoL EVERYOTOUHO0Y aVOBEOUIXE X0l VO ETULTUYYAVOVTAL UE AUTO TOV TEOTO BUVOULXO-
{ emovonmuxol unohoytopol. H hettoupyia cuyypoviogol (sync operation), eivar avéhoyn
ue tn Reduce Aettoupyia, opilel TNV OAXT) CUYHEVTPWON TWY ATOTEAEGUATLY TWY UTOAOYL-
oUWV %o Umopel vor exTeAeiton oe TeptBdhhovTa YeYdhwy eCaptrioewy. Emmiéov, unopel va
£QopUOLETOL TAUTOY POV UE T1) AELTOLEYIN TV EVNUERWCEWY.

To povtého dedopévewy tou GraphLab amoteleiton amd dVo uépn. Eva yedenua dedouévwy
xou éva mivoxa. To ypdgnuo, G = (V, E), xwdixonolel tnv utoloytotxy Soury tou mpo-
BAAUATOC X0l TIC XUTAC TUCELS TOU TEOYQPGUMUATOS TIOU UTOPOLY VO UTOGTOUY TPOTOTOLCELC.
O yerotne cuoyetilet audaipeta uépr BEBOUEVWY 1 TUPUUETEOUC UE XAUE X0opUPT xou UE xde
TEOCOVATOAGUEVT oo Tou Ypaphuotog. O mivaxag elvon xowoyenotog (shared data table
SDT), xou mepiéyel Lebyn ¥ AelBdv-Tiuoy mou cuoyetiCouy TWée xhebuoy ue ta oudaipeta
TUAUXTA OEDOUEVLYV.

Egboov ta didgpopa apyeio SEDOUEVWY UTOREL VO ETXUADTTOVTOL, 1) TUUTOYQPOVY EXTEAEOT)
TWY AELITOURYLOY EVNUEQRMONG UTOREL VoL OONYHOEL OE PAUVOUEV CUVINXOY AVTAYWVIGUOU XAl
VoL ONULOVEYTOEL AOUVETELX 1) axdua xan ahholwor Twv dedouévey. To GraphLab mapéyel
Tplor povtéha vy Ty eniteuln cuvénelag 6edopEvwy oy puIUIlouV TOW ETUXUAUTTOUEVY
HEET DEDOUEVKY UTOPOUV VU TROTIOTIOLOLVTAL TauTOYeova. To uoviélo TANPOUS GUVETELNG
eCoo@ahiler 6Tt xopla GAAN Aertoupyior dev Yo draP3dlel B Yo Tpomomolel Tar GEdOUEVA TTOU
YenotonotolvTon anéd dhhn Aettoupyla. e auTé TO UOVTEAO O TaRUAANAIOUOS TeploplleTon
OTIC XOPUYPES ToL BEV €youv xowvolg Yeitoves. To povtého cuvénelag oy eacparilel 6Tt
xoqior GAAT Aertoupyio dev Vo doBdlel 1) Yo tpomomnotel Tar BEBOUEVY TTOU YENOWOTOOVOVTAL
amd axpéC mpooxelueveg YeTadd TOUC, XAl TO UOVTEAO GUVETELIS XOPLUPGY ToU e€acPUAEL
OTL 600 eapuoletar pio Aertoupyla oe éva apyeio dedopévev, xauio dAAn Aertoupyla dev Vo
eQupUOETOL OE QUTO.

Y10 GraphLab nogéyovton eniong epyaheion ouyypoviopol mou xadopllouy Tnv TpoTEpU-
OTNTOL EXTEAEOTC TWV UTOAOYLOUGMY ot Umopel vor eaptovTon and tor dedopéva.  Ou xopu-
(PEC UTOPOVY VL AVOVEDVOVTAL TouTOypova 1 oetptoxd. H oepd ue tnv onola e@apuolovto
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oL Aertoupyieg evnuépwong otic xopupé optleton amd plor TURdAANAY Bour| SEBOUEVKY TToU
xoetton dpogoroynthc (scheduler), n omofo neptéyet pior Suvapixr Alota Leuydy xopUPHY-
AELTOVRYLOV.

Ov cuviixeg TeEpUATIONOL TOU YENOLOTIOLYTUL OE TOAAOUS ETAVOANTTXO00E oAy bpriuoug
EXUGUNONG UNY VY amatTody TN YVOOT TNG CUVOMXAC XATdoTaoNnS Twv 0edouévey. To
GraphLab mogéyet 600 tpémouC Yoo TNV aviyveuon twv cuvinxey Tepuatiopol. O meohTog
Baoiletoar 6TOV BEOUOAOYNTY, O OTOlOG BIVEL TO O TEPUATIONOY OTAY BEV UTEPYOLY GAAES
Aertovpyieg mpog extéleot). O dedtepog Bactletan 6TNV Topoy T amd Tov YeRoTN AELTOLEYLOY
Tou e€ETALOUY TOV XOVOYENOTO TVAXOL XAl THEEYOLY EVIOAEC TEPUATIOUOU OTaY 0 ahydpriog
ouyxhiver [18, 28].



Kegpdhawo 5

Emioxonnon IoagdAAniwy
ANyoplUuwy ZUVERYATIXNG
AwmMinong.

O 1ol peydhog Oyxog BEBOUEVKY XaL 1) avary X YLoL YeryopdTeen enelepyacio Toug, xohotd
avoryxokor TNV QoY LEVOBKY (OTE Vo emTeLy Vel 660 TO BUVATOY HAAVTERT HALUAHWOT)
OE UXEOTERO YPOVO exTéREONE TV alyopliuny. H epopuoyr uedddwy mapdiiniou meo-
YEUUUAUTIONOL glvon QUGLOAOYIXO var efvan TOAD BLaBEBOUEVT GTOUS ahyopliuoug cuvepyaTL-
xfg oufinong, agol autég ol pédodol Eyouv g 0ToOYO Vo emiTUYoLy ol TN Bedtiwon tng
HNUEHWONE X TN UElWOT) Tou YeOVoU eXTEAEOTC. Xe auTd To xe@dhono Vo TEpLYpapolv
eQappOoYES ahyopliuwy cuvepyatixic Siinone mou vhonolobvton pe UeVEBOUC TaPdAANANG
eneéepyaoiac.

5.1 ALS pe -A- xavovixornoinor pe Bden.

Y10 [64] napovotdletar évoc mopdhhnhog ahydprduoc tne uedodou ALS pe otaduiopévn xa-
¢ A xovovixonoinon oe Matlab. Xe xdle ypriotn xaw oc xdlde avtixelyevo avtiotoryel éva
odvuoua yapaxtneo Tixayv. O mivaxog U elvan o mivoxag mou mepléyel To dloavioUaTa Twy Yo
COUXTNELO TIXWY TWV YENO TGV, xou 0 Tivoxag M meptéyel Tar SLaVOOUOTO TWY Y ORUXTNELO TIXMY
TV avixewévey. H nopaiinionoinom epapudleton ot evuepmoels twv mvixwy U xal
M. O wivoxag twv extyuioeny R xotavéuetar 6Touc UTOAOYIOTEC TOU GUGTARNTOC UE B0
Teomoug. Mia xatovour| avd oelpeg Tou mivaxa R, dnAadr| avd yerotee xan plo avé oThAEC,
onhadr avd avtixetyeva. Kde umoloyiotic utoloyilel Tic BIX€C TOU EVNUEQMOELS TV Ti-
véxwy U xou My toe pépn tou nibvaxar R mou €yet oty dddeor| tou. T Tov unoloyioud
Tou mivaxa U, 6hot ot unohoyiotéc ypewdlovtar Tov mivoxa M, emouévae eqopudleton pia
“gather” cuvdptnon. Avtiotpogo cuufaivel yio Tov utohoyiloud Tou M. TNt Ti¢ evuep@oEeLS
v Tvaxev U xow M xdie utohoyiotrc unoloyiCel To XOUUdTL TOU TOU OVTIO TOLYEL oL UETE
epopuolovial ol “gather” cuvaptrioeic.

H anédoon tou ahyopriuou autol yeteiinxe oc plo cuctoyla unohoyloTtay pe 30 enelep-
YaoTéC PE AetToupYWod clotnua Linux, oto civoko dedouévewy Netflix, xoau to RMSE nou
emtelydnxe etvon 0,8985. O aiyodprduoc ALS-WR yeedotnxe 2,5 dpec yia vo mporyoto-
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TOWoEL TNV exnaidevon Tou wovtéhou yia 30 emavorfderc Tou ALS.

5.2 AMNydpuipog nou Baciletal oTny TEY VXY ATO-
cOvIeonNg EVVOLOV.

O alydprduog mou TEpLYpdPETUL OTN CUVEYELN EYEL TEOOEQA OTAdW, Ta omtola oty batch
kenoupyiul exteholvTon To Eva UeTd To dAho. To otddo awtd ebvar o opoupixdc k-means
UTIOAOYIOUOS, 1) XUTACKEUT] TWV BLUVUCUATWY, O TOMATAUCLACUOS TV ULV TVAXWY XAl
1 mopaywyr| v Teofrédeny. Kdlde otddo éyel oyediactel ye pla dour| UTOAOYLOUGY Oy
Baoileta o éva amd xdtw meog T Thve 6évipo. Kdlde xoufBog oe éva eninedo tou dévtpou
umopel vo exteAecTel avedpTnTa amd Toug GAAOUS xOuBoug Tou (Blou ETTESOL, AAS e€op-
Tdton amd TNV EXTEAECT) EVOC UTOGUVOAOU XOUPBwY TOL TEOTYOUUEVOU ETUTEDOU TOU BEVIPOU.
‘Eyouv Angiel uétpa yia tnv e€looppdnnon @optiou petadl Ty xouBwy. Avtl yio ) yeron
PEAYHATOC UETAUED TWV OLUPORETIXWY ETUTEDWY TOU BEVTEOL, TpayUoTOoTOlElTAL EAEY YOS EH0-
TNONG YLt TOV %XOUB0 TOU EMOUEVOU ETTEDOL, MOTE Vo LEXWVACOLY Ol UTOAOYLOUOL Yweic va
€)OUV TEAELWOEL TOUG UTOAOYLOUOUE OAOL OL xOuf0oL TOou TEEYOVTOS ETUNEDOU.

Emuniéov, 600 ot utohoyiouol oto 6évtpo xateutivovton mpog 1 piCa Tou, To TAloC TwV
x0UPwv Tou eqopuolouy Tic enavolfelc Tou k-means ehattdveTon. ‘Etol yewdvetan xat
xenon vnudtwy. o va Behtiwdel 1 yerion vudtwy e@apuoleTon 1) TEYVIXT TOU Blay kELOUO00D
0V dlotdoewy (Dimension partitioning), 6mou xde didvuopa yopoxtnetoTixdy ywelleto
oe otodepd apriud xoppatioy. o Tov uTohoyioud Tou caletxol pEcou xde xoulou
YenoyLomolo0vTaL TOANS viuaTo xou xdde Eva amd autd uToAoY(Cet Eva €00 TKV BLUCTACEWY
TOU BLAYOOUATOS YOQUXTNELOTIXWY. 1TO TEAOC e@opuoleTon uio avaywyixy Tedln ddpolong
TV UTohoyoUévwyY TWov.  H teyvin auth yenowonoeltan ota upniotepa enineda Tou
0EVTEOL OTa To dlardéouuo TAUOC TwV VNudTeY elvon peyakitepo amd To TARYOC TV xOuBwy
oToug omoloug egapuoletal o k-means.

YtV online hettovpyla? oL alharyéc ota dedopéva Tou ebvon duvatdy va cupBoly efvor 1 TEo-
oOfxn vedu BLavOCUATOS YURUXTNPIC TIXGY, 1) TEOCUTXY VEUS DIAOTAONG, Xl EVIUERWOELS
OTIC TWEC TWV OLICTUCEWY TWV UTHEYOVIWY OLIVUCUATODY. X TEOoXoORLOUEVYL YEOVIX
OLUC TAUAT TO GOVORO TGV GAAXYGY TOLU TEOXVTTOUV amocTEAOVTL Yo eneepyaoio oTa
Téoocpa oTdol Tou ahyoplduou. O ahyodpriuoc unoloyilel To utoloyioTixd Qoptio xde
o Tadiou xat avohoyixd exyweel vidato ota oTddle. Ot oddaryéc oToug xouBoug Tou 6évipou
OTUELDOVOVTAL QUTOUATO X0k Ol ETUVUTIOAOYLOUOL TpocdidovTon duvouxd oo dtardéotuo viua-
to. Me avtioTolyo 1pdno TEoyUATOTO00VTOL Ol UTOAOYIOHOL X0l OTO UTOAOLTIOL GTABL TOU

akyoplduou.

H eqapuoyn tou ahydprduou auvtol yenowonoel Posix Threads NPTL API o cuctowyia
UTOAOYIOTOV e 32 TUPNVEG X Agttoupyxd clotnua Linux. T to olvolo dedouévwv
Netflix, o ypdévoc nopaywync 1.4M npofBrédewy etvar 4.5 sec, xou RMSE=0.84. O ypdvoc
exnaldeuone tou povtélou ebvan 64 sec [36].

13t Batch Aertoupyia o adydprduoc epapudleton oe évo ohoxAnpeuévo civoho dedouévwy.
2%3tnv Online Aetroupyle, do0 epopudletor o ohybprdpoc, eloépyovol véo dedouéve 6To Loviého.
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5.3 AAlyopuduol cuctadorolinong.

5.3.1 BeAtiocTtonomnpévog XATAVEUNEVOS aAYOpLidpog e Bdo
TN cucTadonoino.

210V ahyopriuo auTd YENOUWOTOUVTOL ¢ VARATY avd xXOUo, Ta omolo OT GUVEYELL avo-
gpépovtan ¢ 11,1y, ..., Te. O alydprduog ypeerdletan tov mivaxa A Twv exTiunoewy pe m
YoouUES ot n GTHAES, Evar ur) undevixd mivaxo W, to Ao Ty cusTddny avd oetpéc [ xa
10 TAHYOC TV CUGTABWY avd GTHAES K, xou utohoyilel TNy Tomxd BEATIO TN cucTadoTolnoT
(p,y) o Toug PEGOUC TWY GLGTEBWY avd GTARES ASE 1wy ouoTddwY avé Yoouuéc Aﬁc el
v ouotadonooewy ASPC

Kde xdupoc p hopfdver my, = £ Yoo xou ny, = - oTAAES, 6mou By ebvan 10 ouvohixd
mAfdoc Twv xOuPwv. To viuato xdde xéulou p Aopfdvouy to xadéva amd my YEUUUES XAl
Ny OTHAES, OTIOU My = % XOUL My = n—cp

Kéde viua T; apywornowel tuyaia wo ouotadornoinon (pf,~7). To vhua T cukkéyer 6ho
o adpolopota xon ta Béen (SE, S]C, WE, W]-CW,j) amb ToL GAAOL VAUATO YENOULOTOLOVTOG
™ poutiva MPI_Allgather. 'Ok tor vAuotar unoroyiCouv Toug HEGOUS OAWY TWYV YRUUUMY
xou oTnhav AR xou AJC. To viAuo T1 ouyxevtpdver Oho tor (pP) xou T GUVEVAVEL YLt VoL
dnuovpyrioel to (p), Onhadt| To Bardud GUUUETOYTC TV GELROY GTN GUCTEdA.

‘Oco 1 tur Tou RMSE 6ev cuyxiivel oto emtpentd clpog GQIAUNTOS, To VAUNTAE GTOUC
xo6uPBoug urohoyilouv ta e€NG:

o To viuata 15, ..., Tr unohoyllouy TOUC UECOUC TNC HERPWXTC CUVELC(QORAS GTNY XoTd
YeuuUES cuoTadoTolno Afjc xou To vipa 11 yenowwornowwvtog MPI_Allgather utolo-
Y{ler o Bardud cuppeToyic TWV GTNAGY 6T CUCTAdA, CUVEVGYVOVTIS To (VP).

o To vAuata Th, ..., T, umohoyilouv TOUC YECOUC TNG HERPXAC CUVELCPORAS OTNY XoTd
oTAEC cucTadoTolnoT Al-chc xou o vipa T yenowornowwvtog MPI_Allreduce unoho-
Yilel Toug cLUVOAXOUC UECOUC TNE GLUCTABOTOMONG XOTA YEAUUUES Aﬁ?.

o To vApata Th, ..., T, uToAoYI{OUV TN GUVELGHPORH TWYV TOTUXWY YEUUUMY XAl OTNAMY OTA
adpoiopara xou ta Béen e ouotadonoinong. (S5OC, WEOC). To viua Ty uroloyilel
TOUC U€COUC TNG OAXC cucTadoTnolnong Aﬁc.

e To viua 71 utohoyilel Ta adpolopara xan to fépn tne custadornoinone (SCOC, WO0)

xou utohoyilel 1o A99Y. Taundhoina vipata unoroyilouy toa AR(4, 4, g) xon A9(4, 5, h).

o 'O\ Tal VAUTA EVIUEROVOUY Ta pP EVIUEQOVOVTUS TEWTA TOV AR(i, J» g) Y€ ToUC P€souC
NG oucTadoTolnoNg Xou TaEdyouy Tov Tivoxo Ajj.

e To vAua T} ouyxevtpmver 6ha ta (pP) xaL To GUVEVAVEL Yla Var ONutoupYhoet To (p),
onAaoY| To Pordud GUUPETOY NS TV OEW®Y 6T cucTdda. Tao umdhoira vAuaTo EVrue-
POVOLY ToL VP EVIUERWVOVTOS TEMOTA TOV Ac(z’,j, h) UE TOUG UECOUS TNG CLUCTABOTOM-
ONG %ol TOEdYoUV ToV Ttivaxa flm
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O ahyobpriupoc autodc doxpdotnxe oe évo abotnuo Blue Gene/P ue 1024 x6ufBouc yia 1o
olvoho dedopévwy Netflix xou ypewdotnne ypdvo exmadeloewe Tou poviéhou mepinou 6
deutepohenta, maphyorye 1.4M mpoBiédeic oe 2.5 sec xou RMSE nepinouv 0.87 [37].

5.3.2 Xvotadornoinorn ue yerion MPL

Y10 [20] meprypdpeton évag ahydprduoc Tou TouTtdyeove BNUOURYEL TIC YELTOVIES YpNoTMY
XL OVTIXEWEVLY xou Tapdyel Teofiéelc Bacllouevos oTIC TWES TWV UECKY EXTIUNOEWY
TWY YEITOVIOY cuoTadonoinong, Aaufdvovtag umogny xar o EEYWELOTA YAUPUXTNELOTIXG TGV
YENOTWY XU TV OVTIXEWEVGY.

O akydprduoc mpaypatonoelton o tpio otddle. To mpwTo elvar 1 ooty extaldeuon xotd
Vv onola YiveTow 1 GUGTABOTOMNCT XU O UTOAOYIOUOS XATOWWY CTATICTIXWY GTOLYEIWY TOU
yenotonotolvton otic TeoPAédelc. To deltepo elvan ot mpoPiédelg, mou npooeyyiCouv v
Gy veoTn agLOAOYNOT YENOWOTOLOVTAS Tol GTATIOTIXG o €y0uv uTohoytoVel, xou Teito, N
oTad Y| EXTOUOELCT) AT TNV OTolol EVIUERHVOVTAL To OTUTIOTIXG BACEL TV ELOEPYOUEVWY
EXTIUNOEWV.

Ye xde enavdhndn tng cuctadonoinong teaypatonotolvTon Teelc evépyeieg. O umtoloylouog
TV PECWY TYOV TWV TIVIXWY, O OYNUATIOUOS TWY GUCTIOWY ovVE YOUUHES XL O OY NUATIONOS
TV 6LOTAdWY avd othiec. H mapahhnhomolnon tou otadiou Tng cucTadoroinonong yiveTtal
HOoLEdLOVTOC TIC YRUUUES XAl TIC OTAAEC OTOUC EMECEQYAOTES €TOL WOTE O OYNUATIOUOC TWV
CUOTABWY VAL YEOUUES xan ovd OTHAES var Yivetan Towtdypova. Lo Tov unohoyloud twv
HECKY TWV TIVAX®Y, oL BLdpopot enelepyaoTés utohoyilouy €va UE0OC TWV UTOAOYLOUMY ol
TOL ATMOTEAEGUATO. GUVEVIVOVTAL.

O mivaixeg o o OTATIOTIXE TTOL €Y0UY UTOAOYIO TEL XUTAVEUOVTOL GTOUG OLd(POpoug EMELER-
Yaoég v amovfixeuon. ‘Otoav {nteiton véo extiunomn evog avtixeiévou p; yio €va yerot
Ui, O EMECEQYACTAC UE TO POAO TOU GUVTOVIO TY| TPOCBIOPILEL TEMTA TIC CUG TAGES OTIC OTOlES
AVIXOLY TO AVTIXEIUEVO Xo O YEHOTNG %ol amod{dEL TO TN TNG EXTUNOTE TOU AVTIXEWEVOU
o€ évay epYaloUevo enelepYao T Tou €yel 6T Blddeoy| Tou TIC XATIAANAESC CUOTABES. Y€
TEPIMTWON VEOU YENOTN 1] VEOU AVTIXEWEVOU, O GUVTOVIOTHAC TOUC OVTIOTOLYEl OF XATAAANAN
oL TAdA xou 0ptlEl TOV XATIAANAO EpYAUlOUEVO YLl VO EXTEAECEL TOUC UTOAOYLOHOUG.

[oe v o€loddynon tou adyopiduou autol yenotuomolfinxay o OVORA BEBOUEVWY TNG
MovieLens xou tou BookCrossing [39]. O ahydprduoc vionothinxe ot yhwooo C++ e
xenon g denoapric MPI xaw exteréolnxe oe cuotolyio utohoyiotev e 256 emelepyaoTéc
xou Aettovpyixd outnuo Linux. H axp{Beta twv mpofrédewy petprinxe ue yeron tou MAE.

5.3.3 Xvuotadonoinon pe yenon tns PiPAodrixng DataRush.

‘Evog axépa mapdAiniog akyoderduog mou Bacileton 6Tn ouctadonolnom yio vo TapdyeL Tpo-
Bréerc twv oEloNOYROEWY TV avTIXEWEVKDY TEpypdpeTon oto [13]. Etnv ulomoinon outh
ONULOLEYOUVTAL OLOYPAUUOTA POTIS DEBOUEVGY TOU EXTEAOUVTOL TopdAAnAc. Evor dudrypopuo
P01 BEBOUEVLY YenoyloToLleiton yia T dnutoupyio Twv yertoviwy custadoroinong. Tao dedo-
uéva ywetlovton oe TOo0 Y€ 6o0L Xou ol dlardéaiuol Tuprves Tou cuc THaToc. Kdie tuprvac
eneéepydleton Tar BEBOUEVA TOU TOL AVTIGTOLYOUV ol UTOAOYICEL Tar amapaiTnTo OTUTIo TN
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ototyelo. Ye xde emavdindm ouyxpoteiton xan exteieiton vEo SLdypouuo ONC BEBOUEVGY
xou ot emavohfeic ouveyiCovton péyetl 1 oddoyr) oto RMSE va efvan pixpdtepn 1) fon ue to
xatdeit 1 x 1078,

[ v mapaywy | Tov teofBiédewy dnuovpyeiton dhho Bidypauua porg 6edouévmy. Kdle
Tuprvag LToAOYICEL Tic TEOBAEPELS avdhoya UE TO av O YPHoTNG Xt To avTixeluevo elvon véa
0TO GUCTYUO.

O olybprduog autdg yia Ty Tapakknhonolnon yenotuonotel T BiBAloUrpen xan unyovi| porg
oedopévwy DataRush mou xotaoxeudlerl xon extehel Siorypdupoto pofic dedouévwy ot Java.

Ye cbotnua 6Vo teTpanlpnVwy eNELERYUOTOV YE AettoupYxd cbotnua Windows, urtolo-
yioUnxe axpifen mpoPréhewy RMSE = 0.88846.

5.4 Alyopuol BacloUEVOL COE TEOYRAUAUXATIOTIN
nAolola.

Hpobogata napatnpsiton Evtovn Tdom avdmTUENG EQUEUOYOY EXUIINCTC UNY VKDY UE TN YeHoN
TEOYPUUUATIO TIXWY Thatoiwy 6mwe To Hadoop xo to Graphlab, mou dieuxolivouy v ma-
cahAnhoTolnoy %ot GTOYEVOLY OTNY ENMEEEPYUOIO UEYEADY GUVOA®DY BEGOUEVWY. TN GU-
VEYELN TNG EVOTNTAS QUTHS TERLYPAPOVTOL TETOLES EQUPUOYES TapuAAnAoTolnong alyoplduwy
cuvepYaTXhc OLUnoTe.

5.4.1 ANydopripog cucTdoEWY BACEL ¥ENOTWY GTO TEOYEXA
poatioTixd nAalcio Hadoop.

To Hadoop [23] etvon évor avolytol) x@Oixo AOYIOUIXG TOU ETUTEETEL TNV XUTUVEUNUEVT| ETE-
Eepyaoio UEYIAWY GUVOALY BEBOUEVWY UEGE GUCTOLYIWY UTOAOYIGTWY YENOULOTOLOVTAS EVa
amAO TEOYEOUUATIOTIXG UovTéLD. Metall dAAwY TepthauBdvel €va xaTaveEUnUévVo oo TN
opyelwv (Hadoop Distributed File System HDFS), to mhoioio MapReduce yio xortoveun-
uévn enelepyasio UEYIAWY GUVOAWY BEBOUEVKY GE UG TOLYEC UTOAOYIGTOY, TN BBAloUxn
Mahout ytar 3AMUOXOTES EQUPUOYES EXUGINOTC UMY VGV (machine learning) xou elopuing
dedopévwy (data mining) xou to mhaicto Pig mou eivor o uPnhol emmédou yhdooa porc
OEDOUEVWYV VI TUPGAANAOUS UTIOAOYLOHOUG.

To mhaicto MapReduce vhomotel toug unohoyiopolg oe 600 @doeg, 1N @don Map xou
@don Reduce. Ytnv mpwtn haufdvel €va oUvoro dedouévmwy e T pop@t (EUYwY xke@i/nwﬁ
xou Topdryel Wio €€odo Lelywy ue v B popgt|. ‘Oheg ot Twég mou oyetilovton pe To (Bo
xhewi ouadonotolvTon. 3TN @dorn Reduce eioépyovton ov Tipég mou oucyetilovton e éva
xhewdl, xon to el O Tipég ouyywvelovtar xar oy NUatiCouy Eva IXEOTECO GUVOAD TIIMY.

H npwtn @don tou akyopliuou cuvepyatxrc duinong elvor o SLopolpaodg 1wV BEBOUEVLY.
Anodnreletou o aprdude Tou yerotn userlD oe Bidpopa apyceia, 6Tou xdde oeLRd AVTIoTOL-
xet oe dhho yerotn. Autd ta dpyela yenowonowlvTon ooy dedoyéva otn @don Map. H
mhatgpodoua Hadoop urohoy(let tic anautrioeic Tou akyoplduou oe uviun xon oy dtadétel Toug
amopalTnTouC TOpous Lextvdel évay mapper. O mapper 6wfdlel To apyelo avd oeipd. Aay-
Bdver Tov apriud oelpdc ¢ xhewi xou To userlD mou avtioTolyel o aUTH TN CEWRd Gy T
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Trohoyiler Ty eyyUTNTa TOU YENOTN UE dAhOUC YPNOTES Xt TEOGOLORILEL TOUC EYYUTEROUC
Tou. Trohoyilel otn cuvEyeta Tic TEOPBAEYEIC TV allohoyrioewy avixewévey. H tiun use-
rID xon ou mpoPrédeic etvan tar Lelyn xhewdlov /tunc mou Ya yenowononody atny enduevn
@dor. 31N gdon Reduce ta€ivopolvtar ot Moteg cuotdoewy avd YproTn xou anoUnxedovTo
070 GUGTNUO APy ElWY.

Yto [63] vionoteiton o mopandve ahydprduoc cuvepyatixic dipinone Bdoel yenotwy oto
Hadoop. H vionoinon tou ahyopiduou mooypatonotiinxe oe 9 dimdpnvoug UTOAOYIGTES [E
Aertoupyixd clotnua Linux, yenowomoimviag to cbvolo dedouevoy Netflix. Metprinxe n
ETTAYLVOT Yo BLdPopa UEYEDT) TOU GUVOAOL BEBOUEVLYV.

5.4.2 ANyoprdpog cuocTdcEWY BACEL AVIIXELUEVEWY CTO TEO-
Yeoppatiotixd ntAhaiocwo Hadoop.

O olydprduog cuvepyatinhc SLAUNONG BAOEL AVTIXEWEVWY TTOU TEPLYRAPETUL OTH CUVEYELN
xenowornotel Ty uetpw| ey yUuTnTag Pearson xou mapdyer tic mpoPAédeg unohoyilovtog

peomn extiunon Tou YenoTn PE Yeron Papwy.

Y1ov ahyopriuo autd To Telo uépn UE TO UEYUAUTEQO UTOAOYLOTIXG XOGTOC dlarywpeilovTo
oe téooepic MapReduce gdoeic. O vnohoyioudg tng péong extiunong yio xdie avtixeiuevo
umoloyileton otnyv mpdtn MapReduce @dor, o utoloyiouds tng eyydtntoag petald (euyov
avTEWEVWY untoloyleton otr devtepn) MapReduce ¢don xow 0 UTOAOYIOUOS TwV TEOPAE-
TOPEVWY a&LONOYNOEWY Yo Eval yerioTn Tpayuatormoeitar oc 600 MapReduce otddio. Xto
TEMOTO dNUtovEYElToL 0 Tvaxag Tou TEPLEYEL TIC TYES EYYUTNTAUC Xou 6T0 0eUTEPO LTOAOYICOV-
Tou ot mpofiédelc. Ta dedopéva pe (Blo userID 1 (dio itemID ovardétovton oTov (Blo mapper
xou reducer.

To netpdpata extehobvton ot o cusTolyla TELWY UTOAOYLO TGOV OOV O €vag avahauBdveL To
eolo Tou cuvtovio . ' To cUvolo dedouevewy MovieLens pyetpdton 1 emitdyuvorn Tou oh-
yoplduou. Ye xdie x6ufo extég Tou cuvTowio T utoc Tneilovton w¢ xou tévte MapReduce
pdoeig [25].

5.4.3 BiBAodnxn avoiytod ®oxa Yl CLUVERYATIXY OLROT-
or oto GraphLab.

To GraphLab etvor éva togdAAnAo meoyeouuaTioTind TAAGLO avoly To0 X@OIXA Yio TOV XAJD0
e Mnyaviic Mddnone. Eyel ¢¢ 0toy0 10 o)edlooud o TNy uloTolnorn amodoTixmy
TS NAwY aiyopiduwy. Tlapéyel Aettovpylec nopduotec pe tn MapReduce xou emtuyydvel
udmhot Baduol emdboeic oe TopdAinhous akyopriuoue [18, 28].

Yto [58] meprypdgpovton Bidexa olyopriuol cuvepyatixric dtiinong xou mapovotdletar 1 o-
T600CT TOUG, YPNOWOTOLOVTUSC TO TUPdAANAO TpoypauuaTioTixd Thaicto GraphLab. Arné
Toug ahyopriuoug autole, o ALS, wALS, SVD++, PMF, BPTF xou SGD cuunepthoy-
Bdvovton oty avorytol xwdtxa BiBAodNxn cuvepyatinig difinong Tou GraphLab, mou etvan
Srondéaun oo [18].

[Motn pOduon Twv TOEaUETEMY TV aAyoplUwY Xt T UETENCT TNS AmOB0GY|C TOUS YN OLUO-
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TOLAUNXE Lot GUGTOLY (ol TEGGEPWY OXTATVENVWY UTOAOYIG TMY XS XAl O UTEPUTOAOYLO THG
BlackLight [5]. Metphdnxe to RMSE xou 1 emtdyuvon tng noapdning ulomoinohc touc.

5.4.4 ITlapdAinieg mpooeyyloeslg Tou alyoptduouv SGD.
5.4.4.1 O aAyoprdpog SGD oe otadepd cOVOAO BedOUEVWLV.

O aryobprduoc SGD umopet va maparinhonomniel xatavépovtag To @épTo cpyasiag ot d eme-
Cepyaotéc. O mivaxog twv extyuioeny R ywelleton o umonivaxeg xon autol xaTaveéuovTaL
oTou¢ eneCepYaoTEC. ATUioupyolvTol SLpORETIXE GUYOAX UTOTLVAXWY ET0L (OTE xdUE UTo-
VXS EVOG GUVOAOU VO UMV ETUXOADTITEL TIG YROUUES 1) TIC OTHAEC TWV GAAWY LTOTUVAXWY
ToU cuvolou. Me autdv Tov TEoTO GTav oL Siepyaciec epydlovion o€ €va GUVOAO UTOTIL-
VIXWY OEV TRUYUOTOTOLOUVTOL OVTLXPOUOUEVES EVNUEPMOELS Tou akyoplduou. Ta clvola
UTIOTIVAX WY TTOU BNLOVEYOUVTOL TEETEL Vo xahUTTouy 6ho Tov mivaxor IR xan va ebvon Eéva
uetoCV Toug. ‘Evag enelepyaothc avoroufdvel To pOho TOU GUVTOVIOTY| X0t OL UTOAOLTIOL TNV
eneéepyaoia TwV BeBOUEVLY.

O alydpriuog vhomo|inxe ue yerion MapReduce oe pio Hadoop cuctouyia 40 x6ufwv, dmou
xordévog amd autolg Slodétel 600 TETEATOENVOUS ETEEERYUCTES, Yo TO GUVOAO OEBOUEVWY
Tou dtarywviopol Netflix xou yeteRdnxe n xhwdxwon xaw n emtdyuvor tou. [19]

5.4.4.2 O alyoprdpog SGD yia cuveyn por) ScdoUEVWLYV.

Y10 [34] meprypdgetan 1 TapdAAnkn ulonoinon tou akybprduov SGD i cuvey por| Se-
douévov. T vo emitevydel 1 enelepyaoia TV BeBOPEVLY xoddS auTd xaTapidvouy GTo
VO TNUA, TPOCUPUOLETAL O GUVTOVIGTAC ETOL (WOTE VoL avard€TeL BuVoIXd 0Toug EpyalOUE-
voug Toug umomivaxeg xon Oyt Bacilouevog oe mpoxaoplouéva cUVola utomvxwy. Kde
epyalduevoc amotnxelel poévo ta dedouéva ta omola Yo emelepyaotel, xou 1 eudivn Tou
OLIUOLEAOUO) WOTE VoL U1} TEYUUTOTOLOUVTAL AVTIXQOUOUEVES OVOVEWOELS, AVAXEL UTTOXAEL-
OTUXE OTO CLUVIOVOTY. XE AUTH TNV uloTolnor Bev UTdEyEL CUVITXY TEQUATIOUOU, APol O
alyopripog cuveyileton 600 eloépyovtal SEBOUEVE OTO GUCTNUN GUC TACEWY.

O olydprduoc vhono|inxe pe to Hadoop MapReduce mhalolo mapodinhonoinong xou e
T0 TAcfolo Storm Tou TEAYPATOTOLEL XUTAVEUNUEVOUS UTOAOYIOUOUEC OF POEC BEBOUEVWLYV.
Metphinxe To RMSE yia to 6Ovoho dedouévey tng MovieLens.

5.5  2uVonTixY TapoLciaoT TWY TAEAAANAWY AAYO-
clduwy cuvepyatinng SLRUNOoNg.

Hopamdve Teprypdgpnxoay TapdAANAeg uoTotnoel ahyopliuwy cuvepyatixg difinong. XTig
UAOTIOLACELG QUTEC YpNoloToLunxay SLlapopeTinég TeyVohoYleg yioo TNy moapoAiniomnoinon
%o OLopOEETXE GUYVOAY BEdOpEVWY. Enlong, n anddoor twv olyoplduny extiudtor ue yeron
OLLPOPETIXAY UETEIXWY. 1ToV Tivaxa 5.1 mapouoidlovton oL TeyVoAoYieC Xt Ol UETPIXEC TOU
yenowotnotunxay oe xdie ahyoprduo. Ta cOvola dedouévev Tou yenooro\inxay oe



50 Enwoxénnon IHoapdhAAniewv Alyopiduwy Yuvepyatixre Awinong.

x&de vhomolnon gaivovtor otov mivaxa 5.2. Autd Tou yenolonolovvToL TEPLOGOTERO Efval
10 6UVoLo Bedouévny Netflix xou to cOvolro dedouévev MovieLens.

Ahyobprduoc Teyvohoyio MeTpuxeg
ALS weighted-\- regularization Matlab RMSE,Xpdvoc
ALS,wALS,SVD++, GraphLab RMSE,Emtéyuvon
PMF ,BPTF,SGD
Concept Decomposition Pthreads RMSE,Xpdvoc
Co-clustering 1 MPI,OpenMP RMSE, Xpdvoc
Item Based Hadoop Emtdyuvon
User Based Hadoop Emtdyuvon
Co-clustering 2 Pervasive DataRush, RMSE
Hotspot JVM
SGD data stream Hadoop,Storm RMSE
Co-clustering 3 MPI,C++ MAE
SGD batch mode Hadoop Khwdxwon, Emtdyuvon

Hivocag 5.1: Toapddhnhor ahyodpriuot cuvepyatinic dujdnorng.

Alyobprduoc

YOvoho Aedouévnv

ALS weighted-\- regularization

Netflix

ALS,wALS,SVD++,
PMF,BPTF,SCGD

Yahoo Music

Concept Decomposition Netflix

Co-clustering 1 Netflix
Item Based MovieLens

User Based Netflix

Co-clustering 2 Netflix
SGD data stream MovieLens

Co-clustering 3

MovieLens, Bookcrossing

SGD batch mode

Netflix

[ivoxag 5.2: LOvolo BEGOUEVKDY TOU Y ENOLLOTOLAUTXAYV.



Kegpdhouo 6

O AAyoewpuoc Slope One

Mio and Tic o TOAUYENOULOTOINUEVES OLXOYEVELES ahyoplduwy yiar cuvepyatiny| duidnon
elvow ou slope one oAydprduot. Ot odydprduol autol yenotuomololy uedddous cUVERYATIXNC
oufinong vy Ty Topaywyr cuoTdoewy, Bacléuevol 6TV aviixeluevo mpog avtixeiuevo
mpoceyylon. Ou slope one akydpriuol anotélecay nedlo pehétng xon yenowonotfinxay g
uéco yr ) Bedtionon dAAwy alyopldunmy, oyt uévo efoutiog TG amAOTNTAC TOUG, ohAd ol
NG ATOBOTIXOTNTAS Xou TN axpBeldc Toug, 1 ool cuyxplveton ue oty o TEp{TAOXWY XA
UTOAOYIGTIXG Y eOVOBOEwY ahyopliuwy.

To Bacixdtepa mAcovexTAuaTo TwV slope one uedddwy etvar 6T 1) eapuoy ) Toug ebvon EOXOAT,
1 EVNUERMCT) TV BEBOUEVWY TOUG Ebvan E@ixTd va yiveTon duvaixd, elvon amotehecauaTixol,
TOEAYOVTOC YR YORA CUGTAGELS, XOU OEV AMULTOUY TOAAY omd TOUC VEOUC YPHOTES TOU OL-
CTAUATOC CUGTACEMY. AXOUO X €VOC YeOTNG UE AlYEC EXTIUNOELC UTOREL vor AdBEL €Y xUpEC
ouotdoelc. Emmiéov, n anddoor toug eivon cuyxpiown pe auth dhhwv yedodwy. ‘Etot,
xodloTortar amapaitnTn N TEpETUlpw UEAETT TOUC.

Ye autéd To xepdhato Va meprypapel o olydprduog slope one xar ot Baocxéc LAOTOLACELS
Tou. BOu Yivel AvaoAOTNOT TOV TEOCPUTWY UAOTOLACEDY ToU ot Vo TopouctacYoly ot
Yo cuyxprdolv dbo mapdAinieg uhonoioelg Tou. Mia e yerion tou openMP xon wid pe
Tawtdypovn yeron openMP xou MPIL. Téhog, Yo napouciacoly xaw Yo oyolaciodv to
ATOTEAEGUATO TWV VAOTIOLAGEWY QUTV.

6.1 Ilepiypapr, Tou alyoplduou xau TwV OLdPopwY
EXO0Y WV TOL.

O akydprduoc slope one opilel avd {ebyn Toco 6 apecTod eivon Eva avtixelyevo o oyéon
ue éva dhho. T va umohoyiotel oty 1 Slapopd Evag tpdmoc elvan vor aarpedel 1 péon
eXTIUNOT TV 000 AVTIXEWEVKY X0l OTN CUVEYELXL Vo yerotuonotniel yio TNV TpoBiedn twv
EXTWACEWY €VOG dANoL Yerotn. o mopddetypa, 6mne galvetar otov mivaxa 6.1, dedouévwy
oLo yeNotov A xou B xan 800 avtixeévey 1 xo j, 6mou o yerotng A €yet extiunoset xof To
0Lo avTixelpeva evey o yerotne B povo to i, n mpdPAiedn tne extiunong tou yerotn B v
T0 avTixeluevo j yiveton unohoylloviac T Slapopd TV EXTIUACEWY Yo To. 5600 avTIXEUEVY
Tou Yot A, difa,_, =ra; —Ta, %0 TEOCVETOVTIAC TNV OtV ExT{unomn tou yphotn B yix
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0 avixeluevo i. Onote, pred(B,j) = rp, +difa,_,

Ttems
Users

A Ta, .- T’Aj

B rp, .- ?

ITivancag 6.1: Tapdderypo yior tov ahyoprduo Slope One.

'Etot, o ahyopriuoc slope one yio vo mopdryel medBAedn tng extiunong evog avTixedévou
amo éva yerotn haufdvel unddny xar TANEoQopieg amd GAAOUE YPHOTES TOU £YOLY EXTIUNOEL
70 (B0 avTixelyevo, OTwe xou 1 PEY0B0S TEOCUPUOCUEVOU GUVNULITOVOU BACEL AVTIXELUEVW®Y,
OAAGL %ot TIG UTTOAOLTIEG EXTUINOELS TOU YENO TN YLt AL avTIXEIUEV, 0TS O akydpripog Bdoel
uéone meoBhedne yenotn. LTic TEoPAEYELC ELOdYOVTAL UOVO OL EXTIUNACELS TV YENOTWY TOU
€Y 0LV EXTNOEL XATOLAL XOWE aVTUIXELUEVA UE TOV YEeNOoTH Yo ToV oTtolo TapdryeTal 1) TeOBAEd
X0l UOVO Ol EXTIUNCELS TIOU EYEL XAVEL O YENOTNG AUTOC.

Aedou£VoL EVOC GUVOROL BEDOUEVWY EXTUUDEUOTC X %tk 500 OVTIXEWEVEY | X0l 1 UE EXTWIHAOELS
ovTioTOLY o Uj XAt U; OTO GUVORO TV EXTIUACEWY VOC Yphotn u € S;,(x), N uéon andxhion
NG eXTIUNONG TOU AVTIXEWEVOU 1 GE GYEOT UE TNV EXTIUNGY] TOU AVTIXEWEVOL j Olvetan amd
Tov TopaxdTe TOTo, atov onofo card(S;;(x)) evar to TAYoC TV GTOYEIWY TOU GUVOLOU

Sj,i(X)'

o
dev;; = - J "
Ui D 0]

1€855,4(X)

Me awtév tov TpéT0 uToAOYICETOL UOVO Uld POEE O CUUUETELXOC THiVaXaC ATOXAICEWY, 0 OTolog
elvon TOAD €0%0A0 VoL eVuEpWUEL UE TNV ELCUYWYT| VEWY 0edouevey. E@dcov dev;; +u; etvan
war TeOBAEdT Yo To u; BeBoPEVOL ToU U; , EVaL XARG XEITHELO Yo TNY TEOBAEdN EXTIUNCEWY
elvor vou yenowomondel 1 Yéomn Tiun Ohwy auTOY TV TEoBAédewmy:

card Z devy,

ZERJ

pred(u, j) =

omou R; = {ilj € S(u),i # j,card(S;i(x)) > 0} elvar 10 00vOrO OAOV TOV OYETHMY
avteévwy.  H mpofiedn yia apxetd muxvd cOvoha Sedopévwy, oto omoio loylel 6Tt
card(S;i(x)) > 0 yw éha oyeddv To i o j, Onhadh to TARloC WV GToLYEiY TOU GUL-
VOAOU S TV EXTWACEWY YENOTWV TOU TEQIEYOLY TAUTOYEOVA EXTWACELS ol yiot Tor U0
avTIXElUEVOL 1 xan j, yior OAo oYEdOY T 1 xan j amAoToleltan 0Tov TopoxdTte TUTO :

predn ) =+ s 3 e
zER

H mpoBhedm auth| dev edoptdtar and To TS 0 YeHOTNG EYEL EXTIUNOEL BLdpopa avTIXEUEVA,
ARG a6 TN UECT) EXTIUNOT TOU YPNOTN ot amd Tor avTIXe{Ueva Tor oTtolal EYEL EXTWUNOEL.
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Mia dhhn uhomoinom autold Tou akydprduou yivetow AauBdvovtag Lddny, exTOC amd TA
avTIXElPEVA TTOU €YEL EXTIIATEL O YENOTNG, %o TO TARUOC TWV TAPATNPOVUEVWY EXTIUNOEWY
Y xde avuxetyevo ¢;; = card(S;;(x)) ,onéte n medPredn yio tnv  weighted slope one
Hop@Y| diveton améd Tov e€rig TOTO:

ZieS(u)—{j} Cji

pred(u, j) =

'Etot, av éva {edyog aviixeyévmy €yel extiuniel and neplocdtepous yenoTee, tote Va €yl
XOUL TG ONUAVTIXG poho 0TS TEoBAEELC amd éva LebYOC AVTIXEWEVGY ToU EYEL eXTIUNVEL amo
ANy OTEQOUS YPNOTEC.

Emunicov, elvon Suvatd vo dlaymeloTel 10 GUVOAD TWV EXTIUACEWY EVOC YPAOTY OE QUTES Yo
ToL OV TIXELPEVOL VLol ToL OTOloL O YENOTNG EYEL DOOEL EXTUNOT UEYANDTERT) OO ULAL CUYEXPUIEVT|
Tr), ONAadT) €vor GUVOAO UE TIC EXTINCELS Yol ToL AVTIXEUEVA IOV 0PEGOUY GTO YENOTH), XAl
€VOL Yol TIC UTOAOLTEG EXTHINOELS Yol Tar avTixelpeva Tou dev tou apécouv. Etot opiCetan to
dimoho ( bi-polar) oyfua tou akyoplduou, To omolo dune TEoBAEEL udVO oy Evar AVTIXEIUEVO
Vo apéoel 1) Oyl 6T0 YeHoTH, Ywelc va divel Evoelln yio To T6co Vo Tou apéoeL.

Or mpoPrédeic ywptlovtar o BU0 Yépn xou YENOWOTOLELTOL (¢ XATOQAL EVag apLIUdS, OTWS
10 péco e Padporoyinhc xhipoxag Ty altohoyfioewy. To aviixelyeva tou 1 allohdynot)
TOUG Efvol HEYUAUTERY OO TO XUTOPAL Yopax TNEILOVTOL (G UPECTA, EVEM ToL UTOAOLTA KOG UN
apeotd. H yédodoc auth Yo mopryorye xahd anoteAéopato oV oL aEloAOYACES TWV YENOTOV
HTOY XUTOVEUNUEVES OUOLOUORPO OTO EVEOC TN XAloXaS Twv aZlohoyhoewy. T vo unopolv
VoL UToGTNEL W00V OAEC Ol XUTNYORIEC YENOT®Y, EPUPUOLETOL GOV XUTOPAL 1) UECT) T TWV
a&lohoyhoenwy xdie yehoT.

O By wpetopog Tou xde yenotn ot 500, GOUPEWVIL UE TIC TEOTWHACELS TOU, ETLPEREL TO OLTAo-
OGO TOU GUVOAOU TWV YENO TGV TOU GUCTHUNTOS. 20T000, oL Teploploiol Tou egupuélov-
Tow amd TO B{MOAO Gy AU, UELDOVOLY TO GUVOAXO TAHDOC TV EXTIUACEWY oL YEeLd(EToL Vo
oupneptAng@dody 6Tov uToloytoud Twv TEoBAEPEwY [27].

6.2 Weuboxwoxag Xl YeOVOog EXTEAECTS.

Algorithm 1 Weudoxdhdixac tou Slope One.

Require: R = {ry,,} { The set of ratings}
for k=1—mdo
fori=1—ndo
for j=1+1—ndo
dllfj’i =TTy
count;; < {number of users who rated both items}
d@'Uj’Z' — Z Mifpi

count; ;

end for
end for
end for
return P Prediction
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Hoapouctdletar €8¢ 0 Peudoxddxac, yior n avixelueva, m yeroteg xou N extunoec. o va
Eexwvroel o alybpriuog Tpoamouteiton 1) TE0POdGTNCY| Tou e Tov Tiivaxa R, o omolog mepiéyel
TI¢ 0a&LOAOYHOELC TTOU €Y 0LV BWOEL Ol YENOTES YL To AVTLXELUEVA TOU GUGTHUITOS GUGTACEWY.
[a %&de ypriotn xou yio xde avtixeluevo, urtohoyilet yior Gha Tar uTOhoLTaL avTixelueva T
OLopopd TwV ACLOAOYHOENMY TOUG, UETEAEL TOoOL elvon oL ¥EHOTEC TOU €)ouV OELOAOYTOEL
xou Tar Vo avtixetueva, xou utohoyilel T péon amdXAoT TV BLPORHY TV UZIOAOYCEDY
TOUC. XT0 TEAOG, yenowonotel 6o €yel uTtohoyloel yio Vo Topdyel TV TEOBAedn Yo TNV
a&loAbYNoT Tou (NTOVUEVOU AVTIXEWEVOU OO CUYXEXQUIEVO YEHOTT).

O uTOAOYIOUOE TOV BLIPOP®Y TV UECWY EXTUNCEWY Yo Xdle (elyog avTIXEWEVGDY amanTel
70 TON) mn? Bruato. H avavéwon twv anoteleopdtony 6tav évag yenotng €xel elodyet
EXTWACELS xa etodyet plar véo amontel y Briyata. O ypdvoc extéheone tou alyopiduou eivar
Aoy mn? o1 yewpdTepn RepinTwon [56].

6.3 AVAUOXOTNOY CYETIXWDV ERYTACLOV.

To tehevtador ypdvia mopatnpeiton €viova 1 Yerion TN oxoyEvelag Twv alyopiduwy slope
one o€ GUVOLUOUO UE GAAEC UeVEBOUC, xS xan UE TEYVIXES EEOPLENG BEBOUEVMY, UE GXOTO
NV e{TELEN YENYOPOTEPWY X0l UTOBOTIXOTERWY CUGTNUATLY CUCTICEMV.

O D.Zhang [62] nopovaciace to 2009 wio pédodo mou yenotponotel slope one yio va mopdyel
TIC TPOPALYES TWV EXTIUACEWY OVTIXEWEVWY EVOC YPNOTY, Xol OT1) CUVEYELL YENOULOTOLEL
™V peTEw eyyutnTag Pearson correlation yio va unoloyioel o yertovixd avTixeluevo Tou
aVTIXEWEVOL Yo To omolo €ywve 1 TedBAed xou Téhog mapdyel Tic cuoTtdoelg. H mowdtnTa
TV TeoPAEYewy oe auth TN Pédodo ennppedletar and To U€yedog ToU GUVOAOU TWV YELTO-
VIXOV avTIXEWEVOY. O alyodprduog autog elvon o axpl3ric and Tov tupadoctoxd aAyoptiuo
ouvepYaTIXhc OLUnome.

Mia dAAn uédodog, ywpllet TowTa T GUVORO TWV AVTIXEWEVGDY € LTOCUVOAY, Bactlouevn
070 eldog aVTEWEVWY Tou el {nTroel 0 yeoTNne. Me auTdv Tov TEOTO UEWDVEL TN BLdoTOoN
TOU GUVOAOU TV AVTIXEWEVRDY, TWV EXTIUNCEWY Xl TOAES QOREC ot TV yenotov. H
CUCTUBOTOINOT TWY BEBOUEVLY EMTUYYAVETOL UE Tov ahyopriuo K-means, AauBdvovtoc oo
TOPUUETEOUS ONUOYpaPLxd GToLYEld, OTWS 1) NAia TOL YEHOTN Xt TO EIB0E TOU AVTIXEEVOU,
T0 oTolo TEETEL 0 YPNOTNG Vo EYEL TPOGOLOPIoEL. 11N ouVEYELL YeroloTnoteitar o slope one
oA Y6pLIOC OTO UIXEOTERO GUVOAO BEBOUEVWLY Yia Vo Ttapdyel Tic TeolAédelc. Etol yeidveton
0 Yeovoc umoloylopol xat audveton 1 axpiBela TV TeoBrédewy, ool To Bedopéva elvor
Ay6tepa xou amd auTd €youv agotpeVel Ta avtixeipeva U cuvagolc Tepteyouévou [35].

O alyopripog slope one cuvdudoTxe Ue Tov akyderduo userrank, o omoiog Bactleton oTov
Pagerank xou Sivel Bdpn oe xde yprotn, avdhoya Ue To TOGU GUOYETILOUEVO AVTIXEIUEVY
éyet. To Bden autd yenowonolodvtol GTov UTOAOYIoUO Ty Bloopdy. 210 [32] amodel-
XVOETOL OTL 1) TPOCEYYIGT GTOV slope one evowUaTdvovTog Tov userrank BeATldVveL To amoTe-
Aéopota TV oLoTdcEnY. Evag oxdua akyopriuog tou cuVOUALEL TNV GUVERYATXH OLUNoN
Bdoer avTixeévmy e Tr cuvepyotixn oufunom Bdosl yenotwy tpotddnxe to 2009 xan yen-
owoTolel Tov slope one yio v yepioel Tic xevég VeOELS TOU Tivoxal TV EXTIACEWY XaL OT1
CUVEYELL OTOV TUXVO TiLoL Ttivorear QoipOlEL TEYVIXEC CUVERYXTIXC BLUNoNG BdoEL yeno oy
[38]. O oiydprduoc slope one éyet emheydel xou and toug Zilel Sun et al [65] yatl etvon méd
amod0TIXOC GTOV UTOAOYIGUO NS £YYOTNTAC UETAUED OVTIXEWEVWY amtd GAAOUC ohydprduoug
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4 4 7 4
mou Baoctlovton oTor avTiXelUeva Yl Vo Tapdryouy TeoBAEELC.

6.4 Mehétn axohoLILaxo) KWOLXA TOL AAYORLIUOU
slope one.

YN ouvéyela mapatiVevton xar oyYoMdlovToL OmOGTACUATO TOU aXOAOUTLONO0) XWOXA TOU
vAomotel éva cUoTNUA TopaywYNS TEOBAEPEwY Yenowonowwytag Tov alyopriuo slope one.
LNV apyf) TOL TEOYEIUUATOS DECUEVETAL Y(MPEOC OTN UVAKTY Yia Toug Tivoxeg ratings, nume-
rator, denominator xot deviation.

O mivaxag ratings elvon dwotdoewy users X ITEMS, dnhadr 6col elvar oL yproTeg Tou ou-
OTARATOC ETL TO TAHUOC TV AVTIXEWEVGDY TOU GUOTAUATOS, Xol TEPLEYEL TIC ACLONOYNOELS
TV YeNno eV yia o avtxelpeva. Kdlde oepd tou mivoxa autol avtiototyel og éva yeroT,
xou xdde oA oe éva avtixelyevo. Xt ¥éoeic mou avtioTolyo0y O aVTIXEUEVO TOU OL
YeNoTES BEV EYouVy exToEL 0 Tivaxag Exel Ty Ty 0.

O wivaxoc numerator eivat Staotdocwy users X ITEMS xITEMS ot Totodetodvton og outdv
OL BLUPORES TOV EXTIUACEWY TV AVTIXEWEVWY ToL €YEl a&lohoyhioet xdlde yerotne. o xde
Yenotn, o mivaxog mou oynuotiletar elvon avtiouupeTende, daotdoewy ITEMS xITEMS,
xou oTNY x0pta dlorymwLd Tou €yet 0.

O mivoxag denominator etvan €voc mivoxag cuyvottwy, dwotdoewy ITEMS xITEMS. Ye
QUTOV amoUNXEVETOL 1) CUYVOTNTA UE TNV omola T avTixelueva a&lohoyolvTol TauTOYEOoVaL.
Kdée @opd mou €vag yer|oTng €xel EXTACEL To AVTIXEEVO & oL J, 1) Ty TN VEong tng ¢
Yeouunc xat TNE 7 oTHANG Tou mivaxar audveTon xotd éva. O mivoxag autog elvar GUUPETEOC
xou Tor oTotyelor TG xoptag Blorywviou Tou expedlouy 1o TARYOC TWY EXTIUNCEWY TOU £YOUV
eloayVel oTo choTNUa Yo To xdie avTixeluevo.

O mivoxag deviation efvan xon autédg lowv dlacTtdoewy pe Tov denominator xou TEpLEYEL 0N
Veon NG ¢ YPoUUNS ot TNS J OTHANG TOu, T UEOT) TIY| TNG OLUPORAS TV EXTWUACEWY TWV
OVTIXEWEVWY © 0L J. LTNY TEOYHATIXOTNTO VLol OAOUS TOUC TURUTAVE TVOXEC OECUEVETAL
Y®EOC o VAN Ue TNV eviohr calloc xau yivetar avapopd oTic Sdpopes Véoelc UvAung Ue
YEY01 HATIAANAGY DETMV.

210V x@oxa autd yenodomoteiton xau o tivaxag buffer o onolog etvon Yo dlacTtdoswy. H pla
otdotaot etvon {on Ye To TARUOC TV EYYRAPOY TOU PYEIOL TWV EXTIUACEWY TWV YENOTOY,
xou 1) AN etvon fon ue Tela, yior var amodnxeleTon 0 YeRoTng, To avTIXE(UEVO Xou 1) T TNG
a&LOAOYNOHS TOU A0 TOV YENOTY. XTI CUVEYELL QUTOS O TVOXOC YETOLOTIOIELTOL Vil TO O}
potiopd Tou mivoxa ratings. Xto mAaioto 6.1 @aiveton o TpdTOC UE TOV OTolo dnuroupyEiTal
o mivoxag ratings. H petafBints testuser ypnouwlomoleiton yia tov €heyyo ahhayhc yeriotn).
Kdée gopd mou adrdlel o ypriotne puiuilovton ex véou ol uetoSAnTéc ¢, j xou k, hote va
TOTOUETOUVTOL Ol CWOTEC TIWES OTOV Tivaxa ratings.

/* ###### Set Ratings ##A#### */

int testuser;
testuser=buffer [0] [0];
int k=0;
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int w=0;
int m=0;
for (i=0;i<records;i++) {
if (buffer[i] [0]==testuser){
if (buffer[i][11==j) {
ratings [k]l=buffer[i] [2];
}
else {
ratings [k]=0;
i--;
}
j++s
}
else {
testuser++;

Listing 6.1: Trohoyloudc tou mivaxo ratings oTtov axohoutioxd x@oixo.

Ov unohoytopol mou umopolv va tpaypatotomndoly offline ohoxinpewvovtow ye tov utolo-
YoUd TV Tvdxwv numerator, denominator o deviation, mou ameixoviCetar oTo Thaiclo
6.2. I tov mivoxa numerator unoloyiCovton meKTo ToL GToyEl TNE XS Blorywviou Tou
uToTivaxo Tou avTioTotyel oe xdlde ypnotn. UTnv TEpitTwor Tou 0 YeRoTNng eV £yl DHOOEL
extiunon yi xdmowo avtixelyevo, oty avtiotoryn Yéon tou mivaxo numerator tomodete-
frow 1 Tipn 10. H 1w outy ebvan adbvato vor mpoxdel amd TiC SLUPopES TmV EXTIUHCEWY
oVo avtixeévwy. ‘Etol Yo urnopel apydtepa vor yiveton dudxpiorn eTah TV TEQITTOOEWY
TOL 0 YPNOTNG OEV EYEL BWOEL AELOAOYNOT| XUk TWV TEQITTWOEWY TOU 1) Blapopd HETOEY TwV
a&lohoyHoewmy 800 avTixeévmy etvar 0.

2TIC UTOAOLTEG TEQITTMOELS, TOU 0 YPAOTNG EYEL OWOEL eXTIUNOT YLl XATOO AVTIXEIUEVO,
oTNV x0pLoL Blory VIO Tou Tivoxo numerator ewodyeton 1) T 0. Trohoyilovtar 6tn cuvéyela
%ol 0L UTOAOLTES BLapopés, TomodeTmvTag TdvTote TNV Tiur 10 oTic TepinTtioelg 6Tou 6 €yl
Topaywendel allohdynon yio xdmolo avtixeipevo. XN cuvEyela, Yo Tic VEoEg Tou mivoa
numerator émou 1 T €ivar Sdpoper Tou 10, urnoroyiletan o mivaxoag deviation, émou oy
Véomn g oelpdc ¢ xou NG oTHANG J TomoveTeltan To dpoloua TwV BLaPopeY TwV aloAOYTOE-
OV TOV AVTIXEWEVOY  xou j. ‘Ereita unoloyiCovton o mivoxag cuyvothtewy denominator xau
o tehxo¢ mivoxag deviation. O wivoxag deviation AouBdvel tnv Ty 0 oTic Bleg Véoeic oTiC
ornoleg o mivoxag denominator €yel 0, xau oTic undloteg Veoelg houfdvel To amoTéAEoUN
TOU AGYOUL TNG TN Tou elye uTohoyIGUEl TPOTYOUUEVKE Yia Tov Tivaxa deviation Tpog Tnv
Tin Tou meptéyel o mivaxag denominator.

/* ###### Set numerator (differences matriz) - denominator(frequencies
matriz) ##Z#ZE */

/* ###### Set deviation #HHE#H#HHA */

k=0;

int 1=0;

testuser=buffer [0] [0];

int x=testuser-2;
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for(testuser=buffer [0] [0];testuser<=users;testuser++) {
w=0;
m=0;
for(i=1;i<=ITEMS;i++) A{
for(j=1;j<=ITEMS; j++) {

if (i==j){
if ( (ratings[x+i]l==0) || (ratings[x+jl==0) ) {
numerator [k]=10;
}
else {
numerator [k]=0;
}
k++;
}
else {
if( (ratings[x+i]==0) || (ratings([x+jl==0) ) {
numerator [k]=10;
}
else {
numerator [k]=ratings[x+i]l-ratings [x+j];
}
k++;
}

if (numerator [1]!=10){
deviation[m]=deviation[m]+numerator[1l];
}

m++;
1++;
}
if( ratings[x+i]!=0 ) {
w=w+i-1;
denominator [w]l]=denominator [w]+1;
wt++;
for (j=i+1; j<=ITEMS;j++) {
if( ratings[x+j]!=0 ) {
denominator [w]l=denominator [w]+1;
}
wt++;
}
}
else if (ratings[x+i]==0){
w=w+i-1;
wt++;
for (j=i+1;j<=ITEMS;j++) {
wt++;

}

}
x=x+ITEMS;
}
// calculate symmetric wvalues of denominator
int z=0;
for (i=1;i<ITEMS;i++){
z=i*ITEMS;
denominator [z]=denominator[i];
for(k=0;k<=i-1;k++){
Z++;
denominator [z]=denominator[z-(i-1) *(ITEMS-1)+(k*x(ITEMS-1))1];
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}
}
/* ###### Calculate Deviation #####E */

k=0;
for(i=1;i<=ITEMS;i++) {
for(j=1;j<=ITEMS;j++) {
//calculate deviation
if (denominator [k]1==0) {
deviation[k]=0;
}
elseq
deviation[k]=deviation[k]/denominator [k];
}
k++;

3

Listing 6.2: Offline urtohoylopol otov axoroudond xwoxa.

O mpoPAédeic xou or mpofAédelc e yperon Papcdv Topdyovion Ue XAoT TV avTloTolwy
ouvapTtAoewy. H ouvdptnon yio Tov utoloyioud twv meofiédewy gaiveton 6to TAwioto 6.3
X0 1) GLVEETNOT Yol TOV UTOAOYLOUS TV TeoPAédewy ue Bdpn oto 6.4.

/* ###### Function Predictions ###H##H#E */

float predictions(int *ratings,int *denominator ,float *deviation,int
user ,int item){

float prediction;
float u;
int count=0;
float sum=0;
int i=0;
int cardRi=0;
float Sdev=0;
int item2;
for(i=((user*ITEMS)-ITEMS) ;i<user*ITEMS;i++){
if (ratings[i]!=0){
count ++;
sum=sum+ratings [i];
u=sum/count ;
}
}
if(ratings [(user*xITEMS)+item-(ITEMS+1)]==0){
cardRi=count;
}
elseq
cardRi=count -1;
}
for(item2=1;item2<=ITEMS;item2++){
if(item2!=item && ratings[user*ITEMS+item2-(ITEMS+1)]!=0 &&
denominator [(item-1) *ITEMS+item2-1]!=0) {
Sdev=Sdev+deviation[(item-1)*ITEMS+item2-1];
}
}
if (cardRi==0 || Sdev==0){
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printf ("Prediction_not available foruser %i and item %i \n",user,item) ;
}

elseq{

prediction=u+Sdev/cardRi;

}

return prediction;

}

Listing 6.3: Xuvdptnon utoloylopol tewv TeolBiédeny .

/* #####YE Function Weighted Predictions #####A# */

float weightedpredictions (int *ratings,int *denominator ,float *deviation
,int user,int item){

float prediction;
float S1=0;
int S2=0;
int item?2;
for(item2=1;item2<=ITEMS;item2++){
if(item2!=item && ratings[user*ITEMS+item2-(ITEMS+1)]!=0 ){
S1=S1+(deviation[(item-1)*ITEMS+item2-1]+ratings [user*ITEMS+item2
-(ITEMS+1)])*denominator [(item-1)*ITEMS+item2-1];
S2=S2+denominator [(item-1) *ITEMS+item2-1];
}
}
if (82==0){
printf ("Prediction_ notavailable forjuser%iyand item %i \n" ,user,item);
}
elseq{
prediction=S1/S2;
}
return prediction;

3

Listing 6.4: Xuvdptnon utoloylopol tev npoliédeny ue yeron Bopmy .

X1n ouvdpTnom Yiot TNV THEAY®YT TV TEoBAéPewy utoloyileToun TEMTA N YEoT TY| TWY
EXTWACEWY TOU YeNoTN. LT ouvéyelo utohoyileton To TARUOC TV AVTIXEWEVKDY TOU CL-
vohou R;. Av 1o avtixeluevo yio To omnoio yiveton 1 medBiedn Exel Tiun allohdynong (om pe
UNOEY, SNhadr| av Bev €yel a€loAOYNOT), TOTE TO TARUOC TWV AVTIXEWEVKDY TOU GUVOLOU IR; €-
tvan foo pe Ty Tur Tne peTaAnThC count mou uToAoyicUnKE xoTd TOV UTOAOYIGUO TNG HECTS
extiunong tou yerot. Av €yel Tiun alloAdYNoTC BLUPORETIXY TOU UNBEVOS, TOTE elvar (0O UE
™V YW TS LeTaAnTHg count peiov éva, €tol woTe va un cuvurohoyiletar To avTixeiuevo
oawT6 010 TANDOC TV AVTIXEWEVWY TOU GUVOROL IR, EV® TROMYOUUEVWLS, OTY UETUBANTY
count elye unohoyio¥el xou auTd, ol 1 T TS a&loAGYNOTC Tou Elvon SLUPOPETIXT| TOU
UNBEVOC.

H peiwon tne petoAntric count xotd éva ebvon Qouvouevind €vog doxomog UTOAOYLOUOS, 0ol
oev ypeetdletan va yivel medPBAedn yio TV allohdyNnon evog avTIXEEVOL av HON 0 ¥eNoTNG TO
EYEL EXTUNOEL. LTNY TEAYUATIXOTNTA OUKS EYEL GUUTERLANPUEl OTOV XMOWXA KOS EVAL UETEO
Yo vou umopel vor utohoyloVel 1 tedBAedn tng extiunong eVOC avTIXEWWEVOL 0XOUI XL oV TO
avTixelpevo €yel Non extunlel, Gote va umopel v egapuociel Ereyyog Tng anddoone Tou
alyoplduou av xpwel anapaitnTo.
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‘Enetta unoroyileton 1o ddpotopa TV anoxhioewy TwY EXTIUACEWY TOU AVTIXEWEVOL Yld TO
orofo mapdyeton 1) TEOBAedN and Tor UTOAOLTAL AVTIXEIPEVO TOU EYEL EXTYHCEL O YPNOTNG, XAl
oTo Téhog TapdyeTon 1) TEOBAEdT Yot T0 {NTOUUEVO OVTIXEIUEVO.

[t v moporywyn) Twv tpoBrégewy ue yerion Popmy, yia oho To avTixeiueva Tou €yel alolo-
YHoeL o yerotng, adpoileton 1 alloAdYNoT TOL TOUC EYEL DWOEL UE TNV TIY| TNG XUTIAANAANG
Véone Tou mivaxa deviation, o toAhamAacidleton Ue T0 TARUOC TV YENOTMY TOU £Y0UV 0-
Clohoyrioet xou Ta BV avTXElUEVa ¢;;, ONhadT ue TNV Ty Tou mivaxa deviation. To ddpoioua
oUTO SLonpeltan Ue To dpoloUd OAWY TWV EMWEPOUS C;; XUl TO AmOTEREOHA efvan 1) TEOBAedN
Yl T0 avTIXE(UEVO j (UeToBANTY item).

O %x0Wag auTdE €yEL UEYEAES ATOUTHTELS OF UVAUN, AoV GUVOMX YEEWILETOL USET S*items+
items*(users + 2) + (records * 3) Véoewc pviunc. Iupd to yeyovéc 6t o oxohovdoxde
x@oxag umopet vo BeAtindel tepantépw, TO YOUUERO auTO Efval amoryOpELUTIXG YLl TNV UAOTO-
{not| Tou ot TEAYPATIXG GUVOL BEBOUEVWY TIOU ATOTEAOUVTOL ATO EXUTOUUUEL EYYRUPES XoU
YENOTES, ToEd TN HEYSAN BlrdECUUOTNTA UTOAOYIG TIXWY TORPMY. LUVETMS, 1) ovayxT) ETiAL-
O”NG TOU TEOBANUATOC UVAUNG ot 1) avayxn Topaywyhc TeoBAEdewy o TpoyuaTind Yedvo
oUnoav oty Tapurinhonolnotr Tou.

6.5 Ileipapotiny] UEAETT TARIAANAWLY EQUOOY OV
Tou aAyoprduou slope one.

6.5.1 Egoppoyn pe xerion tncg oienagprc OpenMp.

Ye auth) TNV evOTNTa TopouctdleTon xat avoklEToL 1) LhoToinon tou slope one ahyoplduou
ue yenon tne oenagpric OpenMP. ITpwta meprypdpetar To Telpopa xou 0 xOOXAG TNG LAO-
moinong, o Yhwooo C xou oTr UVEYELX TapoLCdloVToL To ATOTEAECUAT TOL.

6.5.1.1 Ilepvypopr Tou RELEAUATOG.

To cOotnua extéheone Tou melpduatog teptéyel Vo enelepyactéc AMD opteron (tm) Pro-
cessor 6128 HE émou xdie évag mepieyet oxte muprives. H ouyvotnta poroytol etvon ota 800
Mhz xa to péyedog tng cache pviung etvan 512 KB. H pvAun RAM tou cuotiuatog eivon
ywenuxétnrog 16 GB. To Aettovpyind cloTnua, 6T0 onolo exTEAECTNXAY T TEWAUATA,
elvow To Ubuntu Linux 10.04. Ou egopuoyéc vAomotinxay Ue YAOCCH TROYQEUUUATIOUOU T1
C xou yenowwonotinxe 1 éxdoon 3.0 tne demagprc OpenMP. T ) uétenon tou ypedvou,
yenotono{dnxe n cuvdptnon omp_get_wtime(), tou OpenMP avti tne cuvdptnong clock()
e C, Moy Tng xahiTepng avdAUGTC YPOVOU TOU TEOGPEQREL.

[No o anoteléoparto emtdyuvone (speed up) éywvay PeTENOEC Yld TO GUVOAO BEBOUEVWLY
u.data tng MovieLens, mou mepthauBdver 943 yperioteg, 1682 avtixeipeva xou 100000 exti-
UAOELS, UE YPNOM EVOC, TECOUPMY, OXTG, dWOEXA xal OeXaElL vrudtwy. Evad ylo to o-
noteréopoto xAdxwone (scale up) éywav petprioelc oe didpopa cUVOL BEBOUEVLY NG
MovieLens, 6nwe autd neprypdpovial 6to mopdptnua A’

H egopuoyn napariniomoinong tou akyoptuou slope one mpoyuatonotdnxe e untohoyt-
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o0TéC Yolpalduevne UViUNg, oxohouddviag To HoVTEAD VNUdTeY, e yerion tou OpenMP.
To ypovoPopa Tufuata Tou axoAoutiaxo) x®AWo eivol 0 UTOAOYIOHOS TWY TVEXwWY Tatings,
numerator, denominator xou deviation. Emhéydnxe va yivel emiueplopdc twy 0e00UEVODY [e-
TOEY TWV VNUATWY, Xt O)L TWY AELTOURYLHOV, OLOTL GE TOAAS GTABLAL TV UTOAOYIOUWY UERLXGOY
oo TOUG TUPATAVE THvVoES amonte(ton 1) yer|on Twv utoloirwy mvdxwy. Etot, o emueplondg
TV AELTOLEYLMY, BNAADT| O UTOROYIOHOS Tou xdUe Ttivaxa amd BlaQopeTiXd ViU, Yo 0oy o-
Uoe o€ oyedov oelplonoinon Tne extéheonc Tou mpoypduuatoc. O €heyyog mpdofBacng ot
HoLealOUEVT) VAN ETULTUYYAVETOL UOVO UE TO YORUXTNELOUO HETUBANTGY OC WOIWTIXES, Ywplc
YEY|01) HAEWDAPLOV.

Y11 cuvéyela TEpLypdpovTAL To TapdAANAOTIOINUEVOL OTUEld TOU TPOYEdUMaTOC. Anutovpye-
fron mpwTar 0 mivaog ratings,mou mepthauBdver Tic extiunoelc xdde yeriotn. e xdide oepd
TOU Tvoxa TEPLEYOVTOL Ol EXTWACELS EVOC YPHOTN, Xou GTIC VECEIC ToU avTIoToLY oLV oTa
avTixelpeva yioo Toe ool 0 yerioTng dev Exel dwoel exTinoelg xatayweettar n Twh 0. Etou
o mivaxag auTdHS elvon TOAY aponds. XTo mAvkoto 6.5 @aiveTon 0 TUPAAANAOTOUUEVOS XWOLXAS
oynuaTiIogol Tou mivaxa autol. Xenowonoleiton 1 odnyla parallel Tou opllel pior ToEdAANAN
TEPLOY T} TOU XWOWA, 6TNY oTolo oL PETUBANTES 4, j, k xau testuser eivan WOLTXES, XL 1) 0OT-
yio for yio To Sapotpacud Twv enavarfhewy Tou Bedyyou.

#pragma omp parallel private(i,j,k,testuser)
{
#pragma omp for
for (i=0;i<records;i++) {
testuser=buffer [i] [0];
j=buffer[i] [1];
k=(testuser*ITEMS)-ITEMS+j-1;
ratings [k]=buffer[i] [2];
}
} /* end of parallel section */

Listing 6.5: Anuoupyio tou nivaxa ratings.

Y10 mhatoto 6.6 unoloyiCovton ot mivaxec numerator, denominator xou o oEyx6C TvoXaC
deviation. O numerator efvon o mivaxag Twv BlaPoE®Y HETUEY TWV EXTACEWY TWV AVTIXEL-
uévewy xar o deviation mepléyel to ddpoloua TwV Slopopny auT®Y Yia xdde (edyog avTixeL-
pevey. o v amogeuy ol tpofAfuata yoeou o tivaxag numerator £yve (owv SLo TIoEWY
ue Tov mivoxa deviation xon undevileton melv and xdde ahhoryy| yeroTn, €ToL OOTE Vo UTOAOYL-
o000V oL Slapopéc ywels va ypewdleton yweog anotixeuong (oog pe Users xItems xItems.
Me autd oV TpéTO UTEPVIXOUVTAL GE PEYAAO Pordud Tor TEOBANUATH UVAUNG TIOU TOROUG!-
alel o axohouhaxdg xMOLXAC, xou 1) LhoTolnon auth utopel va egapuociel oe peyohitepa
oUvoha dedopévey. O mivaxog denominator etvan évog mivaxog cuyvottev yeyédouc Items
xItems otov onolo amodnrevetar TOCEC POPEC GUVAVTETOL EXTIUNGT) YLor To AvTIXEUEVYL 1 o
j TauToY POV

Y10 mhaloto 6.6 optleton 1 ToEdAANAN TEpOY ) LE WIwTiXéS peTaPANTéC TS 1, J, k, testuser,
T, W, m %ol Z xou Tov Tivoxo numerator Sniwuévo o¢ firstprivate, wote vo cuvdudleTton 1
Aewtoupyia TNg @edong private e T duvaTOTNTA dpytxoToinong Tou mivoxa xotd TNV elcodo
otV Topdhhnin tepoy . H nopdhhnin meployt| mou oplleton €6, 1oy Vel YéypL To TEAOC TOU
mhauoiou 6.7. Yto miaicto 6.6 yenouomoleiton 1 odnyla for mou diapopdler Ty epyaoia,
avodéTovTag dlaopeTixole Yeroteg o xdle vAua. Etot, xdde vAuo vroloyilel Tov mivaxa
numerator yio xde éva yeroTn and auToLE ToU TOU oVOAOYODY, To avTloTOLYa UEEPT TOU
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7 : 7 z 7 : :
mivoxar denominator, xa apyicomolel xatdAinha Tov mivoxa deviation.

#pragma omp parallel private(i,j,k,testuser ,x,w,m,z) firstprivate(
numerator)
{
#pragma omp for
for (testuser=1;testuser<=users;testuser++) {
x=(testuser -1) *ITEMS;
k=0;
w=0;
m=0;
for(i=1;i<=ITEMS;i++) {
for (j=1;j<=ITEMS;j++) {

if(i==3){
if( (ratings[x+i-11==0) || (ratings[x+j-1]1==0) ) {
numerator [k]=10;
¥
else {
numerator [k]=0;
}
k++;
¥
else {
if( (ratings[x+i-1]1==0) || (ratings[x+j-1]1==0) ) {
numerator [k]=10;
}
else {
numerator [kl=ratings [x+i-1]-ratings [x+j-1];
}
k++;
}

//calculate deviation’s numerator
if (numerator [k-1]!=10) {
deviation[m]=deviation[m]+numerator[k-1];
}
m++;
} //end for j
if( ratings[x+i-1]11!=0 ) {
w=w+i-1;
denominator [w]l=denominator [w]+1;
wt++;
for(j=i+1;j<=ITEMS;j++) {
if ( ratings[x+j-1]1!=0 ) {
denominator [w]l=denominator [w]+1;
}
wt++;
3
}
else if (ratings[x+i-1]1==0){
w=w+i-1;
wt++;
for (j=i+1;j<=ITEMS;j++) {
wt++;

3
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for(z=0;z<ITEMS*ITEMS;z++)
{

numerator [z]=0;

3
X

Listing 6.6: Anulovpyia v mvéxwy numerator,denominator, xou deviation.

Ov ouppetpée Twée Tou mivaxa denominator unoloyilovtoar oto mhaiclo 6.7 pe ) yeron
uag véag oomylog for.

#pragma omp for
for (i=1;i<ITEMS;i++){
z=i*ITEMS;
denominator [z]=denominator[i];
for (k=0;k<=i-1;k++){
Z++;
denominator [z]=denominator [z-(i-1)*(ITEMS-1)+(k*x(ITEMS-1))1];

}
}

Listing 6.7: Xuuyetpixec Tyeg tou mivoxoa denominator.

O tehinxde mivaxag deviation otov onofo meptéyovTton oL Bla@opEg UETALY TWV AVTIXEWEVKY,
OLOUEEUEVES e TNV avTioTolyn TYr Tou Tivaxa oLy voTAtwy denominator, eniong urtohoyile-
Tou pe pio Eeywptoth odnyla for (IThaioto 6.8).

#pragma omp for
for(i=1;i<=ITEMS;i++) {
k=(i-1)*ITEMS;

for(j=1;j<=ITEMS;j++) {
//calculate deviation
if (denominator [k]==0) {
deviation[k]=0;
}
elseq
deviation[k]=deviation[k]/denominator [k];
}
k++;

}

Listing 6.8: O nivaxac deviation.

Ou mpofBAédeic xou oL mpofBiédeic ue yerion Popwy yivovtow enione napdhinia. H avtictouym
ouvdptnon predictions ¥ weighted predictions xaAetiton, xou To amoteAeoud Tng EYYQEAPETAL
o€ apyelo Tautdyeova and ddpopa vidato. Kdle éva and to viwata avohopdver vor xohéoet
TIC CUVOPTNOELS Yiol Vo TROPBAEDEL TIC EXTYIHAOELS BLapope Ty yenotwmv. apatideton o xOhoL-
x0C Yo TV xAfon e ouvdptnone Predictions (IThodoto 6.9). Tlapduotoc etvon xon 0 xddxag
Yoo TNV xhfon tng ouvdptnone Weighted predictions. OpiCeton pior TopdAAnAn Teploy | Ue
WOLTXES YeToPBANTES 4, user xou item. Kdie viua avorauBdver va mopdyel mpoBiédeic yio
OloL Tar avTixelpeva Tou Bev €youv allohoyniel, eCetdlovTog To XouudTt Tou Tivoxo ratings
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TIOU TOU aVOAOYEL, Xol TOAYUTOTOLEL EYYOUDEC TWV ATOTEAECUSTWY TOL OF éva apYelo.
YEL, Py YYPP M X

#pragma omp parallel private(i,user,item)
{
#pragma omp for
for(i=0;i<users*ITEMS;i++)
{
if (ratings [i]==0)
{
user=i/ITEMS+1;
item=i%ITEMS+1;
pred=predictions(ratings ,denominator ,deviation ,user,item);
// forintf (fp,"Zd\tZd\t]f\n",user, item,pred);

}
} /* end of parallel section */

Listing 6.9: K\vjon tng ouvdptnong nediredmg.

6.5.1.2 ITapouciaocy TV ATOTEAECUATODV.

Arnoteléopota emTdyLVOTC.

Yy exova 6.1 gatveton To Bidrypauua Tou anexovilel To oUVOAMXS YPOVO EXTENECTC TOU
TEOYEUUAUTOS GE GUVERTNOT UE TO TARVOC TV VNUATWY.

140 T

i Execution time —+—
120
100

80

60

Total execution time

40

20

1 1 1
1 4 8 12 16
Number of threads

Lyfuor 6.1: Xuvohixdg ypdvog extéleong.

O ypdvoc extéleong Ue ypNon €vOg VIAUOTOS aVTIOTOLYEL GTO GELpLaXd YPOVO EXTENEOTS
TOU TPOYQPAUMATOC, BNAADT| UE YeN\OT) EVOC HOVO VAUNTOS, TOU ETULTUYYAvVETAUL EQupUOLoVTAC
™ uetoBAnth Tepddirovioc OMP_NUM_THREADS. Iapatneeiton peiwon tou ypdvou e-
ATEAEONC TOU TROYRAUUATOS 600 auEdveTtal T0 TARUOS TWV YENOULOTOLOUUEVWY VIUdTRY. O
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YEOVOG EXTEAEONC UELWVETAL AT 9 PopEg EvavTl Tou axoloudaxol yedvou, e T Yeron 16
VNUETLY. XNy exdva 6.2 amexovileton 0 AOYog Tou GELRLIX0U YEOVOU EXTEAECTC TIEOC TOV
ToEAAANAO YPOVO EXTENEOTC Yo TO GUVOAO dedouevewy MovieLens 100k.

SpeedupI (slp) —+—

Speedup

1 1 1 1 1 1 1
2 4 6 8 10 12 14 16
Number of threads

Lo 6.2: Xetploxdg ypdvog eEXTEAEOTC TPOS TUEIAANAO Yo TO GUVOAO BedoUEvey Movie-
Lens 100k.

AZilel €06 va onuetwdel 6TL 0 GUVOAIXOS YPOVOS EXTEAECTC TOU TROYRAUHUATOS 0PpORd TOV
OTOUTOVUEVO YPOVO UTONOYIOUMY X0 TOV ¥e6vVo TeolBAEdenmy yio amhéc mpofBAédels, ohAd xou
yioe TeoPAEELC pe Bdpn. YTo GUVOALXS YEOVO GUUTECLAUUBAVETOL X0t O YEOVOC EYYRUPHC TWV
TeoPBréPewv oe apyela. Emouévec, o ypdvoc umohoyiou®y, Tou yeeldletal Vo UToAOYLoTEL
ular opdt xou awtd umopel va yiver offline, elvon mohd wixpdtepog. Me oelplony| extéleo
TOU TEOYPAUUATOS 0 YPOVOS TNE pdong mpoemelepyaoiag dedopévey etvar tepitou 56,88 sec
eve peE TN yerion 16 vnudtwv etvor 3,87 sec, dnhadt| 14X yenyopdtepoc. O ypdvog autdg o
ouvdpTNoT HE To TARYoC VNudTwY Qaiveton oty exdva 6.3 .

O mpoPhédeic eniong mapdyovton Yenyopdtepa. Eve yio 1o oelplond Tedypaa YeeldoTn oy
mepinou 47 sec yio va mopay ol Oheg ot TeoPAEdElc xan mepimou 27 sec Yol vor ooy Yoy
Olec oL mpofiédewc ue Bder, pe Tt yenon 16 vudtwy yeeidotnxay uévo 3,2 sec xau 1,9 sec
avtioTolyo. MNUELOVETOL 0 OTL Ol ¥EOVOL Tou PETERUNXAY amoTEAOUY A0 TO YpOVO ToU
Yeewdotnxe Yo vo mopory 9ol TeoPBAddels Yo Ghar Tor avTIxeluEVa Yt Tal omola oL yeNoTES
Oev elyay DWOEL EXTWUACELS, XaL YLt OAOUGC TOUG YPNOTEG TOU GUVOAOL BeBOEVLY.  Acev
ouunepthopfdveton 6To Ypovo TV TEoBAEYEwY 0 ypdvog arnodrixeuoTc Toug ot apyceio. TNy
Topodoo VAomoinot, Oha Tor Voo amodnxebouy T anoTeAEcUoTd Toug oTo (Blo apyeio.
To yeyovée autd mpoxakel emPBdpuvon ato ypedvo 1/0 tou mpoyedupatos, dume xatd Tic
HETENOELS aLTOG 0 YEOVOG Bev Eyel ouunepinglel ota anoteréouata. H evioly| amoifxeuong
TWY ATOTEAEOUATWY TwV TEOPAEPewY o apyeio Tepthpinxe kg oyOMO BLOTL GE BLaPORETIXN
TEPIMT®OoT Bev ftay SuvVaTd Vo UETpNUEl 0WoTd 0 Ypovog TwV TEoBAEPewmY.

[o to oelptand mpdypauua Topdyovial mepitou 31847 mpoPAédeic avd BeutepdienTo KA
55630 mpofBhéleic ue Bdpn avd deutepdiento. Eve e yeron 16 vrudtwy mopdyovton 458999
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T
Preprocess time —+—

50

wW H
o o
T T

Preprocess time (sec)

n
o
T

1 1 1
1 4 8 12 16
Number of threads

Eyua 6.3: Xuvohxodg ypdvog @dong Teoenelepyaciog SedoUEVWLY.

TeoPBAéelc avd deutepdhenTo xou 773889 mpofAédeic ue Bdon avd deutepdiento. XNy El-
x6vo. 6.4 amewoviCetou To dudypoupa Tou TAloug TeofBrédewy xou TeolAédewy ue Bdon avd
OEUTEPOAETTO, GLUVAPTHOEL Tou TARioLS YNUdTEY. Poulvetar 6TL OGO TEPLOCOTEQA VI UUTA YO
OWOTOUVTAL, TOGO TEPLOCOTERPES TPOPBAEPELC TapdryovTaL avd BeUTEPOAETTO Xan 1) adENoM
ouTH elvor Ypopxr. XTnv exova 6.5 gaivetar o ypévog mapaywyhc TeoBAEEnmY ot BeuTe-
porentar ovd TAHOC YNUATEY, OTOL XaL OE aUTY| TNV TEP(TTWOT amodexviETUL 6TL 1 adEnoT
Tou TAYoUC VNUdTWY ETPEREL UElwOT 0TO YEOVO.

Predictions per seconld —t I
Weighted predictions per second --->---
700000 [ .
600000 | o 1
"
5 500000 - ]
3 .
e
o
S 400000 X .
5
9]
o
§ 300000 | 8
200000 | X ]
100000 | 8
1 1 1
1 4 8 12 16

Number of threads

Yyfua 6.4: TpoPAédec avd deutepdhenTo.
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Eyfua 6.5: Xpovog mpofrédewy avd aprdud vudTtov.

Arnoteléoporta XAUIXWoNC.

Hopatneeiton ota nopoxdte Sorypdupata 6Tt 0 GLUVOMXOC Yeovos extéheans (oyfua 6.6), o
Ypovoc g @dome mpoenelepyaoiuc Twv Bedouévwy (oyrua 6.7) xo o ypdvoc moparywyie
TeoBhédewy (oynua 6.8) elvon avdhoyot tou TARouc dedopéviv tou enelepydlovton xde
gopd. ‘Oco meplocdTepa dedopéva enclepydlovial, TOGO TEPLOCOTEPOS YPOVOS ATALTEITOL Yia
TV TapaywYH oucTtdoewy. Emmhéov, mapotnpeiton (oyfua 6.9) 6Tt o uxpd ovvola Se-
OOUEVMV TaPAYOVTaL TEQLOCOTERES TEOPBAEPES avdl DEUTEPOAETTO amd OTL GE PEYEAN GUVORX
0EBOUEVWLY, ahhd TEAXE 0 apriude Twv TeoPiédewy otadeponoleiton tepinou otic 214000
TeoPAéelc avd deutepdrenTto xou oTic 362000 mpofBiédelc ue Bden avd deutepdhenTo.

To yeyovog autd mbavee oyetileton UeE THY TUXVOTNTA TV CUVOADY BEBOUEVKY TOU YET-
owwonooLvTan. Mtov mivaxa A2 Tou mapapTAuaTog A’ galveTon 1 TUXVOTNTA TWV GUVOAWY
oedopévwy. Tlopatneeiton 6L 670 TE®TO GUVOAO Bedopévwy pe Tic 100000 aloroyroec
TUXVOTNTA Elvon PEYaAUTERT amd Tor dhAar cUvoha dedouevey. H muxvotnta v cuvorwy
OEDOUEVWV TIOPUUEVEL GYEDOY CTUERT| OO TO TETAPTO GUVORO DEBOUEVLY X0t ETIELTA, X0 OTO
oynua 6.9 gaiveton vo otadepornoteiton o oprdudc Twv TEoBAEYEwY avd BeuTEROAETTO amd TO
TETAPTO GUVOAO BEBOUEVWY XoU UETAL.

210 ouldrypoppa 6.10 cuyxplvetar 0 cUVOAMXOS YEOVOS TG OELRLIXNC EXTEAEOTC TNG EQUQUO-
Y1S, UE TO GUVOAIXO YEOVO TN TUEAAANANG EQUPUOYAC Yid Tal OLdpopa GOVORX BEBOUEVWY.
Luyxexpuéva aneovileton 0 AOY0S TOU GELRLXOU YPOVOU EXTEAECTC TEOS TOV TUREAANAO
Yeovo extéheonsc. ‘Oco Yeyohovel To UEYEDVOC TV GUVOAWY BEBOUEVWY, ETITUY YAVETUL BEA-
Tlwor Tou TaEdAANAOUL YEOVOL EXTEAEOTG 13X 08 OYEDT UE TO YPOVO EXTEAECTC TNG OELOLAXTG

EQapUOYTC.
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Lyfuor 6.6: Xuvohindg ypdvog exTéAeone oLVAPTHOEL UEYEVOUS GUVOAOU BEBOUEVLV.
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Yo 6.7: Xpdvog mpoenelepyaoiog cuvapTroet Yeyédoug GUVOAOU BEGOUEVHV.
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Yyfua 6.8: Xpdvoe maporywyhic meorédewy cuvaptrioel ueyédoug cuVOROU GEGOUEVELYV.
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500000

400000

Number of predictions per second
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Predictions per second —+—
Weighted predictions per second --->¢---

Number of ratings in datafile

Yyfua 6.9: TlpoPAédec avd deutepdhento ouvVopTHEL UeYEYOUG GUVOAOU BEBOUEVKV.
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14

Speedulp (s/p) ANEN

12

1+

Speedup

8 jy SRR R R A | B S A | B S A | B T | B S R | IR | IR S A | I
100000 200000 300000 400000 500000 600000 700000 800000
Number of ratings in datafile

Yyfuor 6.10: Xelproxdg ypdvog exTEAEOTE TPOG TURIAANAO YEOVO EXTENECTC.

6.5.2 YRpwowxn spapuoyn we MPI »o openMP.

Heprypdpeton mopaxdte 1) dladixacio eEXTEAEONC TG EQUPUOYNS HE TAUTOYEOVY YPNoT TwV
otenopyv OpenMP xow MPI xan napoucidlovton tor amoteAéopatd Tne.

To cOotnua oto omolo exTeAéoTNXAY To TELRAUATY ATOTEAE(TOL amtd BWOEXA BLTOENVOUG L-
mohoytotég ue hyperthreading, dnioadr| and eixooitéooeplc PUOIXOUS TUEYVES o BAAOUS
600U etxovixole, e enelepyaoty Intel(R) Core(TM) i3 xou pe ouyvétnta pohoyol oto
2.93Ghz. H pviun RAM xdde x6pfou amotereiton amd 4 GB. Xpenowonoieiton xdptar o
xtoou Realtec Semiconductor Co. Ltd. RTL8111/8168B PCI Express Gigabit Ethernet
Controller (rev 03). To hertoupyixd cUCTNUA GTO OTOIO EXTEAEG TV TOL TIELRAUOTOL EfVOL
7o Ubuntu Linux 10.04. To napoxdtes mtopadelypoto VAOTOUTNXAY UE T1 YAOOCU TROYEU-
pottopol C. Tt uétenon tou ypdvou yenotporoidnxe 1 ouvdptnon MPI Wtime() tou
TewToxdAou emxowvewviog MPI. O uetprioeic éyvay ot olvora dedopévewy tne MovieLens,
Toe omola TEpLypdipovTon 6To Topdptnue A’ yio uéyedog ouctotyiog (oo ue 2, 4, 6, 8, 10 xou
12.

H mponyoluevn epapuoyt| dltneriinxe 6mme Rty xot o auTh TRooTEUNXE TO TEOTOXOAAO
emxowvwviag MPIL H pyédodoc mou oxohovdrinxe etvar oauty| Tou cuvToVoTH-cpYolOPEVELY UE
OntoupYlar SuVOUIX®Y BLepYaolwY. AnhadY| Evag UTOAOYLIOTHC avalapPBAvEL TO POAO TOU GUV-
Tovio T xan puiuilel Ty epyacia Tou avokopfdvouy oL UTOAOLTOL UTOAOYIOTES TG GUCTOL-
yioc. O ouvtovioThg ywpellel Ta Bedoyéva o TUNUATO Xl ATOCTEMEL GTOUC £pYalOUEVOUC
ToL TPt T, Tor omofa efvan TeploobTepa o TAYoC amd To TARUOC TV UTOAOYIGTMY
¢ ouctolytag. ‘Otay xdmolog epyalOUEVOC TEAEWWVEL TNV EpYacia Tou Tou €yel avatevel, o
oLVTOVIO THE PEOVTICEL Vo Tou avardéoel VEo T A TV 0edouévwy, Uéyptl va e€avtAndoly T
OEdOUEVAL.

H mapodoo viomoinorn mpaypoatomoleiton o€ UBEWOIXG GUGTNUA UTOAOYIGTMY, OTOU GUVOL-
GlovTan ot aEYLTEXTOVIXES LOLpalOUEVNG %o XATOVEUNUEVNS UViung. Axoloudeitar To UPpL-
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016 LOVTENO TUEAAANAOU TROYROUUATIONOY, TOU GUVOUALEL TO UOVTEND BLEQYUCLOY, UE TN
ueTofBiBaon unvuudtwy, xou to wovtého vrudtwy. O Aertovpyieg ywpellovtal oe téocepa
MEET, TO CUVIOVIOUO TWV EQYUCLKY, TOUG UTOAOYIOUOUS, TN CUANOYT TV ATOTEAEOUATMLY
TWY UTOAOYLOUGY xat Ty Topoywyr TeofAédewy. To cuvtovioud tov avohoufdvel évog
UTOAOYIO THG TNg cuoTolylag, eve oL LToAoYLoUol Yivovtol 6TOUg UTOAOLTOUS UTOAOYIC TEG.
H culhhoy?| Twv amoTeEAEGUETOV TV UTOAOYLIOHOY XL 1 ToRoywYY| TwY TEOPAEPEwY cuVTE-
AoUVTAL GTOV UTOAOYIGTH) TTOU avothod3AveL To cuvTovioud. Extéc amd Ttov emUEQIoUO TwV
AELTOURYLOY, TUPUAANAOTOOVVTAL XAl Tol OEBOUEVA, 0pol O GUYTOVIGTHAC OLoLOLEdLEL TUrUaTo
TWV OEOOUEVWY GTOUC UTLOAOLTIOUS UTONOYLO TEC.

To yeovoPopa Turuata Tou TEoyedupatog e oxorovdolv va elvon tor onueia dmou umoho-
yiCovtow ot didpopol mivaxeg. o autd, xou dapolpdleton 1 epyacio otor TuAuaTo autd. Me
N OnUoupYior SUVOUIXGY BLERYUCLOY ETTUYYAVETUL EELCOPEOTNOT POETIOU, MOTE Vo EAO-
YO TOTOLELTOL O YPOVOC %aTd Tov omolo dev TparypatonotovvTal utoloylouol. Emmiéoy, ue
™V epapuoyn) Tou MPI oto mpdypauua, amanteiton emixovwyvio PeTadd TwV UTOAOYIOTOY TNG
ouoTotylog Yot TNV avTAAAAYT) TV OEDOUEVGYV.

O cuvtovioTrg dnuoupyel Tivoxeg testratings otodepol ndvta peyedoug Toug onoloug GTEA-
Vel xde popd otoug epyalduevouc. Ot mivaxeg autol efvon uTonivaxeg Tou mivoxa ratings mou
TEQLYRAPNXE OTNV TEONYOVUEVT] UAOTOINGT] XAl TEPLEYOLY Users2 YPHOTES O XAVEVIS, XL TIG
EXTWACELS oL €Y 0LV BKOEL auTol Yo Tor avTixetueva Tou cucthpatog. O Tpocdloplouds Tou
XATIAANAOTEQOU PEYEDOUC TV TOXETWVY TPOC amocToAY €ytve ue Tn pédodo ping pong, oTnv
omola EMXOVWVODY B0 Blepyacieg amooTEAAOVTAG 1 wlot GOTNY GAAY TAXETA OLUPOPETIXMY
HEYEDDY, XU HETEOVTOS TO YPOVO UPiBEouUng ETLXOVWVIAG.

Kée popd mou o cuvtoviotiic hapdver orjuo and xdmolov epyalduevo 6T eivan dladéotuog
vor TopathdfBeL Véar Sedouéva, Tou Tar amoo TEAAEL Xt GuveYILEL £TOL, (OTIOU VoL TEAEWWOOUY O
Toe dedopéva. ‘Otay dev umdpyouy dAho dedouéva, Eextvder va Tapohopfdvel anoTeAéopoTa
amd Toug epYalOUEVOUC Xal Tal TaEVoUEl 6T owoTh Véom Twv mvdxwv denominator xou
deviation. Troloyilel otn cLVEyelad T0 cwoTO Tivaxa deviation mou dev unopoloe va uTo-
hoyiotel oToug gpyalduevoug yloti Bev elyoy Ghot dha o Tolyelor Tou ypetdlovTon xon TEAOS
mopdyel Tic Teofiédeic. O unoloyilopog Tou mivaxa deviation etvar dpolog Ye auTOY TOU TAUL-
olou 6.8 %o 0 UToAoYIoUOE TWV TEOBAEPENY duoLog Pe auToV Tou Thatstou 6.9. H Aettouvpyia
TOL UTIOAOYIGUOU TV TEOPAEYEwY Jo utopolioe va tparyuatomomndel oaxdua mo Yeryopd, Ue
YPNOT TEPLOGOTERKY UTOAOYLOTOY. MTNV TOEOUCH EQUOUOYY, YENOWOTOLELTaL UOVO O GUY-
TOVIoTAC Ylot TNV Tapaywyr) Touc. Ot gpyalduevol 6ev avahauBdvouy ToV UTOAOYIGUO TWV
TEOPAEPEwY BLOTL 0uT6 Vo amontoUoE aUENOT TOU XOGTOUG ETXOVWVIOC.

Ou gpyalduevor houPdvouy Toug Tivoxeg testratings, urmohoyilouv toug mivoxeg numerator,
denominator xou deviation, xou 6tov evnuepwdoldy amd T0 GUVTOVIGTH OTL BEV UTEEYOUV
dAhow Bedopéva, Tou amooTéAoUY To anotehéopatd Toug. Ot mivaxec denominator xou de-
viation mou unohoyilovton otoug epyalouevous, Onwe oxeBKe xon ota Thalota 6.6 xou 6.7,
ovoudlovtar denominator2 xou deviation2 616t ol UTOAOYIGUOL TOU TEOYUATOTOLOVYTOL OPO-
P00V UOVO TO TN DEBOPEVLY Tou Eyel ANGUEel xou 6yt OAo To GUVOAO dedouévey. H dagopd
070 6vouo yiveTow Yl var dtaoporoindoly amd Toug TAfeelS Tivaxeg Tou oynuatiCovion 6To
ocuvtovio . O mivoxag numerator ypnowdomoteiton tomxd o xde epyaldyevo xou dev -
tvau amapadtnTn 1 amooTohy| Tou oTo cuvtovioTh. H anoctohy| anoteleoudtwy yiveton uévo
o opd amd e epYalOUEVO UE OXOTO T1) UEWWOT) TOU YEOVOU ETUIXOVWVING UETOEY TGV
epYalOUEVY X0 TOU GUVTOVIGTH).
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Hapaxdtey mapatiieton o xwoxag Tou Teootédnxe oty vAomoinom auth. O xOOLXAC TOU Pa-
tvetow oo mAakoto 6.10 elvar 0 x@OIXAC TOU GUVTOVIGTH ot 670 Thadoto 6.11 eivon 0 xHBaC
v epyalouévewy. O unoloylopog tou mivaxa deviation xo twv TEoBAEYEWY 0TO GUVTOVL-

ot yivetaw axplag omwe teptypdgeTton ota tAcdota 6.8 xa 6.9 avticTouya.

LoV x0TV epYalopévwy, 0 UTOAOYICUOC TwV Tvaxwy numerator, denominator2 xou

deviation2 yiveton 6mwe oxpBng xan ota mhadola 6.6 xon 6.7.

/* #####YE Set Ratings #H##A###A */

// listing 6.5

/* #####YE Sending testratings to workers #A##A#E */

for(i=1;i<size;i++)

{

do

{

gq=counter*ITEMS*users2;

#pragma omp parallel private(j)
{
#pragma omp for
for(j=0; j<users2*ITEMS ;j++)
{
testratings[jl=ratings[q+j];

}
} /* end of parallel section */

MPI_Send(testratings, users2x*ITEMS,

MPI_COMM_WORLD) ;
counter++;
active++;

MPI_INT,

i, FROM_MASTER,

/* #R####Y Master receiving sth from workers ###### */

MPI_Recv(&sth,1,MPI_INT ,MPI_ANY_SOURCE,7,MPI_COMM_WORLD ,&status);
active--;

sender=(status.MPI_SOURCE) ;
/* #R####YE Master sending mnext data or dietag to workers ###A### */
if (counter*users2<=users)

{

#pragma omp parallel private(j)
{
#pragma omp for
for(j=0; j<users2*ITEMS ;j++)
{

testratings[jl=ratings [counter*ITEMS*users2+j];

}
} /* end of parallel section */

MPI_Send(testratings, users2*ITEMS,

MPI_COMM_WORLD) ;
counter ++;
active++;

MPI_INT,

sender, FROM_MASTER,
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else if ( counter*users2>users )
{
tag=DIETAG;
MPI_Send(testratings ,users2*ITEMS, MPI_INT, sender, tag,MPI_COMM_WORLD
)5
counter ++;
/* #####R Master receiving results from workers ##R#AHE */
MPI_Recv(denominator2 , ITEMS*ITEMS ,MPI_INT ,MPI_ANY_SOURCE , 4,
MPI_COMM_WORLD ,&status) ;
MPI_Recv(deviation2 , ITEMS*ITEMS ,MPI_FLOAT ,MPI_ANY_SOURCE,5,
MPI_COMM_WORLD ,&status );
/* #####R Master placing results to right position #HHEH##H##E */
#pragma omp parallel private(i,j)
{
#pragma omp for
for (i=0;i<ITEMS;i++)

{
for(j=0; j<ITEMS;j++)
{
denominator [ i*ITEMS+j]l=denominator[ i*ITEMS+j ]+denominator2[ ix*
ITEMS+] ];
deviation[ i*ITEMS+j J]=deviation[ i*ITEMS+jl+deviation2[ i*ITEMS+]
15
}
}
} /* end of parallel section */

3

}while (active >0) ;

Listing 6.10: IInyolog x@dxag Tou GUVTOVIGTY).

while (TRUE)

{

MPI_Recv(testratings, users2*ITEMS, MPI_INT,MASTER,MPI_ANY_TAG,
MPI_COMM_WORLD ,&status) ;

/* ####### Check the tag of the recetved message #H##### */
tag=status.MPI_TAG;

if (tag==DIETAG){

MPI_Send (denominator2 , ITEMS*ITEMS ,MPI_INT , MASTER ,4,MPI_COMM_WORLD) ;
MPI_Send(deviation2 , ITEMS*ITEMS ,MPI_FLOAT ,MASTER ,5,MPI_COMM_WORLD) ;
break;

}

/* ###### Set numerator (differences matriz) - denominator (frequencies
matriz) #RZREE */

/* #####y Set (pre)deviation ######E */

// listing 6.6

// listing 6.7

/*x #AAAAE —————- #Hannns */

MPI_Send (&sth,1,MPI_INT,6MASTER,7,MPI_COMM_WORLD) ;

} /% end of while */
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Listing 6.11: IInyoalog xodwag twv epyalopévemy.

6.5.2.1 ITapouciaoy TV ATOTEAECUATOV.

Anotehéopata emTdyUVoTg.

e auTh) TNV EQopUoY T TapaTneeltal Yeltaor) TOU GUVOAXOU Ypbvou eEXTEAEOTC XATd 5,7 POopES
amb TO YPOVO EXTENECTC TNG OEIPLAXAC EQUEUOYNC. 2To oyfua 6.11 anewxovi{eton 0 GUVOAL-
%0¢ YPOVOS EXTENEOTG TNG UPELOXTG EQapuoYTC cuvopTroel Tou ThRdoug Twv xoufwy tou
YenoyLomotinxay ot TopaTNEEToL OTL 0 YEOVOS AUTOG PELOVETUL OGO TEOGVETOVTAL XOUfBOL
oto olotnua. Emnedr ol uetproec agopolv 10 cUVolo dedopévwy MovieLens 100k to o-
molo meptéyel 943 yperoTeg xon Tor TUXETA BEBOUEVKY TOU amoc TEMOVTAL TEptEyouy amd 100
YenoTtee To xadéva, dev allomolfinxe o dwdExatoc xoufoc Tne dladéoiung cuototyiag GTov
UTIOAOYIOUO TNG ETTAUVONS OLOTL Ot Tal BEGOUEVY UTopoLy Vo dlouotpacoly uévo ye 10
amOGTOAEG. Xe auTh TNV TEpinTwor O Yyivetan yYpron Tng SuVoULXAS AmOC TOAHC DEBOUEVWY
0LOTL xavévag epyalouevog Be ypetdleTal Vo TapaAdBel SEUTEPO TOXETO DEBOUEVOV.

36

T
Execution time —+—

Time in seconds

1 1 1
2 4 6 8 10
Number of processes

Yo 6.11: Xpdvog extéheong ocuvapTthioet TAYoug xouBwy.

O ypedvoc tne pdorne mpoenetepyasiog Sedouévmy eniong Topouctdlel ueiwon 6co auédveTtal
10 TAUOC TV xOUPwY Tou yenotwonoovvtat. Iapatneeitar 6Tl eved 6N oelplaxt| EXTEAEDT
1 @domn auth dapxel 56,88 sec, otny VBELB LhoTolnon anottovyTon LOMG 3,66 sec, dnhoadT
T0 UBpLoId medypauua bvor 15,5 X toyitepo Tou oelploxol. O ypedvog Tng gAcTg TEOETE-
Eepyaoiog ouvapTAoEL ToL TAHIOUS XOUBWY TOU YENOWOTOUVTOL Yid T0 GOVOLO BEBOUEVHV
MovieLens 100k qatvetar oto oyrjue 6.12.

210 Sudypopuua 6.13 amewoviletar 0 AGYog ToU GELELIXOU YROVOU EXTEAECTC TPOC TOV TUEAA-
Anho yeovo extéleong yia To oUvoho dedouevwy MovieLens 100k cuvoptrioet Tou mAdoug
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T
Preprocess time —+—

14

12

_
o

Time in seconds

[ee]

1 1
2 4 6 8 10
Number of processes

Yyfuo 6.12: Offline ypdvog cuvaptrioet mAfloug xouBwy.

xOouPov. Taputnpeiton peydhn emtdyuvon ue Ypnor T€00dewY UTOAOYLO TGV, OTOTE UTEOYEL
ONUUVTIXG OPeENOG amd TNV TEooU XN ETTALOV xOUPwY. XENOoWOTOLOVTUS OO TECOEPLS XAl
dve UTONOYIGTES 1) ETULTEYLVOT) EfVaL OUOAT.

Speedup (s/p) ——

Speedup

35 E

3 1 1
2 4 6 8 10

Number of processes

Yyfua 6.13: Adyoc ypdvou oelploxric VAoToNoNS TEOS TO YEOVo TaEdAANANG LhoToinomg
ouvapTHoel TAYoUS xOUPLV.

To anmotehéopato TOL TUPOLUCLAG TNXAY PEYEL AUTO TO OTuEio 0PoEOVY GTUTIXY ATOC TOAY| OE-
BOPEVWY, POl XavEVaS amtd Toug epyalOUeEVoUS Be AouPdvel ex VEou Bedouéva. LT DuvEyeLa
ToEoLCLALOVTaL TO ATOTEAECUOTA TV EXTEAECEWY TOU TELOYUOTOC UE YOEHON UXOOTERWY T
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XETOV BEBOUEVLV, (OTE VoL ETLITUY YAVETOL DUVOULXT ATOG TOAY| TOUG X0l VoL 0 LOTIOLOUVTAL OAOL
oL UTOAOYLOTEC TOU GLUOTHUATOS. MTo oyfua 6.14 ameixoviCovtan Téooepa dorypduuata. To
TEOTO XU TO BETEPO APOPOUV TO CUVOMXO YPOVO EXTEAECTC TOU TEOYEIUUATOS XL TNV
emTdyuvon vl To oOvoho oedouevey MovieLens 100k xou yio peyetdog maxetwyv towv 50
YENOTOY, xaL To ENOPEVA dVo Yo péyedog mox€twv Twv 70 yenotwv. ‘Otav anoctélhe-
Tou ToXETO TV 50 YENO TV EMTUYYEVOVTUL EAXPEMS XAADTEQOL YPOVOL, BLOTL GE QUTY| TNV
TEPIMTWOT TO TEAEUTAO TOXETO TEPLEYEL AYOTERA By ENO T OEGOUEVAL.

36 T 6

Total execution time (data size 50) —— Speedup (s/p) (data size 50) ——

Time in seconds
Speedup

L L L L 35 L L L L
2 4 6 8 10 12 2 4 6 8 10 12

Number of processes Number of processes
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Total execution time (data size 70) —— Speedup (s/p) (data size 70) ——

Time in seconds
Speedup

L L L ! 35 L L L L
2 4 6 8 10 12 2 4 6 8 10 12

Number of processes Number of processes

Yyfuo 6.14: Xpdvog extéheonc xon emtdyuvor Bdoet Yeyéloug ToaxETwy BEBOUEVWY.

O ypeodvoc emxotvwviag YETAED TV xOUBwv TNg cucTolylag UETPNUNXE 0TO CUVTOVIOTY| Xal
Tep oufdvel Tov xodopd Yeovo OAWY TV ATOCTOADY Xal ToUEUAABOY SEBOUEVEDY UETAED
TOU GUVTOVIGTH) X0l TV £0YAULOUEVOY X0 TO YPOVO UVAUOVHC XAUTE TOV 0Tolo 0 GUVTOVIGTHC
TOPUUEVEL GEQYOG X0 TEPUUEVEL VoL 0OAOXATPwVEl 1) Topaho31) BEBOUEVLY TOL TOL EYOLY GTELAEL
ol epyalopevol. Egbécov anoctélovton Tor (B dedopéva oe xdde diot amd Tig EXTEAECELS
TOU TELOYUUTOS, ONAADT YL CUYXEXPUEVO GUVOAO BEBOUEVGY Xou YLt SLopopeTind Thrdog
®xOUL 0V, 0 xoapd yedvog emtxotvwviag eaptdtor amd To TAYOC TwV epyYaloUEVELY Xou Amd
TOV OYXO TWV OEBOUEVWY PO ATOGTOMY).

O YpOVoC avoIovAg TOU GUVTOVIO T EYXELTOL OTO OTUEID UETAUED TN OAOXAHPWONS TNE TEWTNG
AmOGTOAAG OEBOUEVGLY OTOUC EPYUCOUEVOUS XL TNG TEWTNG TapahaBic Tou oAuaTog amd
xdmotov epyalduevo 6Tl €yl TeAeunoel Ty enelepyaoia. Katd tn Sidpxeia autol Tou ypovi-
%0U OLUC TAUATOS O GUVTOVIG THG OEV EXTEAEL XUVEVOLY UTOAOYIOUOG, X0t AOY L TNG 0V TOATIXTG
Aewtoupyiag tng MPI_Recv, avouéver yeypl 1y ohoxApwar) tng TopaAoShg eVOg Unvouatog
TEOTOV TEOYWEHOEL OTNV EXTEAEDT] TWV ENOUEVHY EVIOADY.

Enouévwe, o xadapdc ypodvoc emixovmviag propel vo utohoylovel Yewpntxnd péow tne -
(popUoYNG ping pong, mou UETEEL TO YPOVO ATOCTOANG X0t ToRUAUSBTC DEBOUEVWY DLAPOPWY
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peyedwv yatafd dVo Biepyoaotdv. Xto oyédo 6.15 ameixovilovtoar dVo Swrypdupata. To
TENOTO apopd 1 VewenTiny| EmxovemVid, xal To BeUTEQO TNV EMXOWVWVIA TOU TEPLAoUBAvEL
X0l TOV GERYO YPOVO TOU GUVTOVIGTY|, cLVaPTHoEL Tou TARYoug xouPwy. H emxowmvia ou-
Eaveton 600 TEooUETOVTOL XOUPBOL OTO GUGTNUA, EVE O YPOVOS TOU O GUYTOVIO TNG TOQUUEVEL
depyog pewveTar 660 auidvovtar ol xopfol Tou cucTiuatoc. O Yewentinde uTohoYIoUOS
TOU YPOVOU emXOVWVING TEPLYpdpeETOL 0TO TopdpTnua B’

T T
Communication time and iddle time B}

T
Communication time =g

35

Time in seconds
Time in seconds

0.5 L L L L L L
2 4 6 8 10 2 4 6 8 10

Number of processes Number of processes

Yyfuo 6.15: Xpdvog emxovemviog.

O ypebévog UTOAOYIOUGY aPOEd UOVO T1| BLEEXEL TKV UTOAOYIOU®Y TV cpyoalouévoy. Ta
x&de extéNeon TOU TEWAUATOS HETEAUNKE 1) CUVOALXY| BLEIOXELN TWV UTOAOYIOU®Y OE AU
epyalouevo xou AMpdnxe unddn n uéyotn and autéc. I'a to chvoho dedopévwy MovieLens
100k o péooc ypdvoc uTohoyIoU®OY 6TouG Epyalouevoug etvor Tepinou 1.64 sec. Yto oyrua
6.16 poiveTon OTL 1) XOXUOTNTO EAATTWVETOL 600 ALEAVETAUL TO TAHDOC TOV YENOWOTOUUEVGY
®OUPWY, YEYOVOC Tou ogeiletar TNy adENom NG EMXOVOVIOC.

3.5

Granullarity (computation time/lcommunication time) 4

O Il Il Il

2 4 6 8 10
Number of processes

Eyhua 6.16: Koxxdmta (Xpdvog unohoyiopmv/Xpbvo emxovmviog).

Arnoteléoporta XAUIXWoNC.
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Hopotnpeiton and o didrypaupa 6.17 6Tt 0 ypdvog mapaywyric Teofiéhewy xou mpofréewy pe
Bdon awidveTtar ouaAd o€ oyéon Ue TO UEYEDOC TOU GUVOAOU BEBOUEVMY TOU YENOWOTOLELTAL
x3&e opd xou emimAgov Yo var tapay Yol ol tpofiédelg e Bdpn amouteiton AydTEQOS YPOVOQ
amo OTL Yo var topay Yoy ol amhég TteoPAédels. Enlong, oto dudypouuo 6.18 qaiveton 611 TO
TAfvog Tov TEoBAédenmy Tou TapdyovTon avd BEUTERPOAETTO eV e€apTdTol amd To Péyedog Tou
GUVOAOU DEBOUEVGY, AAAG ATt T1) CTORPABIXOTNT TWV EXTACEMY TOU. XTo TEWTA GUVOAX
oedopévwy, Ta omola lvor TUXVOTER OIS PaiveTon oTov Tivaxa A”.2 Tou mapapTdaTog A’
TR yovVToL TEQIGOOTERES TPOBAEPELC avd BEVTEPOAETTO, OUWS TEAXE O apLiudc TEOPBAEPEwY
avd BeutepdlenTto oTaepomoteitoan mepimou oTic 68000 Yo Tic amhéc mpolAédElc xan oTig
100000 vy Tic mpoPAéders ue Bden.

Predictions time —+—
Weighted predictions time --->---

250

200

150

Time in seconds

100

50

Number of ratings in datafile

Yyfua 6.17: Xpdvog mpofrédewy avd GOVORO BEBOUEVKV.

O ouvohixdg ypdvog TapaywY g Twv TEolBAédeny xou Twv TeolAédeny pe Bden Yo uropoloe
vo ehatTodel oaxduo TEpIocOTERO BLOTL OE AUTH TNV UAOTIOINOT) TOEd TO YEYOVOS OTL Ypenol-
pomoloUvTon ToAhol x6ufol, uovo évog mapdyet TIC TEOPAEPELS, XU ETOUEVLS OTOV TNyolo
x@oxa yia i TeofAédelc yenotuonoelton povo OpenMP xou €tot ol mpoPiédeic mapdyov-
Tot oCLOTOLOVTOC UOVO €Vl X0 UEQOC TV TOPWY TOU GUCTAUATOS. Oa unopolce Aolmov
va. yenodononiel €vag 1oy VEOTEQCOS UTOAOYIOTHAG Yiol TNV TapaywyY| TeofBAéPewy, Hote va
o&LOTOLOUVTAL TEPLOGOTEPOL TUPTVEG OO TOUS TEGOEQPLS TOU YPTCYOTOLOVOVTAL OE QUTH TNV
epopuoy, 1 o umopoloay vo mopdyovtor TeoPAEdelc and dhoug Toug xouPouc, YeYovog
Ouwe mou Ya emBdpuve To xOGTOS EMXOVGLVING BLOTL Vol ETEETE VoL AmOGTAAAOUY GE GAOUG
TOUC ®OUPBOUC TOL ATOTEAEGUOTA TG PAoNC TEOETEEERYATIUC TOV BEDOUEVWY.

6.5.2.2 YPpewduxr) vAOTOINoT CE ETEPOYEVY CUGTOLY (X UTOAOYLOTWY.

Y auTh TNV evOTNTA LAOTIOLELTAL 1) TEONYOUUEVT UBELOWXT| EQUQUOYT| OE ETEPOYEVY cuoTOLY ol
UTIOAOYIGTAV X0l TUPOUCLELOVTOL To OTOTEAECUATO TOU TELRGUATOC.

H etepoyevric oustolyio utoloylotwy oty omola EPupudoTNxEe 1o TElpoua, amoTeAslToL and
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220000 x—
X Predictions per sec —+—
Weighted predictions per sec ---»---

200000 | | .
180000 |- 4
160000 | 4
140000 |

120000

Number of predictions per second

100000 Yemmemmm oo S e S i

80000

Number of ratings in datafile

Eyua 6.18: TIpoPAédelc avd deutepdhento avd GUVOAO BEBOUEVLY.

Toug €h¢ €€L xouPouc:

o 'Evav unohoyioty| e 80o encgepyactéc AMD Opteron (tm) Processor 6128 HE émou
x&ie évag mepléyel oxtw muphvec. H ouyvotnta poloyiol eivon ot 800 Mhz xou
t0 péyedog tne cache uvAung etvon 512 KB. H pviun RAM tou cuotfuatog eivou
ywentixétntoc 16 GB xou 1 xdpta dixtbou Intel Corporation 82574L Gigabit Network
Connection.

o Ané évav tetpanienvo unoloyloth we Intel(R) Core(TM)2 Quad CPU Q6600 @
2.40GHz, ye 8GB RAM xa péyedoc cache uviunc 4096 KB. H cuyvétnta polo-
YU etvar ota 1596 Mhz xou 1 xdpta dixtiou Atheros Communications L1 Gigabit
Ethernet Adapter (rev b0).

e 'Evav tetpanipnvo unohoyiot pe Intel(R) Core(TM)2 Quad CPU Q9300 @ 2.50GHz,
ue 8GB RAM xou péyedoc cache pviune 3072 KB. H cuyvétnta poloyiol ebvan ota
1998 Mhz xou 1 xdpta dixtbou Atheros Communications L1 Gigabit Ethernet Ada-
pter (rev b0).

o Tpelc Sitbpnvouc unoroyiotée pe enelepyootéc Intel(R) Core(TM) i3 xou pe ou-
yvotnto poroylol ot 2.93Ghz. H pviun RAM xdde xoufBouv arotereitan and 3 GB,
0 péyedoc tne cache pvAung etvon 2048 KB xou yernowponoteiton xdota dixtvou Realtec
Semiconductor Co. Ltd. RTL8111/8168B PCI Express Gigabit Ethernet Controller
(rev 03).

To hertovpywd cLoTnua 6To omolo exteréotnxay Ta tetpdpata etvar To Ubuntu Linux 10.04
o€ OAOUC TOUC TOPATAVE UTTOAOYIOTEC.

Hpdta yiveTton €heyyog yia TNy €VpECT) TOU GUVTOVIOTH TOL Yol AMOBWOEL ToyUTEEA TAL ATO-
TeEAéoPoT, OLOTL OTNV LAOTIOINGT TOU TEWRHUATOS O CUVTOVIOTHC EXTOC OO TO GUVTOVIOHUO
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NG ETUXOVWVING XL TNG XUTAVOURE POeTOL epYaolac oToug epyalouévous UToAOYILEL xou Tic
TeoPBAEELS, OTOTE UTdEYEL XOOTOC LTOAOYIOU®Y Xl 0To TUAUN Tou cuvTovloTh. Ta Ty emi-
AOYY| TOU XATIAANAOU GUVTOVIG TH), LETEHUNUE O GUVOAIXOC YPOVOC EXTEREOTC Xou ETUAE Y OMXE
(¢ CUVTOVIOTAG AUTOC OV TEAYHATOTONoE 10 UxpoTtepo. EmAcydnxe ©¢ cuvtoviotc o
tetpantpnvoc unoroytotic pe Intel(R) Core(TM)2 Quad CPU Q9300 @ 2.50GHz, 8GB
RAM xau péyedog cache pviune 3072 KB. Me 11 yprion auto) ToU UTOAOYIOTH (¢ GUVTO-
vio T emtedynxe yio To oOvoho dedopévwy MovieLens 100k ypdvog extéleone 14.06 sec.
2T CUVEYELY, UETA TNV ETAOYT TOU XUTIAANAOU GUVTOVIGTH, AauBdvovTon UETEYOEIC Yol Ta
OLdpopa GOVORA DEDOUEVLY.

Hapatneelton adénon oto AdYo Tou Ypbdvou NG GELELIXNG EXTEAECTC TEOC TO YPOVO NG
TOEIAANANG 660 QUEGVETAL O GYXOC TWV GUVOAWY dedoPévwY. To yeyolitepa cOvoha Oe-
DOMEVWY ETUTUY YEVETAL UEYUAUTERY] ETLTAYUVOT), TOU QTAVEL ueyet xou 15,9x. H emtdyuvon
qotveton oto oyfua 6.19.

Speedup (s/p) —+—

Speedup

(82 e ()
S K < % %
Number of ratings in datafile

Yo 6.19: Adyoc oelplonol Tpog Tapdhhnho yedvo exTéleonc.

O Abyog ToU YPOVOU UTOAOYICU®OY TEOC TO YEOVO EMXOWVWLVING ameovi(eton 6T0 oy
6.20. O ypdvoc emxowvwviog uetprinxe ye Yewpentind Tpdmo, 6Tne e€nyeltal 6TO TaUpdETNU
B’ Hopoatnpeiton 6Tt 660 aUEAVETOL 0 GYXOG TWV GUVORWY BEBOUEVGY, 1) XOXXOTNTA TELVEL VoL
otodeponowniel tepinou oty T 3,6. Auté ebvon o EvBelén OTL 1) oyéomn UETALY Tou YeOVou
ETUXOVWVING X0 TOU YPOVOU UTOAOYLOUMY TOQUUEVEL (Bl 660 Tol GOVORA BEBOUEVWY €Y OUV
v (Bt tuxvotnTa. H oyéon tng xoxxdtntac e tny muxvoTnTo ToU GUVOAOU BEBOUEVWY
ametxoveiletar oTo pufddypouua Tou oy fuatog 6.21.

6.5.3 2UYXpELTIX ToeoLC{AoT TWY ATOTEAESCUATWV.

Ye auth) TNV evOTNTA ToEOLCLILOVTOL GUVOTITIXG X0 GUVEXTUOUVTOL TO ATOTEAECUOTA TNG
TELOUUTIXNG UEAETNG TV EQPAQUOYOY TapaAAn oTolinong Tou alyodpriuou slope one. Ytoug
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Computation time/Communication time —+—

Granularity

o. 5 11 1 1 1 1 1 1 1 1
257 IS 6 . Z S 6 - .
000‘"%? K B, = % %, B,
%Ko S G

= ()
) k<) > % % % S

Number of ratings in datafile

Yyfua 6.20: Xpdvog UTOAOYLIoUOY TEOg YeOVo emxoveviog Yo TNV uBedwr vhotolnor o
€TepoYeEVY| cucTouylaL.

Denzity HEE
Granularity S

1888088 122658 133819 248579 339542 415323 487756 570608 664468 755326 831852
Datasets

Yyfuor 6.21: TTuxvotrra xan xoxxdtnTao avd 6OVORO BedOUEVWY Yo TNV UPBEWWT LvAoToinon
o€ £TEPOYEVY cuaTotyia.
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mivoxeg 6.2 xou 6.3 @ofvetow 0 GUVOAIXOC YPOVOG EXTENECTC NG €QapuoYhc Pe yeron O-
penMP xou tng uBpdinrc epapuoyhc avtiotolya, cuvapthcel Tou TARoUC YNUdTLY Tou
yenowomotinxay, yia 1o cbvolo dedopévwy MovieLens 100k. T to (B0 cOvoro Oe-
OOMEVWY, 1) UBELWOLXY €QopUOYY| OTNY ETEPOYEVH cucTolyio mou anoteheltar and 30 vAuaTa
cuvohxd yeewdotnxe 14.068586 sec.

Hapatneeiton 6Tt 1 epopuoyr| ue OpenMP eivan yenyopdtepn and tnv BB EQopUOYY, XaL
ATAULTOVYTOL ETUTAEOV TOEOL 0T0 GVOTNHUA 0TO OTolo EXTEAE(TOL TO TE(PAUOL YIaL VO UTOREGOLY
vo emteuydoly Bl ypovol. Lo mopdderyuo, oty egopuoyy| we OpenMP, ue ypron 8
VINUGTWY ETITUYYEVETUL GUVOAXOS Ypovog extéleong (oo pe 21,4 sec, eved otny uPptdw
epappoyT) amanteiton peyahitepog aptiude vrudtony Yo va ettteuydel o (Blog ypedvoc.

H eqappoy?| tne uPetdfic vAormolnong o TepoyevEg OO TN elvol BUVATO VL ETLPEREL TTaL-
pamAfioto amotehéopato Ye TNV epappoyt| ve OpenMP, ywelc va amouteiton 1600 yeydin
aOENCT TV UTOAOYIOTIXGY TOPWY TOU CUCTARNTOS. XTNV ETEPOYEVYH cucTotyia, Ue yehon
TELAVTOL VNUATOY ETTUYYEVETAL (D10 AMOTEAEOUA UE AUTO TOU ETUTUYYAVETOL OTNY EQPUQUOYT
ue OpenMP pe Sexaéél viuara. 2ot600, dev anoxheietar To EVOEYOUEVO 1) UBELOLXT EQUOUO-
YY) OE ETEQOYEVEC GUGTNUO VO TUPOUGCLICEL OXOUOL ULXPOTEROUS YPOVOUG, av yenotuononet
LOYUPOTEPOC UTOAOYLIO TS GTO POAO TOU GUVTOVIGTY), apol) OAEC oL TEOoPBAEYELS TopdyovTon GE
AUTOV.

’ Apuipodg vnpdtwy \ YuvoAxodg ypodvog ‘

2 71.534929
4 38.224012
6 27.231218
8 21.441523
10 20.575978
12 19.334583
14 18.095302
16 14.700209

Hivoxag 6.2: Egapuoyr ue OpenMP.

] Apipoc vnudtwy \ Y uvVoAxog yeodvog ‘

8 35.379519
16 25.889350
24 24.472460
32 23.945617
40 23.843781

Mivoxag 6.3: TRy Egapuoy.

Y10 oyfua 6.22 golvetar 0 yeOVOG EXTEAEOTS TV VAOTIOOEMY CUVIPTACEL TOU UeYEUoug
TOU GUYOAOU BEBOUEVLY oL YenoulomoLeitan. Me xdxxvo ypmua avamaplotatal 0 YedVog Tng
epappoyhc pe OpenMP, ue mpdowvo o ypdvog Tng UBELOLXC EQUOUOYNG XL UE UTAE YEOU
avamopioTotar 0 Yedvog Tng UBedinhc vhotolnong oTtny etepoyevy) cuctolylo. Ot epapuoyéc
xenotonooly dlapopeTixd TARYog VNUGTeY, afloTolmVTaG €10l TANPMWS TOUG TOPOUS TOU
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ovoThatog 6To onolo epaupudlovial. To anoteréopato 0To oyfua 6.22 agopoly To PEYIeTOo
aprdud YNUdTwy Tou elvon Buvatd va yenowonotniel oe xdie epopuoyr. H egapuoyr ue
OpenMP o&iomotel 16 viuata, n uBetdw epappoyr Ttepitou 36 xat 1 UBELOLXT GTNY ETEQOYEVT
ovototyio allonoel 30. Tlopatneeiton 6tL 1 LPBEWY epoapuoYr 0TO €TEPOYEVES GUOTNUA
UTOAOYLOTGY TaPOoUGIALEL OMOEVA Xt XAADTEROUS YPOVOUS A6 TIC UTOAOLTES EQUOUOYES, 6GO
HEYOAOYOUY Tat GOVORA OEBOPEVWY. 26TOG0, TO Wavixd Yo oy vor uetenioly ol ypdvol autol
uE yerom Tou Brou TAloug VudTenY ot xdle EQapUOYT), €T0L WOTE Va Yivouv TLO Epavy| To
TAEOVEXTHUOTO X0l oL adUVaUiES xdle LAoTolnoTC.

Emniéov, and To didypopua Tou oyfuatos 6.23 oto omolo ancixovi{eton 0 AOY0C TOU axo-
Aoudaxo) TEog Tov TUPIAANAO YEOVo exTéAeonc ot xdUe GUVOLO BEBOUEVKY, TEOXUTTEL OTL
UE TNV EQupUOoYY| TNE LBEWLXAC UAOTOINGNC OTNY ETEPOYEVY GUGTOLY o EMITUY Y EVETOL ECC XAl
15.9xxahbtepn emtdyuvon. Emloneg, mapatneeiton ol ota 800 Storypdppoto (6.22 xou 6.23)
oTL 1) LPBEB) LLoToinom TaEoUCIAlEL GTUUYTIXT Blapopd and Tig dhheg 600. AuTd ogelle-
TOL GTO YPOVO OVAUOVHC TOU GUUTERLAOUBAVETOL OTNV EMXOVWVIA GE AUTH TNV EQPUPUOYT),
o omofog dev urdpyel A elvon TOA) UxEOTEROS OTIC SAAEC UAOTIOLACELS. TNV EQUOUOYY| TOU
UPELOWOY XWOXA OF ETEPOYEVES GUOTNUA, O YPOVOS XATE TOV OTIO{0 O GUVTOVLO THC TOPUUEVEL
GepYOC EAUYIO TOTOLE(TOL ONUAVTIXG ETELDT YENOLOTOLOVVTAL WE EQYAULOUEVOL XoU TLO LGYLEOL
UTOAOYIoTEG amd To cuviowo ™. 'Etol, epboov autol €youv uixpdTepo Ypovo amdxeLomg
amo TOUG UTOAOYIGTEG oL YenotoToldnxay oTny opoyevr) cuctotyia, o cuvtovo T Yo
OVOUEVEL YLOL ULXPOTEQO YPOVIXO DLAC TN UEYEL Vo AdPBeL urvupa 6Tl XdmoLog omd Toug EQYa-
Copevoug ebvar Stondéotuog vor avahdBet véa pyaoia.

Implementation with OpenMP —+—
Implementation with OpenMP and MPI

500 - Implementation with OpenMP and MPI in heterogeneous cluster -ye-#:--

400 1

300 | 1

Time in seconds

200

100

Number of ratings in dataset

Eyfuor 6.22: Xuvolixde ypovog extéleonc o€ xdle GUVOAO BEGOUEVMV.

Y10 oyfua 6.24 qofveton 0 GUVOAIXOS YPOVOS TNE (PACTC TEOETECEPY IO TwWV BEDOUEVLV
v xdde vhomoinon avd clvoho dedouevey. O ypdvog auTodg, OTWS EfVaL AVOUEVOUEVO,
au&dvetar 660 YeYahlTEROS Elvol 0 6YX0¢ TwV GedoUEVWY Tpog emelepyaota. Ilapatnpeiton
ot 1 eopuoyy| ue OpenMP amoutel peyolbtepo ypdvo mpoenelepyacioc mov uetofel otny
Topoy WY TV TEOBAEPEMY amd 6Tl oL UBEWES eqopuoyéc. MTo oyfua 6.25 galvetal o
apriuog Twv TEoPBAEPENY xaL Twv TEoBAéewy pe Bdon Tou TapdyovTo avd BEUTEPOAETTO OF
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20
Implementation with OpenMP  =—t—
Implementation with OpenMP and MPI ---3---
18 L Implementation with OpenMP and MPI in heterogeneous cluster ---%--- i
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Lyfuo 6.23: Emitdyuvon v iy UAOTOLCEWY.

xde epapuoyr) yio xdde ohvoro dedouévwy. Tlupdyovton nepiocdtepe TpofAédels pe Bden
avd BeuTtepdAETTO GTNV £QopuoyT ue OpenMP, xou oyeddv o Blog apriudc mpofrédewy otny
uPedW| EgapUoY T ot eTEpOYEVT cucToly o xan oty e@apuoyT| ue OpenMP.

Implementation with OpenMP

100 Implementation with OpenMP and MPI _#%---
Implementation with OpenMP and MPI in heterogeneous clustes”---#---

80 B

60 1

Preprocess time (sec)

Number of ratings in dataset

Yyfua 6.24: Xpdvog gdong mpoenelepyasiog Yo TIC TEEIC UAOTOLACELC.
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400000
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200000
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100000

OpenMP-predictions —+—

OpenMP-weighted predictions

OpenMP and MPI-predictions ---3---

OpenMP and MPI-weighted predictions --m -

Hybrid in heterogeneous cluster-predictions ----%---

Hybrid in heterogeneous cluster-weighted predictions == ©-:-

Number of ratings in dataset

Yyfua 6.25: TIpoPAédeic xon mpofBhédeic ue Bdpn avd deuTepOAeTTO Xou avd GUVOAO BEBO-

HEVGLY Yl xde LAoTolno,.
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O AMydbprdupog Slope One




Kegpdhowo 7

Y IVUTEQACULATA

LNy evotnTo auTr YIiVETOL Lol GUVTOUN AVIOXOTNGT) TV TROTYOUUEVWY XEQUAXLWY XoL To-
E0UGLALOVTAL TO CNUAVTIXOTERN CUUTEQIOUATA TTOU TEOoEXUpAY xadME Xl TEOTAGELS VLol UEA-
hovtint| epyaoio.

T TopaTdvey XEPAAoLOL EYIVE TEQLYRUPT) TWV BAUCIXMY EVVOLOY TV CUCTNUATWY GUCTAGCE-
OV %0l TV XVELOTEPWY ahyopliuwy cuvepyatixic difinone. Ilapouctdotnxay ol yetpxéc
a&loAGYNONC TOUC %ol Ta XUPLOTERO TROBAAUOTO TOU CUVAVIWVTAL GTIC EQPUPUOYES TWV OL-
O TNUATLY CUCTACEWY.

YN ouvéyela 66Uy PBootxol oplopol xan évvoleg tng mapdhhning emelepyaoiag xal ol
UETEIXEC ToU eapuélovton oTny alloAOYNOT TORdAANALY TeoYpoupdtwy. Emmiéoyv, mepl-
Yedpnxay GUVOTTXG. oL TEYVohoYieg TapdAANANG enedepyaciog Tou yenoylomolfinxay otny
EQAPUOYT| TOU v TUYINXE GTO XEPdAUO 6.

Or teyvixéc TopdAANAoL TEOYEUUHATIGUOU EQUEUOLOVTOL GTO GUC TAUNTA GUC TUCEWY UE GTOYO
Vv toryOtepn enedepyacion Tou UEYAAOU Gyxou BedoUEvmY. O TopdAiniol alydprduol cu-
vepyathc Otinong mou vhoToloUVTHL Tal TEAEUTHLA YEOVLX TIEQLYPAPOVTOL GTO XEPAUANO 5.
Meydn mowahrio Teyvoroyudy egopuélovial, and Tic xahepwuéveg onwe ta Posix Threads,
0 MPI xou 10 OpenMP, w¢ xou Ti¢ o cUyyeoVeES, OTKS To TEOYEUUUATIO Tixd Thaiota
Hadoop xo GraphLab.

H npoondieia ohyxplong twv adyopidunmy autov anodelytnxe avépuxtrn dtadacta dLoTL dev
ulomotolvTal LTO X0Wwo6 Thaiclo. XpenoUOoTOoLUVTOL DLUPORETIXG GUVOAN BEDOUEVLY Xol Bla-
(POPETINES PUETEWES Yial TNV a&loAOY N oY) Toug. Ol UETEIXEC TTIOU YETNCLOTIOOVVTAL TEPLOGOTEQO
ebvoaw To RMSE, n emitdyuvon xaw o ypoévoc extéheonc. Ouwe dev €youv petpnlel oe dheg
Ti¢ e@apuoyes. H xhpdnwon mou elvan onupovtind uetpw] yioo Ty extiunon g anddoong
evog alyoplduou ot ueydha GOVOAX BEBOUEVKY, OTWS AUTY TOU YETCULOTOLOUY To GUC TAUATY
OLOTACEWY, PETEATOL HOVO OE pla egappoyy). Etol, n ouyxevipntn allohdynon xat 1 o0y-
%L TV TUEEAANAWY ahyoplduwy cuvepyotixic duflnong arnotelel éva avolyté medio Yo
TEPAUTEPW €pELVA, TO oTolo Yo umopel vo amotehéoel Bdor yior TNV UAOTOINGT| VEWY Tapdhhn-
AV oahyopliuwy, avadexviovTag To XaToANAGTERY Tedlar ahyoplduwy yio TapaAinionolnon
XU XATOYPAPOVTAS TI OUYYPOVES TAOELS.

Téhoc, diveton Eugaon otny meprypapr Tou ahyoplduou slope one, epopuolovton TEYVIXES
TopoAANhoTolnoNE o8 aUTOV XL TpaypaToTolEiTon TElpouaTiX UEAETN Toug. Eletdlovran
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0Vo moapdAAnAeg eqopuoyéc tou. H mpwtn ue yerion OpenMP xou 1 6ebtepn e Tawtdyovn
yefion OpenMP xou MPIL. H ufeidut| egapuoyr alloroyeiton und 1o mhaiclo 800 dlopopeTt-
AWV UTOAOYLOTIXOY cLGTNUATWY. Miag opoyevoi cuoTtolylag UTOAOYIGTHOY, 6TOU GAOL OL
uTohOYIG TEG Ebvan TNE (Blag duvouxdTNTAS Xt Ui eTepoYEVOUC.

To amotehéoyato TNG TELRUUUTIXAS UEAETNG TOV TROYEUUUATLY TUpaAANAOTOINCTE TOU aA-
yoprduou slope one €deiav 6Tl umopet vo emitevydel ueydhn BeAtivon oto yedvo extéheoric
TOUG PE TNV EQUPUOYT TeEYVIXwY Tagariniornoinone. H mpwtn egoupuoyr| ue OpenMP eivan
¢ xou 9,5 Popeg Tary0TERT Amd TOV 0xOAOLILUXG WO Yo TO GUVORO BedoUEVKY Movie-
Lens 100k, n By egapuoyr nepimov 5,5 @opéc TayUTERT, xou 1) UBEWOXY EQUPUOYT) OE
etepoyevi| cuctoyla elvon enlong mepimou 9,5 popéc tayltepn TN axohoudionic.

To anoteréopota auTd ETOEYOVTAUL TEQUTERL BeATiwon BLOTL UTdEYOUY OTMUElN GTOV XWOWXX
TWY VAOTIOWOEMY TOU UTopOVY Vo Blaoppwioly ue téTolo 1pémo Kote va emhuioly To
TEOPBAAUOTA YEoL Tou Topouctdlovtal xon va Behtiwdel 1 taydtnTo extéreorc Toug. ‘Eva
ONUOVTIXG TEOBANU GTOV XMOLXA X0k TWV VO EQPUOUOYOY EIVOL 1) YENOT UEYIADY X0k QLMY
VXY, ToL uTopel var emhudel yonolomolwvTag xdmola dhhn dour Sedouévey OTwe stru-
cts 1 mivoxeg ouoyetioewv (hashmaps). H uBeidixr egopuoyr mopouctdlet pepixd oxdpor
TEOBAAUATO TTOU 1) AVTWETOTILOT| TOLG UTopel Vo eTLpEpet BeATinon Twv aroteheoudtoy. Eva
am6 auTd efvon TO TEPLEYOUEVO TOU TEAEUTAOU TAXETOU OV AMOG TENAEL O GUVTOVIGTAC. Eva
HEYSAO P€pog TOU TaXETOL U TOU elvar BUVITO VoL TERLEYEL Ay ENO ToL DEBOPEVAL, AOYW TOU G Ta-
Vepol peyédoug Twv TaxéTev, Ta omola xohuoTEPOVY doXOTA TNV EXTENEDT] TNG EQPUQUOYNS.
To npdéfAnua autd Yo umopodoe vo emAVVEL UE TNV EQPAPUOYT| BUVAULXNG XATAVOUHE TAXETWY
ouvouxol peyédous. Aniady, puduilovtag 1o péyedog Twv TaxETHV ot xdde ATOGTOAN
avdAoYa UE TO UEYEVOS TV BEBOUEVMY 1) OXOUOL XAl AVEAOY O UE TNV UTOAOYIGTIXT LoY Y TOU
TopoAfrTn. Enlong, n egopuoyn epyaielwy avdhuong tne andd00mg TUpdhANAWY EQUOUOY®Y,
OTKC auUTd Tou TEpLypdpovtan otar [33] xou [21], umopel vo yenoworotndel yio Tov EAeY Y0
TEOBANUATIXOV ONUEIDY OTOV XWOWA, 0TS TO OTUElD GTO OTOl0 TEAYUATOTOLELTOL AVOOVT
0TO CUVIOVOTY).

Qotb00, hopPBdvovtac vnddn T Pertiwon mou emPEpouy oL TUPIAANAES UAOTIOLACELS TOU
alyoplduou slope one, yiveton edxoha avTANTTO OTL 1) TEPALTEPL EVAGYOANCT Yio T1) BEATL-
otomnolnot| Toug de Va eivon pdtann. Eniong, n ouveyrc o ahgataddng adEnon touv 6yxou v
CUVOAWY BEDOUEVWY XAl 1) ETUTAXTIXY avyXn) Yio TNV GUECT), OYEBOV OTlylada, TopoywYT
ATOTEAEOUATOVY, xadOC xat 1) BEATIWOT TNE TOLOTNTOS TV ATOTEAECUATLY, ATOOEVVOUY OTL
1 BehtioTonoinom undeyoviwy oA yopllumy 1 axduc xou 1) ETVONGCT VEGOY, ATOTEAOLY VoL TO
Tedlo YEAETNC xan €peuvac, elTe oL alydpruol auTol aviXouY GTOV TOUEN TNS CUVERYUTIXNC
oufinong, elte oe dhhoug e€icou onuavtixols Touelg g Mryaviic Mddnone.



ITapdetnuo A’

To cOvola osoouevwy MovieLens
tng GroupLens Research.

H GroupLens Research Swrdétet o o0vola Sedopévev MovieLens [40] ta anolo amoterovvton
amo BEBOPEVA TTOU CUAAEY UMMV OF Bdpopeg ypovixeg TepLodous. Tola chvoha dedouévmy
ebvar Swrdéoua, to MovieLens 100k mou amotekeitan and 100000 a&ioloyroeic (ratings)
Touviwy and 1000 yeroteg oe obvoro 1700 tawvieyv, to MovieLens 1M pe 1 exatouudpelo
agtohoyrioeg 4000 touviwdv and 6000 yerotee xou 1o MovieLens 10M pe 10 exatouudpla
a&tohoyroelg o 10000 tonvieg amd 72000 yperoTec.

‘Olec oL adlohoyrioeic Yivovton o€ xhipoxa and 1 emg 5 xon xde yerotne €xet aflohoynoet
TouAdylotov 20 Touviee. Xto MovieLens 100k ot 100000 aloroyroelg yivovton and 943
yenotee yio 1682 touviec. Yto MovieLens 1M nepiéyovtan 1000209 adioroynoeic and 6040
yenotee Yo 3952 touvieg. Tao 6edopéva eivon Tuyador xaTavEUNUEVAL X0t TOEOUGIALOVTOL YWEL-

ouévo Ye | ot pop@
user id| item id| rating | timestamp

To timestamp efvon devtepdiento unix ond vy 1/1/1970 UTC. H apidunon yenotodv xo
Touvidy Eexvder amd to 1. Tapéyovton eniong amhd Snuoypapixd Sedouéva yior Toug YeNOoTES

pe ™ popgn :
user id | age | gender | occupation | zip code

XOL YL TIC Touvieg:

movie id | movie title | release date | video release date | IMDb URL | unknown | Action |
Adventure | Animation | Children’s | Comedy | Crime | Documentary | Drama | Fantasy
| Film-Noir | Horror | Musical | Mystery | Romance | Sci-Fi | Thriller | War | Western |

To MovieLens 10M mepiéyet 10000054 a&rohoyrioeic xou 95580 tags eqapuolovtou o 10681
TUVIEG a6 71567 yperioteg. Me autd T0 GUVOLO BEBOUEVWY OEV TEQLAUBAVOVTAL ONUOY UMY
otouyeio. Ta 6edouéva oTo apyeio autd etvor Tadivounuéva avd UserID xon avd MovielD xan
ot alohoyroels yivovton o€ xAfuaxo and 1o 1 ed¢ t0 5, avd 0.5, xou mapovoldlovion Ye TNV

e€hc pop:



920 To cbvola dedopévwy MovieLens tng GroupLens Research.

UserID::MovielD::Rating:: Timestamp.

Yt metpdpator Tou avahDoVTAL GTO XEPAANO 6 YeNoUOoTOLRUNXAY To GUVOL BEBOUEVLY TOU
qatvovTar otov Tapaxdte mtivoxa.To chvoho u.data eivar To MovieLens 100k xaw toe oOvoha
data 1 ec¢ data 10 eivon umocUvola tou cuvolou MovieLens 1M mou Snutouvpyrdnxoy
AoBdvovTag xdle Qopd TIC TEMTES EYYPAPES TOU GUVOAOU, ETOL HOTE VoL AUEGVETOL GTUOINS
T0 TARUOC TWV EXTACEWY XAl TV YENOTOV.

’ File \ Users \ Items \ Ratings ‘
u.data | 943 1682 100000
datal | 1500 | 3952 248579
data2 | 1500 2000 133819
data3 | 1500 1799 122658
datad | 2000 | 3952 339542
datab | 2500 | 3952 415323
data6 | 3000 | 3952 487756
data7 | 3500 | 3952 270608
data8 | 4000 | 3952 664468
data9 | 4500 | 3952 755326
datal0 | 5000 | 3952 831852

ivaxag A’.1: Mtouyelor cUVOLADY BEBOUEVLY

’ File ‘ Density % ‘

u.data 6,30
datal 4,19
data2 4,46
data3 4,54
data4d 4,29
datab 4,20
datab 4,11
data7 4,12
data8 4,20
data9 4,24
datalO 4,20

Hivoxag A”.2: TTuxvotnTo GUVOADY BEBOPEVLYV



ITopdotnua B’

OewENTIXOS UTOAOYLICUOS TOU
XEOVOUL ETXOLVLWVIAC.

[o o Yewpnund unohoyloud Tou yedvou emixovwviag dnuoueyRinxe wa vAoTolinom tng
uedodou ping pong, otny onola 600 depyacieg oTéAVouV xon Aopfdvouy unvouota (Blou
ueyédoug pe autd mou Slayelpileton 1 UBEWWT EQapuoYT) Tou xepakalov 6. Ta unvipoata Tou
amootéhhovTal efvan Tor e€rg:

o Tvo urvupa mou meptéyel évay axépato, To omolo avtioToyel ot ueToBANnTY sth mou
ex@pdlel TNV eTOOTNTA Tou Epyalouévou Vo AdfeL VEa Bedouéval.

o 'BEvo ufjvupa peyédoug users2 Xitems oxepaleyv, mou avTioTolyel oTa ToxETo OESOUEVLY
TOU OTEAVEL O CUVTOVIOTAC oToug epyalduevouc (testratings) xou ota moxéta mou
TEpLEYOUY TN oV TEpUATIONOU EpYaolag.

o 'BEvo ufjvupo yeyédoucg items xitems oxepaiwy, mou avtiotoyel otov mivaxo denomi-
nator2.

e ‘Evo urjvupa peyedoug items Xitems mporyuatixav apriuy, tou aviicTtolyel otov mivo-
xo deviation2.

Ou ypbvoL Tou amoutovVTAL Yiot TNV OmOCTONY ot A1 TwV Tapamdve ToxETwY QalvovTal
oTov Tivoxa Tou oxohouVet.

’ MAvupo \ Xpovog \ ITA90¢ pnvupdtwy ‘
MetofAnth yioo amootolf) ofuatog etopétntac(sth) | 0,002137 p
Hooéta Sedopévmv (testratings) 0,012240 p
Yua teppotiopol epyaotag (dietags) 0.012240 W
Anotehéopata (denominator2) 0.192619 W
Anotehéopata (deviation2) 0.192784 W

Hivoxag B'.1: Xpdvog amoctorfic xou AAPNG UNvUUSTe™y.

H tekevtala otihn tou mivaxo B'.1 8elyvel néoec gopéc Vo mpémel va anootolel To xodéva
amo o unvopata. Me p oupfoiileton To TARYOC TV ToxETmY oTa oTolo SLoTdToL TO GUVORO



92 OcwpeNTIAdS UTOAOYLOUOS TOU YPOVOU ETLXOWVLVIAG.

0edoPEVLY ot U W To TARY0C TV epyalopévwy Tng cuoTotyiag. MUVETKOS, 1) ETXOVOVi
umohoyileTon GUUPWVOL UE TOV ToEoxdTe TUTO!

(tsth + ttestratings) ' p + (tdietags + tdenominatorZ + tdeviationQ) - w

Xy neplntwon tou cuvolou dedopévwy MovieLens 100k (u.data) mou nepiéyet 943 yprotec,
Yo taxétor twv 100 yenotov (users2=100) amoutolvton BEXO TOXETA YLl THY ONOXAARWOT)
NG OMOGTOAAC TV 0eB0UEVWY, omote p = 10. Ot ypdvol emixovemviog utohoyilovton yia
mAfYog epyalouévevy w oo pe 1,3,5,7 xar 9. Ot ypdvol autol gafvovton 6Tov enduevo mivaxa
(B".2).

’ ITA%90¢ unoloyioTwV cucTolyiog \ Xpovog Enuxowowviag ‘

2 0,541413
4 1,336699
6 2,131985
8 2,027271
10 3,722557

Hivaxag B'.2: Ocwentind UTOAOYIONEVOS YPOVOS ETUXOWVWVIAG YLt TO GUVOAO BEBOUEVWY
MovieLens 100k.



ITapdptnuoe I

ITivaxeg aptiunTtixdy
ATTOTEAECUATWV.

Y auTd TO ToEdETNUA THEOUCIALOVTOL Ol TVOXES UE To oELIUNTIXG ATOTEAEGHAUTA TTOU TTEO-
Exuoy amd TNy extéreon ToV Tepoudtwy. O mivaxeg IM.1 xou I.2 agopolv tnv e@apuoyy| pe
OpenMP, xau oL ypbvol agopolv Ty extéleot) Tng epopuoyhc e 16 viuato. Ot mivoxeg and
Tov 1.3 ¢ Tov 1".24 nepiéyouy ta anoteAéopata TN UBEWONAC EPUPUOYTS Yo Tor SLdpopa
oUVOAAL BEBOUEVWY, xot O Tiivaxag 17.25 meplEyel Tor AmoTEAEGUAUTA TNG VELOIXNC EQUQUOYTS
OTNV €TEQPOYEVY| cuc ToLy{aL.

’ >OVoho BEdOoUEVWLY \ Yuvoixog Xpobdvog \ Xpovog Ilpoenegepyaciog ‘

u.data 16.717665 4.063877
datal 83.026942 32.354549
data2 30.237320 8.475188
data3 28.324049 6.828610
datad 111.896601 43.424517
datab 137.574666 53.710728
data6 164.582891 63.959317
data7 194.168638 75.266237
data8 218.208604 85.001731
data9 248.259966 99.452063
datal0 274.223358 106.729780

ivoxag IV 1: Xuvoludg yedvoe xon ypdvog mpoenelepyaoiog tne egopuoync ue OpenMP.
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ITivaxeg aptduNnTix®dy ATOTEAECUATWV.

’ 30Ovoho Bedouévwy \ Xeovog IlpofBredewv \ Xeovog Ilpofrédewv pe Bden ‘

u.data 3.271999 1.946093
datal 26.689507 15.764811
data2 7.054487 4.129264
datad 5.796595 3.383605
data4 35.577054 21.056151
datab 44.221493 26.096553
datab 53.063218 31.390168
data7 62.220497 36.838085
data8 70.852742 41.969896
data9 79.510694 46.913174
datal0 88.444879 52.272644
Hivocag I7.2: Yuvohixog ypodvog mpofhédewy xan mpofiéewy pe Bdpn g epappoync e
OpenMP.

ITA%Y90¢ | YuvoAixodg Xpeobvog Y roloyiopol Xpobvog
KouBwyv Xpeobvog Emwxowwviag | Yuvtovioty | Ilpoenelepyaciog
2 35.379519 14.887844 0.119484 15.077770
4 25.889350 5.491751 0.068878 5.627910
6 24.472460 4.037514 0.100983 4.209857
8 23.945617 3.566252 0.132511 3.767121
10 23.843781 3.426488 0.165205 3.662743

ivocag IM.3: Amotedéopata tng UBEWOXNC EQopUoYnc Yia To oOvolo dedouévwy u.data.

ITA\90¢ | MéyioTol Ynoloyiouol Xeobvog Xpovog Ilgofredewy
KoéouBwv Epyalopévwy ITooPBAEdewy Me Bdéen

2 1.632724 10.116080 6.783931

4 1.630888 10.097261 6.800228

6 1.631193 10.124105 7.015996

8 1.638301 10.086992 6.746616

10 1.687514 10.099085 6.777072

Hivoxag 17.4: Anoteréopota tng uBeWOXrC e@apuoyhc Yio To oUvolo dedopévwy u.data.
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ITA\90¢ | uvolixodg Xpovog Y roloyiopol Xpovog
KouBwv Xpebvog Emwxowwviag | Yuvrtovioty | Ilpoenegepyaciog
2 280.108544 132.658084 0.194947 133.011499
4 194.605693 46.825925 0.365223 47.345925
6 179.387225 31.723432 0.538049 32.414422
8 174.953264 26.820572 0.706883 27.685737
10 172.389826 23.672123 0.952889 24.778696
12 169.938360 21.190579 1.045132 22.394827

ivocag IM.5: Anoteléopata tng LPBeLdxrc eQapUoYrc Yo To cUvoko dedouévwy datal.

ITA\90o¢ | MéyioTol Ynoloyiouol Xpobvog Xpovog IlgofBrédewy
Koppwv Egyalouévwy ITeoBAedewy Me Bden

2 8.740834 83.501734 55.871998

4 8.816592 83.609608 55.931999

6 8.826091 83.504227 55.903996

8 8.925811 83.464979 55.912003

10 8.848848 83.436089 55.879996

12 8.819056 83.496473 55.867996

Hivoxac I7.6: Anoteréopota tng uBEOXTC e@apuoyhc Yio To olvolo dedopévwy datal.

ITAh90¢ | Zuvolxodg Xpebvog Y roloyiopol Xpeobvog
KouBwv Xpovog Enwowwviag | Yuvtovioty | Ilpoeneepyaciog
2 77.917185 34.675076 0.055004 34.829173
4 55.202094 12.314600 0.099763 12.500497

6 51.383983 8.263098 0.145697 8.501106

8 50.316744 7.003574 0.255073 7.346121

10 49.295539 6.178905 0.263858 6.532277

12 48.817030 5.562783 0.279394 5.934219
Hivoxag I7.7: Anotehéopota tng uBeWXrc epapuoyhc Yo To oUvolo dedopévwy data2.
ITA%Y90¢ | Méyiotol YT roloyiouol Xeobvog Xeovog IlpoBredewy
KoéouBwv Epyalopévwy ITpoPBAedewy Me Béen

2 2.290845 21.946440 14.706987

4 2.356139 21.973335 14.655182

6 2.320369 21.979690 14.615995

8 2.515318 21.968224 14.635997

10 2.313592 21.966418 14.647995

12 2.311475 22.030547 14.679207

ivocag IM.8: Amoteléopata tng UBeLoixrc eQapUoYrc Yior To oUvoho dedouévwy datal.
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ITA\90¢ | uvolixodg Xpovog Y roloyiopol Xpovog
KouBwv Xpebvog Emwxowwviag | Yuvrtovioty | Ilpoenegepyaciog

2 63.798264 27.859233 0.358471 28.313030
4 45.739186 9.764288 0.261844 10.106223
6 42.680172 6.666066 0.333375 7.080783
8 41.382123 5.621231 0.155807 5.859849
10 40.844515 4.960195 0.191499 5.232512
12 40.292530 4.459761 0.227102 4.768725

ivocag IM.9: Anoteréopata tng LPBeLdixrc eQapUloYrc Yo To cUvoho dedouévwy datas.

ITA\90o¢ | MéyioTol Ynoloyiouol Xpobvog Xpovog IlgofBrédewy
Koppwv Egyalouévwy ITeoBAedewy Me Bden

2 1.845596 17.955753 11.959996

4 1.836312 17.879936 11.896399

6 1.846727 17.968585 11.951736

8 1.844421 17.939519 11.927351

10 1.852820 17.907616 11.957111

12 1.874231 17.861218 11.943997

Hivoxag 17.10: Anotedéopota tne uBedrc epapuoyhc yio To olvoro dedopévwy datad.

ITAh90¢ | Zuvolxodg Xpebvog Y roloyiopol Xpeobvog
KouBwv Xpovog Enwowwviag | Yuvtovioty | Ilpoeneepyaciog
2 373.858623 176.376084 0.201131 176.803506
4 260.429346 63.056236 0.373342 63.639969
6 237.036006 40.177605 0.698663 41.086042
8 230.821505 32.638941 0.716398 33.564846
10 225.288995 27.775250 0.883894 28.868656

12 224.385501 27.027294 1.055200 28.291221

Hivoxag I7.11: Anotedéopata tTng uBedxrc e@apuoyhc Yio To oOvolo dedopévwy datad.

ITA%Y90¢ | Méyiotol YT roloyiouol Xeobvog Xeovog IlpoBredewy
KoéouBwv Epyalopévwy ITpoPBAedewy Me Béen

2 8.897781 111.813735 74.797817

4 8.931924 111.301735 74.584000

6 8.825802 111.340333 74.409538

8 8.863973 111.312518 74.679759

10 8.852968 111.225928 74.580000

12 8.935980 111.286711 74.615997

Hivocag IM.12: Amoteléopota Tng UBEWOXNC EQopUOYAC Yl To cOvolo dedouévwy datad.
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ITA\90¢ | uvolixodg Xpovog Y roloyiopol Xpovog
KouBwv Xpebvog Emwxowwviag | Yuvrtovioty | Ilpoenegepyaciog
2 465.455338 220.281546 0.207533 220.768062
4 324.244110 79.242555 0.721252 80.218602
6 294.008851 49.129441 0.696181 50.078734
8 284.819501 38.853563 0.720788 39.826207
10 279.492313 33.430117 0.962822 34.645364
12 275.076211 29.481878 1.060069 30.798317

Hivocag IM.13: Amotedéopota tng UBEWOXNC EQopUoYhC Yl To oOvolo dedouévwy datad.

ITA\90o¢ | MéyioTol Ynoloyiouol Xpobvog Xpovog IlgofBrédewy
Koppwv Egyalouévwy ITeoBAedewy Me Bden

2 8.745126 138.983348 92.722443

4 8.775300 139.023032 92.835993

6 8.780427 138.990255 92.919993

8 8.888865 138.851344 92.744001

10 9.417167 138.918613 92.876000

12 8.981078 138.981247 92.803997

Hivoxag 17.14: Anotedéopota tng uBedrc epapuoyfc yio To olvolo dedopévwy datab.

ITAh90¢ | Zuvolxodg Xpebvog Y roloyiopol Xpeobvog
KouBwv Xpovog Enwowwviag | Yuvtovioty | Ilpoeneepyaciog
2 557.544704 263.406296 0.213665 263.981028
4 384.379350 90.631952 0.385126 91.313077
6 351.495808 57.930177 0.559282 58.786799
8 339.389713 45.371596 0.726215 46.394130
10 331.371994 37.542473 0.956721 38.797152
12 329.464560 34.505461 1.069218 35.871992

Hivoxag 17.15: Anotedéopota Tng uBedxrc e@apuoyhc yio To oOvolo dedopévewy datal.

ITA%Y90¢ | Méyiotol YT roloyiouol Xeobvog Xeovog IlpoBredewy
KoéouBwv Epyalopévwy ITpoPBAedewy Me Béen

2 8.717234 167.091482 111.499995

4 8.793124 166.650193 111.460250

6 8.793588 166.759032 111.431999

8 8.774387 166.919970 111.196001

10 8.810813 166.840812 111.448003

12 8.784387 167.049561 111.191743

Hivocag IM.16: Amoteréopota Tng UBEWOXNC EQopUOYAC Yl To cOvolo dedouévwy datab.



98 ITivaxeg aptduNnTix®dy ATOTEAECUATWV.
ITA\90¢ | Zuvolixodg Xpovog Y roloyiopol Xpovog
KouBwv Xpovog Enwownviag | Yuvtovioty | Ilpoeneepyaciog

2 649.122483 307.509899 0.221101 308.095533
4 449.440644 106.901594 0.395416 107.638929
6 409.771254 66.922956 0.566398 67.833044
8 394.720976 51.283086 0.732997 52.359200
10 384.453837 43.507833 0.933902 44.787657
12 380.525852 38.082703 1.120397 39.547440

ivocag I.17: Amotedéopota tng uBeWrc egopuoyhc Yo To oOvolo dedouévwy datat.

IIA\90¢ | MéyioTol Ynoloyiouol Xeobvog Xepovog Ilgofredewy
KoéouBwv Epyalopévwy ITpoPBAedewy Me Bdéen

2 8.687980 194.326259 129.317536

4 8.941786 194.374441 129.524002

6 8.827414 194.945689 130.144349

8 8.867864 194.745269 130.024004

10 8.833299 194.241367 129.696000

12 8.793050 194.445981 129.819992

ivoxag 17.18: Anoteréopota tTng uBeWrc e@apuoYhc Yo To 6Uvolo dedopévwy dataT.
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ITAh90¢ | Yuvolxodg Xpeobvog Y roloyiopol Xpeobvog
KouBwv Xpeobvog Enwcowwviag | Yuvtovioty | Ilpoenegepyaciog
2 742.951660 351.426677 0.226397 352.108267
4 513.590363 122.726725 0.416789 123.544724
6 465.396361 75.110803 0.653984 76.158861
8 449.263415 57.589785 0.742308 58.735420
10 439.016030 47.656853 0.914796 48.971637
12 434.008312 41.997358 1.150478 43.547749

ivoxag 17.19: Anoteréopota tng uBedxrc epapuoyhc yio To oOvolo dedopévwy datal.

ITA"90o¢ | MéyioTol Y noloyiowpol Xpovog Xeovog IlpoBredewy
KouBwv Epyalopévwy ITeoBAedewy Me Béen

2 8.747226 222.783974 149.291751

4 8.848914 222.521152 148.663237

6 8.755205 222.991445 148.679999

8 8.850229 222.642200 148.767994

10 9.421801 222.594350 148.679999

12 8.841371 222.283120 148.628241

Hivocag 1M.20: Amoteréopota tng LBEWOXNC EQopUoYhC Yl To GOvolo dedouévwy datas.

ITAh90¢ | Zuvolxodg Xpovog Y roloyiopol Xpovog
Koppwv Xpovog Enwowwviag | Yuvtovioty | Ilpoeneepyaciog
2 835.573102 396.056541 0.233006 396.757538
4 575.173455 133.755655 0.404808 134.610159
6 524.258113 84.193323 0.576130 85.217455
8 503.366514 64.149918 0.812584 65.409216
10 492.350958 53.260060 0.921293 54.630237
12 487.483525 46.804315 1.091989 48.347533

Hivoxag 17.21: Anotedéopota tng uBedxrc epapuoyfc yio To oivoro dedopévwy datad.
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ITA%90¢ | MéyioTol Ynoloyiowol Xeobvog Xpovog Ilgofredewy
KoéouBwv Epyalopévwy ITpoPBAedewy Me Bden

2 8.786642 250.202415 167.275994
4 8.804262 250.410540 167.396496
6 8.802359 250.390813 167.419999
8 8.864529 250.424540 167.023998
10 8.895660 250.157751 167.507747
12 8.971907 250.007404 167.159996

ivoxag 17.22: Anoteréopota tng uBedxrc e@apuoyhc yio To 6Ovolo dedopévewy datad.

ITAh90¢ | Zuvolxodg Xpovog Y rolhoyiopol Xpovog
KoéouBwv Xpovog Enwowwviag | Yuvtovioty | Ilpoeneepyaciog
2 928.959064 441.035282 0.238677 441.796159
4 637.606274 150.625740 0.409202 151.532712
6 580.879822 92.498778 0.756047 93.748393
8 556.548447 70.174471 0.751846 71.418280
10 543.778354 57.283122 0.972464 58.754012
12 539.580781 49.795766 1.097366 51.392063

ivoxag I7.23: Anoteléopata tng uBpedic egapuoyrc yio To cOvoho dedopévwy datall.

ITA\\90o¢ | MéyioTol Ynoloyiouol Xpobvog Xeovog IlpoBredewy
Koppwv Egyalouévwy ITeoBAedewy Me Bdéen

2 8.844484 277.206876 185.099748

4 8.779440 277.336155 185.867999

6 8.907091 277.508033 185.507999

8 8.913145 277.416542 185.227752

10 8.964046 278.759554 186.775999

12 8.953666 277.357141 185.467745

Hivocag IM.24: Anoteléopata tng LPeLdixrc epoapUuoYrc Yo To cUvoro dedouévwy datall.




YUOvolo Y UVOALXOC Xpodvog Xpobvog
AcdopEVLYV Xpovog ITpoeneiepyacioac | Enuxowwviag
u.data 14,36671 4,158849 4,02964
datal 85,2239 24,089806 23,527717
data2 27,546623 6,446106 6,231255
data3 23,515332 5,325623 5,149683
datad 108,00658 28,08652 27,488792
datab 125,037171 30,467201 29,811919
datab 148,368264 33,628804 32,923777
data7 168,95198 36,02678 35,272561
data8 194,428803 40,551043 39,729871
data9 214,253129 42754345 41,873646
datalO 236,452386 46,275173 45,33791
YUOvoio Xpebvog Xpovog IlpoBAed. | Mey. Xpobvog
Acdopévwy | ITpofBAédewy Me Bden YroA. Epyoal.
u.data 3,432209 2,204459 1,319116
datal 27,491281 19,402385 7,872836
data2 7,590426 5,211058 1,979323
datad 6,276093 4,284034 1,396246
data4d 26,88717 19,330578 8,088889
datab 44.,646391 32,165933 8,094165
datab 53,569547 38,395419 7,623236
data7 62,254804 44,594233 7,678182
data8 71,742535 51,741436 7,79161
data9 80,319114 57,949922 7,637606
datalO 90,529653 64,635949 7,760389

Hivoxag 17.25: Anotedéopata Tng uBEWOXAC EQUPUOYTC OTNV ETEPOYEVY cuaToLyia.
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ITapdetnuo A’

AptunTind TAPAOELYUA TOU
aAyoptduou Slope One.

To mopddetyyo agopd v exteheon tou ahyopludou Slope One yio TEGOEQIC YPHOTES XAl
TEVTE AVTIXEIPEVA, OTIOU U6VO €Vag YeHoTNG €YEL BWOEL allOAOYNOT Yiot OAAL TO AVTIXEIUEVAL.
To dedopéva amoterolvton and 14 eyypoagéc xan gatvoviar otov mivaxa A1, Ot yeroteg
aprduodvTar and to 1 ¢ o 4, Tor avTixelpeva amd To 1 ¢ T0 5, xou oL alloAOYNOES XUa-
tvovtan omd to 1 ¢ T0 5 ot axépanal xAlhoxa, arAd oTic TeofBAéelC yivovton amodexTég xou
TQOY HOTIXES TYIES.

] Xenotng \ AvTuixelpevo \ AZloloymon ‘

1 1 2
1 2 4
1 3 3
1 4 1
1 5 5
2 1 4
2 2 3
2 4 3
2 5 2
3 3 1
3 4 1
3 5 5
4 1 2
4 Y 1

ivoxac A’ 1: XOvoho Aedouévov Hoapadelypatoc.

Ané T Sedopéva oynuatileton o mivaxog ratings mou QoiveTon TUEUXdTL. XTOV TIVAXO AUTO
x&de ypauur| aviioTtoryel oe Evay yeriotn xou xdde oTrAN ot éva avTixelpevo. Emiéyovtag
10 otolyelo mou Pploxetar oTNY U yeuuun xaL 6T § OTAAY, AofBdveTon 1 aloAdyNon Tou
€YEL DOOEL 0 YPAOTNG U YLl TO OVTIXEIPEVO J. LNy Tep(ntwon 6mou dev undpyel dtardéoiun
a&lohbynon, 1 Véon otov mivaxo ratings mepéyel v T 0.
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2 4 3 15
ratings = 43032
001 15
2 00 01

Y1 ouvéyela oynuatileton o mivaxag numerator o onolog mEPLEYEL Yo xdle yeRoTn U TIC
BLOPOPEC TWV EXTIINCEWY TV OVTXEWEVKDY @ xau j, dif (i, j) = w; —uj. To ebpog twv TV
TOL UToEOVY VAL TTIEOLY OL DLUPOREC AUTES Elvan TO OLAC TN [-4,4]. Emkéyeton o aprduog
10 ¢ [—4,4] v vor exppdoet Tic TEPUTTHOOELS 6Tou BV elvon duvartd var uToloytoVel 1) dopo-
ed, EMEWON Yo €var amd Tor 6U0 1) xa yior To 6U0 avTixelueva dev umdpyel atohdynor. Emneldn
n Ty 0 € [—4,4], Sev propet va yenoylonotnlel oTic TEQITTOOELS owTéC SLoTL Yo dnuLovpyo-
Otay o0yyuon yio To TOTE 1) dtapopd ivon 0 xou toTe dev ebvan dtodéotun. Ta ototyela Twv
vromvéxwyv A2, A3, A"4 xou A’.5 anoteloly tov Tivaxo numerator.

o teml by e 130y s o temi by o gy s
1tem 1 1tem 1
1 0-2-1]11|-3 1 0|1 (10| 1] 2
2 210 31-1 2 -1 071001
3 1 (-1 2| -2 3 10| 10|10 {10 ] 10
4 -11-31-2|01|-4 4 -1 0171001
5 311]1214]0 5 21-1110(-11]0
Hivocag A".2: Tlivaog SLapopmy yia Tov Hivocag A".3: Tlivaog Slapopmy yia Tov
yenotn 1. Yenotn 2.
o temi o 345 o temi o 345
1tem 1 item 1
1 101101010 10 1 0101010 1
2 1011010 | 10| 10 2 10| 10|10 [ 10| 10
3 10[10] 0 | 0| -4 3 10| 10|10 {10 ]| 10
4 1010 0 | 0 | 4 4 1011010 ] 10| 10
5 10[10] 4 | 4|0 5 -1 101010 O

Hivoag A”.4: Tivoxag Sopopnv yiol Tov Hivocag A”.5: Tivoxag Sopopnv yior Tov

xenotn 3. yenotn 4.

O nivaxag cuyvothtwv denominator meplEyel TOGES POPES CLUVAVTATOL EXTIUNOT TOU AVTI-
XEWEVOU § X0l TAUTOYEOVA GLUVAVTATOL EXTIUNOT Tou avTixewévou j. H xOplor dlarydviog tou
Oely Vel TOoEC PopEC cuvavTdTon extiunon Yo xdie avuixelyevo xon ebvar o Yéyiotog apld-
uog mou umopel va eugoavicVel oe xdde ypouun 1 othAn. Ernlong, o mivaxag autdg ebvon
CUUMETELXOC.

O nivaxac anoxhioewy deviation oynuotiletar Torotdetdvtac oty (7, j) Véon tou, o ddpot-
oUo OAWY TWV (4,7) OTOLYEIWY TWV UTOTVEXWY Tou Tivaxo numerator extoc and Tig VEoelg
Tou TepLEYouY TNV TYY| 10, xon Slonp®vTag UE TNV TYY| TNG (4,7) veong tou mivoxa denomi-
nator. Av n tiur auty| ebvon 0, téTE N avtioToryn Véom Tou mivaxa deviation molpver xan oauTh

v T 0.

O mivaixeg denominator xou deviation anewovi{ovtan mopoxdte, otoug tivaxeg A”.6 xow A7
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avtioTolya.
item j item j
. ) 112131415 . ) 1 2 31 4 5
1tem 1 1tem 1
1 3121123 1 0 —1/2 -1 1 0
2 212111212 2 1/2 0 1 3/2 0
3 1111222 3 1 -1 0 1 -3
4 2121233 4 -1 |-3/2|-1| 0 |-7/3
5 31212134 5 0 0 317/3|] 0
ivoxag A”.6: Ilivaxag cuyvothTov. Iivaxoac A”.7: Tlivoac amoxhicswmy.

Ytn ouvéyela unoroyilovto o TpoPAédelc xon ol mpofiédelc ue Bden Yy To yeHoTn 3 xau
T0 avTixeluevo 2 xau yior Tov yeotn 4 xou to avuxeiyevo 4. Ou mpofiédec unohoyilovton
oUUPLVL UE TOV TUTO

. _ 1
pred(u,j) = u+ W Z dev;;
ZERJ'
xou ot TpoPAédelc pe Bdpn and Tov
ZieS(u)—{j} Cji

pred(u, j) =

oToug TUToUC AUTOUC, card(Rj) elvan To TA0OC OAWY TWV AVTIXEWEVWY & EXTOC TOU J, T
omola 0 YENOTNG U EYEL EXTYWHOEL X0 UTEPYEL GTO GOVOAOD DEDOUEVWV TAUTOYEOVY EXTIUNON
Tou 7 xou Tou j. To ¢;; hopPdver v tur tne Yéone (7,7) Tou mivaxa denominator.

IpbBAedn tne a&lohdynong Tou yeHoTn 3 yiol To avTxeluevo 2.

it
card(Ry) = 3

> devy; = deve s + devgy +devys =1+3/2+0=5/2
pred(3,2) = 7/3+ 1/3 - 5/2 = 3, 16666667

IpoBredn e aglohdynong tou yerotn 4 Yo To avTxeluevo 4.

i=t
card(Ry) =2

Y devy; = devyy + devys = —1 —7/3 = —3,333333
pred(4,4) = 3/2 +1/2 - (—3,333333) = —0, 1666665

pbBAedn ue Bden tne altohdynone Tou yehotn 3 yio To avTxeluevo 2.

pred(3,2) = (devas + ug) - co 3+ (devay + ug) - o + (devas +us) - Co5
C2,3+ Co5 + Coy

14+1)-1 2+1)-2 -2
(D ERE) 240852
14242
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HpoBredn ue Bden e adiohdynone tou yenotn 4 yio To avTixeipevo 4.

pred(4,4) = (devgy +uy) - can + (devys + us) - ¢y _
C41 + C45

— . — 1) -
:( 1+2)-24+(=7/3+1) 3:_2/5:_0’4
2+3

Hapatneelton 611 0 ahydprduog xdmoleg Popéc Toapdyet apvnTxd apiud cav anotéheopo. O
aprduog auTOC BV EYEL PuOLXY| onuacia, BLOTL Ol amOdEXTEC TWES TwV TEOPBAEYewY elvon To
Sudotnuo {0} U [1,5]. To undév ocuunepthopBdveton oTic amodextés TiHés TV TeoBAédewmy
YLOL TIC MEQIMTWOELS EXEVES TTOU OEV elvor BLVATH 1) TaEAYWYT| TV TEoPAEYewy. Emouévue
TEENEL Vo An@Ho0v HETEN Yo TIC TEPLTTMOOELS OTOU TORAYETOL UQVINTLIXH TUL 1) TUUT TOU oVIXEL
oo ddotnuoe (0,1).



ITapdetnuo E

IInyolog xwowxag xat cOVOAX
OSOOUEVWV.

Y10 onuelo autd emouvdnTeETAUL dloxog BedOPEVKY, 0 oTolog TEpLEYEL Tar apyEla Tyolou
HOOLXA XL T GUVOAY BEBOUEVWY TIOU YENOWOTOWINXAY OTIG EPUPUOYES TWV TELRUUATOV.
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