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[TopddAnhar xan Aloveunuéva Xuo ThUATOL Epyacio 3: Bitonic sort with CUDA

1. EmxArorg

H nopoloa epyaoio anotelel cuvéyelo TN TpoNYolUeEVNS LAoToinong Tou (Blou ahyoELIUOU OF XATAVEUNUEVA
ouvothuata pe 1N ypron MPI. Xty tpéyovoa éxdoorn o alydprduog xalelton Voo EXTEAECTEL GE UTOCUG THUATA
yeapwov (GPU) ue yefion CUDA. Ta unocuo thuato Yeapuxdy pog 8ivouv tnv duvatdtnta yiot ToAD PeydAo
apriud napalknhomnoinong, x4t mou anotekel onuavTixy Slapoporoinot oe oyéon ue Tnv MPI éxdoon. Ilpoxtixd
0 TEOTOC UE TOV OO0 YENOWOTOLETOL TO UTOGUCTNUA YRUPIX®Y Ot auTH TNV epyaocia elvan cav accelerator
CUYXEXPEVLY cuvapToewy. H viorolnon tou alydpriuou éyive oe tpelg pdoeic axohouvTog Tic LTodeilelc
NG EXPWVNONG. LTNV TEWTN YAOY), TO UTOCUGC TNUA YRUPIXWY OTADE ETLTAYUVEL TO x0plo OWUA Tou olydprduou,
EVW OTIC EMOUEVES €YLVE TEOCTIAVELN TEOTOTONGNE AUTOV G TE VO EXPETUANEUTOVUE TOL YOUQUXTNELS TUXE XL TOUG
TOEOUC TOU UTOCUG TAUNTOS YRAUPLXWY, UE ATODOTIXOTERO TEOTO.

1.1. IMopadotéa

Ta mapadotéa Tng epyaociag amoTeAodvTaL Amo:
e Tnv napoloa avapopd.
e To c0vdecyUo Ue TO amoUeTELO TOU TEPLEYEL TOV XWOOLXA YIO TV TURAY WY T TWV EXTEAECIUWY, TNG AVAPOEEC
X0 TIC UETENOELS.

2. YT AOHIOIHEZH

ITpw Eexwvnooupe e Tic AemTouépeleg Tou alyodprduou, xald Ya ftay va teptypddoupe Tig faoxéc ouVAPTAOELS
%o DOUES TOU YPNoLoToUVTAL G TNV epyacia, Ko Te va Bondfoouvue oty xaAlTERT XaTovonon TNe LAoToNoTNG.

e Log: Ilpoxeitan i éva 100 0 omolog pag diver logging Suvatdtnteg Ti¢ omoleg unopel o yeHoTng va
EVEQYOTOLAGEL UG TN YROUUUY| EVIOAWDY UE TNV TUPGUETEO -V 1| --verbose.

e Timing: H té&n auty| npocpépel duvatdtntes ypovoustenone uiag 1 xat ToAamAGY xAhoewy odpollovtog
Toug ypbdvoue (accumulation). Enlone mpoogépet Suvatdtntes yia moMamhés eXTEAETEL OMOXANENG TNG
TaglvOuNoNG OToL oL YEdVoL uTopoly va Tadvoundoly xal vo emio Tpagel o eviiduecoc. O yehotng unopel
VoL ETUAEEEL TNV EUPAVLOT) TV ATOTEAECUATWY ARG X0 TOV optdd TwV EXTENEGEWY AT TN YROUUUY| EVIOAGDY
UE TNV TapdueTpo --perf.

e bitonicSort(): Ilpdxeiton yior TNy Paoin cuVAETNOY TOL VAOTOLEL TOV OAYOELIUO TNG Epyaalog Xt Elvol
o yopyn template yia Siapopetinois TOnoUg dedouévwy Tpog Tavouncn. ‘Eyet vionomdel 3 gopéc, ula
yia xéde €xdoon tne expwvnong VO, V1, V2 610 apyelo bitonicsort.hpp.

e inBlockStep()/interBlockStep(): Ewowd yia Tic exdooeic V1 xou V2 6mou yenowonoteiton loop
unrolling, to x0plo coua Tou ahyoderduou bitonic sort €yel ywplotel oe 6o cuvapthoec. Mia Tou exte-
Aelte extoc tou unrolling (interBlockStep()) xou pio mou extelel to (Bio to unrolling (inBlockStep()).

‘O)ot o mopandve tonot eivon templates, xaw Bploxovtar oto avtiotorya headers (.hpp) avti yio apyeia .cpp. H
ouvdptnomn main() mou vhomolel Tov alyoprduo pall ue Tov validator xouw to command line interface Bploxovto
o710 apyelo main.cpp. Xto apyeio config.h undpyouv o compile time puduiceic Tng vhomoinong émou o yerRotng
unopel vor eTAEEEL VLot TORABELY O TOV TUTO BEGOUEVWY P0G TASLVOUN ).

2.1.  Ilpdtn éxdoon (VO)

H npwtn éxdoomn vhornotel Tov Bacixd olydprduo emToyOVOVTAS ATAMS TO XVELO CWU TOU GTNY XAOTOL YRAUPLXMY.
Koo dewpolue nwg o avoryveotng eivar %on eoxeiwpévog Ue tnv ditovixy| tagvounon, dev Yo avaiboouue
v Aetovpyia Tng oe peydho Bddoc. T mivaxa peyédouc 2V o alybpripoc cuvolileton ot eEhc:

o Exteholvion N axohoudiec avtahhoydyv ye adlov apdud: m =1,2,..., N.

o H xde axoroudio m anoteleiton and avtarloyég HETAED YEITOVWY, TWV OOV 1) ANOC TIoT EEXIVIEL OO
2L o pewdveton pe Sradoyinéc axéponeg dionpéoelc e To 2, ewodtou yiver 1 (2m71 2m=2 1),


https://git.hoo2.net/hoo2/PDS/src/branch/master/homework_2
https://git.hoo2.net/hoo2/PDS/src/branch/master/homework_3
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o Ou avtahhayég ywpllouy o peyahdTeRa Xal To UiXPOTER GTOLYE(X UE OTOYO GTO TENOC TNE XAVE 0XONOL-
Blog Tor oTotyelor Tou Tivaxa vor anoteholv dladoyixéc ditovixég axolouvdiec. METd tnv mpddtn oxolouvdia
AVTOARAY @Y VoL €YOoUlUE % ottovixég axolouvtieg, YeTd TNV BelTepn % axoloudieg xar oUtw xdie €&,
€w¢ OTOU 0NV TEAEUTOULA VO €YOUNE % = % dttovixy), Onhadn pior TAhene TaEvounuévn AMota.
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Exfpa 1: 4 axohovdiec aviariaydv yio tagwvéunon 16 ctolyelwy.

H ewxédva 1 nopouctdlel auth tn Aoyd’.

2.1.1. IIMjdoc anawtoluevey diepyactdv (threads) xou xatopeplopdc otov nivoxo

Yy mapovoa gpyaota, eTUUHOVUUE Ol AVTUAAXYES VoL AGBOUY YWEd EVIOS TOU UTOGUG THUATOS YRUPIXMDY XolL VO
exteheo oV and Tic depyaoieg (threads) Tou utocuoTiuatog Ypapixmy. Le avtideon duwe Ue T TeonyoLUEVN
gpyoota, omou yia M urocOvola tou mivaxa elyope M MPI Siepyooiec xow dhec amantodviay vor EXTEAEGOUY
Olaywelond peYioTwy — elayloTwy, €6 N %xAVe Siepyacia wnopeil vo diaywpeicer 2 cTtouyeio.
AnNAadr yia Tagvounor evog nivaxa N oTolyeioyv anowtodvTon % Siepyoaoice.

B)émouye dnhady| twe dev elvon amapaitnto va avardéooupe plo diepyaoio oe xde oTolyelo Tou mivoxa. Me autod
cav Bdon TEoPAXAUE CTOV TEMOTO XATHUERLOUO TV dlepYaoldv ota otolyeia Tou mivaxa. Etol ywelooue tov
mivaxar og 800 pépn. LTo TedTo Pépog 1 BleutuvclodoTnoT EYve axohoudhvTag TNV apldunon Twyv threads, eve
Yiat T0 BEUTEPO TO BLMALCLO AUTHG.

‘Onwe yiveton @avepd énpene va foslel évag tpdmos wote oL uogs diegyaoies va Sievivvotodotoovy To mEWTo [1EQOS
xar o dAes ogs to devrego. O Suaywproude Eyve eréyyovtac tov ye{tova (partner) yio tnv xdde avtoahhoryt.

Threads = N/2

d »
u »
Pid Pid’
| o— «—eo
0 T T N/2 T N
Tid,  Tid, Tid’,

Tidy = threadldx.x + blockldx.x*blockDim.x
Tidy' = Tid, + N/2

Exhue 2: Aevduvoloddtnon twy threads (VO).

H Noywr| niow and autd tov €heyyo eivan 6TL av éva thread pe diedduvon Tid; €xer va avtadAdCel pé évay
yeltova pe diedduvon Pid = Tidy, t6te to thread mou opywd néptel otn dievbuvon Tlidy €xel vor avTaAAdEe
ue to Tidy. H avtodhayn opweg auty| €xetl dpoporoyniel oo Thidy xou €Tol To cuyxexpiuévo thread ymopel va
petagepdel oto deltepo wod Tou mivaxa oty avtiotowyn Véon Tidy xou vo avtodhdEel Ye Tov Yeltova mou
npoxVnteL ot exeivn tn Véon Pid'. O yeitovac oe exeivn ) Véom guord eivon o avtiotoyoc touv Tidy. To
OLdypoupo 2 TapoLGLAlEL QUTOV TOV XATOUEQIGUO.

nyy wikipedia


https://en.wikipedia.org/wiki/Bitonic_sorter
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‘Eyovtoc xatavéuel hoimév to threads otov mivaxa, 1 vhomoinon (bitonicSort()) extekel to dimhéd Bpdyo mou
Teplypdope Tapamdve xou avard€tel To xAVe B To onolo eXTEAEL TG AVTAAAAYES OTT XAETA
veoapuxwyv. To BAua autd aviiotoyel otic xd¥eteg YeUUES Tou oyfuatog 1. Autd yivetouw pe tnv
xhjon tou CUDA kernel bitonicStep<<<Nbl, Nth>>>(), 6nou dnuoveyolue Ny, blocks and Nip, tétola HGoTe
Npi+ Nip, = % threads, ta omola extehov T0 cpa Tng cuvdptnong. O yernotng unopel va emAégel Tov aptdud
twv threads avd block (A Swopopetind blocksize) and tn ypauur eviohdy pe to dpioua -b 1 --block-size. Etou
t0 xd¥e thread extelel pior avtadloyh) pe TNy dve dieuduvoloddtnon xo o ahyoprtuog teppatilel oto Téhog
Tou Buthou PBeodyou. To mheovéxtnua autrg e wedodou elvon 1 amAOTNTA TNG, XATL TOU TEOPAVEE TANEEVOUUE
UE EVay 0pXETE HEYAAO aptdud XANOEWY TEOG TNV XAETA YeaPix®Y To onolo tpociétel overhead, 6mwe Yo dolue
X0l TOUQOXATE.

2.2.  Aeltepn éxdoon (V1)

And v expivnon e gpyaciag 1o utdpyouv odnyieg yia Bedtiotonowoelc. H npdtn Behtiotonoinon howndy
agopd auTég axePBs Tig xhnoeg twv kernels, tTwv cuvapTtAcEwy Bnhady mou emiTaydvovion and TNV xJETA
yeopudyv. I'ivetar dnhadn n Yewenor and Ty expodvnor, 6Tt 7 EAXYLC TOTOINOT ALVTOY TWYV XACEWY
Yo BeATioToNOLAoEL TN Sradixacio. Puod, autd pével Tévto vor amodely el TNV TEEN.

O tpdénog mou mpotelvetar avixel oty xatnyopia BeAticTonoioewy mou Aéyetar loop unrolling, émou éva
uépoc tou Bpodyou agapeiton and tov Eleyyo Tou Bedyou xou xahelton "ue To Yépr”. XN Sy pag TEpITTWoT TO
uépog mou agoupeiton umopel va uner péoa oty xAron kernel aglomowdvtoc xahhTEpd TOUC TOPOUC TOU UTOEEL
VO YPNOWOTOLACEL, UELWDVOVTIS €TOL Xl TOV dpldUd XANOEMV.

Evo duwe otnyv éxdoon VO n xdde xhion kernel agopoloe éva otiyptdtuno (Ui xddetn ypouun) tou ahydetd-
Hou, £8G oL xAfoelg agopoly teplocdtepa. O xdie kernel dnAadt Yo extehéoel TURUATA TEQLOCOTEPWY TNE Wlag
Yeouurc Tou oyfuatog 1. Autd dume dnuloupyel data race, xododc oL TES ALTOV TwV oTolyelwy Swopotpdlovton
HETOEY TWV BLAPORETIXWY XANOEWVY.

[Mo va Aooouye autd To TEOBANUL EQYUC TAXAUE ETOL OO TE:

e No nepropicoupe 10 elpog TV dedouévwy tou "Brénel” o xdide kernel.
e No cuyypovicouvue Tic xhoelg eowtepxd Tou kernel oto xde oTiypdTuTO.

[t To Aoyo ot apyd ahhdEoue Tov TeéTo TNg dievduvolodotnong and tny éxdoon V0. H dieuduvoioddtnon
Tou mivoxa Théov dev axolovlel Ty apldunomn twv thread, odid avtiVeta to threads detyvouv uévo ota Luyd
blocks agrvovtag ehedidepo "Eva — moapd — €va” block. Aedouévou duwe 6Tl 0 apliude twv threads evog block
apxel yior vo ovtolhdEel 2 blocks tou mivaxa, petodétouvue ta micovalovta threads andotoon éva block. Me
auTO ToV TEOTO €youue Teptopioel Tt threads yéoa otic Buddec twv block. ‘Etol 1o elpoc dieuvdivoewy mou
dievduvotodotelton amd Tt threads tou block elvar 600 mo xovtd yivetan. To oyfuo 3 moagoucidler avth
uevodoroyla.

i‘ blockDim.x >§
Bl : Blaes | Blzkez Blakes
- = X
0 T T Pid’ N
Tid, Tid, Tid',
Current Pair of Blocks T T Next Pair of Blocks T

Tidx = threadldx.x + 2*blockldx.x*blockDim.x
Tidy' = Tidy + blockDim.x

EyxApa 3: Aieuduvorodétnon twv threads (V1).

Emouévwe, o va Abcouue to mpofinua tou data race mpémel va Beforwidolue mwg 1 xdde xhion tou kernel
apopd amocTdoel; oL Bploxovion eviog Twv duddwy Twv blocks. ‘Omwe eldaue oume xon oty Tapdyeago 2.1
Y10 THY M-007T1 oxohoudia, 1 AmHOTACT TV AVTOANAYGY LETAED TV YELTEVOLV Eexwvdel ond 2™~ dnou m — 1
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elvon 10 apy o Brua Tou ecwteptxol Bpdyou (Eotw Sp). Apa yio To Brue S; Tou ecwtepixol Bedyou and To
ornolo ot avtahhayéc Beloxovion ecwtepd Twv duddwy Twv block apxel:

BlockSize = Ny, > 2™i71 = 25 = logy(Ny) > S

‘Onou 10 S; = logy (Nyp,) glvon xou to péytoto Bua and to onolo unopet Distances >

va Eexwvioet to loop unrolling. uonde |Step: 6 5 JANIEIIZNAG

Y10 oyfua 4 gaiveton €var Topddelypa Tagivounong mivoxa 128 Yéoewy 1 1

xau block size = 16, 6mou Ta Briyota Ye oxioypdgnon unopoly va UAo- 2 | oeide 1;;4\ 2 1

rowndoly péoa otn ouvdptnor kernel. Mnropel xaveic vo nopatner|oet 3 4 2 1

Twe o Briyoata ye anooctdoel 16,8,4,2,1 etvon to Brigorta 4,3,2,1,0 4 8 4 21

omou logy (Ny,) = logy(16) = 4.

Mo vor vhontotiooupe auTh TNV TEoGéYYLoN, ondooue TNV bitonicStep() 3 16°6 4 21

oe dVo exdooec. H pio (interBlockStep()) xaheiton yioo amootdoeic 6 32 EREE
7 64 3216 8 4 2 1

ueyohltepes and d0o block size xou 1 dhAn (inBlockStep())yw loeg
xou uxpotepec. Enlong, n dedtepn vhomotel xou to pépog tou Bpdyou
mou avahoyel ota Briuata evtdg kernel. O mapaxdte xhdixag vAoTOLEL SyAue 4: Bruara Sitoviic tofwéunonc
aUTY TN TEOCEYYLON: ivaxar 128 Yéoewv (block size = 16).

size_t Nth = config.blockSize;
size_t Nbl = NBlocks(size);

auto Stages static_cast<size_t>(log2(size));
auto InnerBlockSteps = static_cast<size_t>(log2(Nth));
for (size_t stage = 1; stage <= Stages; ++stage) {
size_t step = stage - 1;
for ( ; step > InnerBlockSteps; --step) {
interBlockStep<<<Nbl, Nth>>>(dev_data, size, step, stage);
cudaDeviceSynchronize();

}
inBlockStep<<<Nbl, Nth>>>(dev_data, size, step, stage);
cudaDeviceSynchronize() ;

3

To yévo nou pével mAéov elvon 10 TEOBANUA TOLU LY X EOVICOV. Edc) ypetdleTon Vo XpoTHOOUUE TOV GUYYEO-
viouo mou elyaue o xdie xdetn ypouur) Tou oyxfuatog 1, amidg autéc Yo AdPBel ywea ecwtepixd Tou kernel.
H ouvdptnon mou pag diver auth tn duvatdtnta eivan  _ syncthreads(), tnv omola xou xahoOUE PETE omd TNV
ohoxhpwor tou xdde Brivotoc.

‘Onwe elvon govepd 0 Bloywpelods HETHED TV BNUdTmY TOoU UTOPoUY VoL YIVOUY ECOTERIXA XL AUTOV EEWTE-
ewd tou kernel €yel dvew dplo, ahAd Oyl xdTw. LTV LAOTOMNGCT Lo TaEOAd AUTA BEV OlVOUPE TN BuVITOTNTA
eLdulong autol Tou oplou. Autd ytl oUTwe N dA LS LTdpEyel pUTULoN Yia To uéyedog Tou block, To onolo xau
YEYOWOTOLOVUE YLl VAL XAVOUUE X0l AUTO To dlaywpelopd. 'Etol av o yeRotng emiAégel block size tote
OAEg Ol AVIAAAAYEG MOV X wEOoLY ot aTO To UEvyedog Yo AdBouv ywea evtdg Tou kernel.

2.3. Tpitn éxdoon (V2)

H 8eltepn BehtioTonoinomn mou npotelvetan amd TNV EXQPOVNOY aQopd TN XeNHOoN TNG XOWAG VAUNG UeTald
twv threads oo (8o block. H uvAun autr (shared memory) unopel, avédhoya Tévto xou Ue TNV opyLTEXTOVIXA,
vou ebvan plor 1) xan 800 téeic peyédoug yenyopdtepn and v global. Evd Béfoua autd poavtdlel eldLAALAxO,
Yo TEETEL VoL TOVICOUUE OTL VLol TNV CUYXEXEWEVT BeATioTonoinon Ya ypelao oLy apxeTés mopaywenoeic. I'a
awtd T0 AOYO EBAUUE QUTH TNV AUOT| UE APHETO OHETTIXLOWUO.

Ta Pacwd BApata Tou TEENEL Vo axOAOVUACOUUE WOTE Vo YENOWOTOLACOUUE TNV XOWY| WV elvou:

4
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AvTiypagn twv otoyelnv tou aviodldocovton and To threads tou block otn shared uvrun.

o ITpoocappoyn tnc dievduvolodotnorne twv threads evtoc tou block wote va aviiotoryoly ota
6pla Tne shared uvAune.

Extéleon tou ahydprduou e €xdoone V1 6ny xowy| uviun Ue T TEOCUPUOCUEVES SleLIUVOELS

Avtiypapn twv otoyelwy tiow ot global pvrun.
To oyfua 5 napouctdlel auTH TNV TEOGEYYLON.

Bl2x Blzk+1 Blzk+2 Blzk+s

|_Read |

<m
m>

A
VA

<« » Tidy = threadldx.x
r i ' 7 .
Shared: H B - x <+ Tid,' = Tid, + blockDim.x
0 T T T Pid’ T T
Tid, Tid, blockDim.x Tid', 2*blockDim.x

ExAue 5: Aevduvoloddtnon twy threads (V2).

B)émouye Aowmdv mwg o aAyoprdog sival TEaxTixd o (8Log, antAdS oL AvTAAAXYEG oTa Priuata
evtoc tou block AauBdvouy ywea otr shared pvrun avtl g global. Enlong mold edxolo urnopolye va
avtiingdolue twe ol anauthoelg o shared uviun elvon duo Qopéc to péyedog twv blocks. T pvAun auvty
deopeVoupe duvauixd péow opioyatoc otov kernel inBlockStep<<<Nbl, Nth, kernelMemSize>>>().

H odhoyhy v tnv devtepn éxdoon Beloxetan enl tng oucioc otn ouvdptnon inBlockStep(). H ouvdptnon
interBlockStep() mopapéver we €xel, xadde epydleton YE AMOCTAOEK UEYUAITERES AUTMV TOU YWeOoUV 0N
shared pvAun mou €youue deouedoel yio T blocks.

3. EMNIAOZEIZ KAI BEATIESTOIIOTHEH

‘Onwg gatveton xou and to oy 5, oTny 6eUTERN EXBOOT, EV® Yenotdonotoue tnyv shared uvAun yia Tic avToA-
hayéc evtog block, autd 8ev paiveton va nteprlopilel tnv npdcBacm otr global wvAun. Mdiioto n
TpooPBaon elvan mhéov vietepuvioTixr. To xde thread xdvel 2 avayvdoeig xou 2 eyypagéc, evey otny €xdoon
V1 ol eyypopés yio mapddetypa yivovtar pévo otav yeewdleton. Enlong n Aoy mou extedelton evtog thread
elvon MeplocOTERT xS TEENEL VoL YEVOUV Ol avTlYpaég oAAd Xou 1) TEOGUPUOYT TwV dleudivoewy. Ou mpé-
TEL AOLTOV TO %€p00¢ amod TIC YpNYopes aviahhayég otn shared pvAun va elvon mToAD yeydho, oLTwE WOTE va
avTiotaduicovye autd To x60T0C. AuTde Elvan xou 0 AOYog Tou Omwe avapépaue BAémouue Ty éxdoon V2 ue
OXETMTIUOUO.

Apywd yior va Blepeuviiooupe Tic embooelc exteréoope tomxd o plo GTX 1650 tig exddoelc xou eldaye Ot
n €xdoor V2 votepel xatd Ti. ‘Encita emPefonmooye Tic avnouvyleg yog oty ouvotoyia 6mou oTtnv ampere
A100 néh n V2 Aay mo apyr xon wovo otnyv Tesla P100 mo yeryoen. I va dlamio tdycouye Ouws enoxplB3ee
L oupPaivel yenowwonoioaue To epyahelo ncu WOTE Vo TEOLUE To TEOPIA Twv exteréoewv. Ou é€odol Tou
gpyahkeiou elvon dlodéouuol atoug xatardyoug RC1 xaw RC2 oo anodetipo tng epyaoiog e66.

Evdugpépov napovoidlouy ol i yetprioelc yio v inBlockStep() mou amotelel xan tnv Sapopd uetad Twv
EXDOCEWV:


https://git.hoo2.net/hoo2/PDS/src/branch/master/homework_3/analyse/prof.sh
https://git.hoo2.net/hoo2/PDS/src/branch/master/homework_3/analyse
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Metric Vi V2 diff
gpu time duration.sum 184 us 230 ps  +25%
average sectors per request-mem global 1d.ratio 3.47 4.00 -
average sectors per request-mem global st.ratio 4.71 4.00 -
mem shared cmd read.sum 0 525k -
mem shared cmd write.sum 0 314k -

smps average warp latency stalled barrier.pct 159% 116% -27.0%

smsp cycles active.avg 253k 315k +24.5%
smsp cycles active.sum 16.2M  20.2M  +24.7%
smsp inst executed.avg 132k 189k  +43.2%
smsp inst executed.sum 8.46M 12.1M  +43.0%

IMivaxacg 1: Xoyxpwon tnc inBlockStep() twy exddocwy VI xar V2.

ITéparv Tou OTL BAémouue Eexdidopa 6TL 0 YedVOC TNE GUVEETNONG Elvol PEYAADTEROS BIXUOROYDOVTOS TIC UETENOELS,
TUEATNEOVUE TWE:

e O avayvwoeilg/eyypagpeés and/npog tnv global wvAun vou yev éywav vietepuviouxéc (ratio
4 axpBoe, 6oec xou ol npooPdoelc mou avahoyolv oto thread), ahhd 1 éxdoon V1 eiye #0n nohd xoh
ouuTeplpopd, xadag elye yivel npoomdieia wote N mpdofacn o UVAUN Vo elval OGO UELWUEVY YivETOL.
Mdhiota to read Atov xon xahbtepo. 'Etol ovolaotixd dev unopéoaue vo xepdloouvpe 3t and 56.

e Extog and tny mapandve mpodoBacy otn pviun, tpoctédnxe N tpdécBacn o1 shared wvrun 7
omolo elvon o€ onuavtxd ntocootd (525k avayvooes xow 314k eyypopéc).

o O aptduodg Twv xOXA®Y AN ®ol TV EVTOA®Y TOU eXTEAOOVIOL and To TOUC streaming
multiprocessors (SMs) éyel extoZeutel xatd 25% xou 43% avtiotoiya. Autd Yewpolue étL oupPaivet
nal yott 1) éxdoon V1 elye apxeTtd TpoceYUEVO XD UE OXOTO T1| UEIWOT] TWV EVIOADY TOU EXTEAOU-
vioan. ‘Etol 1 éoto xon pxpy| ahhoryt) yiot var ylvouv ol avTiypopéc amd xou mpog TNy global ahAd xou n
TEOGUPUOYY| TWV OLELVVVOEWY ATOBELXVUETOL CNUOVTIXT.

Me Bdon ta Topandve anoTEAECUATO CUUTERAVOUNE TTwe Yo vo BehTindel 1) éxdoo| pag ypeetdleton:

o No XaTaQEPOuUE UE xATOLO TEOTO VO LELOCOVIALE TLG EVIOAEG.

e Na xdvouue TNV EXTEAECY] TWV EVIOAMDY TOU AQOpd T avTahhayés aTo ooua tne inBitonicStep()
AXOUA O YR YORT.

e Na avalntioouye xdnowou dAAou eidoug PeATicTonoinoy nou dev €yel vo xdvel ye to shared
memory optimization.

Av xou xatofdhape QUAOTIUN TROCTIEUELD VO UEWWCOLUE TIC EVTIOAES, TEAXS auTy) 1 xatebuven Sev yog odrynoe
mouvdevd. Avtietd yio ta dhha 5o onueio tpootodicaue xdmoleg AooelS.

3.1. Eloylotonoinon twv apyixodv xA\foewyv tne inBlockStep() - Prephase

Mo BedtioTonolnon mou oxe@pTixoue xou dev €xel va xdvel Ye to shared memory optimization eivou o oprdudc
v inBlockStep() oty apyh tou akybprduou. Av mpocélel xaveic to oy 4 edxoha Yo mapaTnerioel Twg
otnv opyY) Tou akyopwluou o Bithog Bedyoc mepiéyel Priuata mou ywedve eEoloxipou cto block. Ilopdha
auTd yivovton Eeywpelotéc xhfoelc oty inBlockStep() ywelc vo yecohafel xdmowa xhion oty interBlockStep().
MnopoUpe £T0L VO GUVEVOCOVLE OAES AUTEG TLE TEWTES S wpeLo Tég XA oewg tng inBlockStep()
oe wia ouvdetnom 1 omola dev ypetdleTon Vo e TEEPEL ToEd wévo dtay Tar Buata Tou Bedyou QTAcoLY Vo
xeetao el va xoahéoouy tnv npwty interBlockStep(). H ouvdptnomn auth elvor n prephase().

ITow amodeytolue Béfoua autr TN BeitioTonolnon énpene mpwTa va v Uetprioouue. H éxdoorn otnv omola
doxwudotnxe ot 1 Teocéyyion ebvan 1 RC2 xan o avayvaootng uropel va tn Beel 670 anovetrplo tTneg epyaciag.
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O nivoxag mapaxdtey delyvel Ta anoteAéopata mou mHpope and to profiling epyaieio ncu, yio prephase mou
avtadoté 28 xhfoewc inBlockStep(), ahhd xou xdmotoug evdextinolc ypdvoug extéheonc and T cuc oyl

Metric InBlockStep() prephase()
gpu time duration.sum 184 us 1.06 ms
average sectors per request-mem global 1d.ratio 3.47 3.91
average sectors per request-mem global st.ratio 4.71 5.48
smsp inst executed.avg 132k 770k
smsp inst executed.sum 8.46M 49.3M
Sorting Time No-Opt (RC1) Prephase-Opt (RC2)
V1Q27 - A100 156 [msec] 153 |msec|
V1Q30 - A100 1580 [msec] 1566 [msec]

IMivaxag 2: Xoyxpwon twv exdéoewy InBlockStep() - RC1 xat prephase() - RC2.

Ané tov nopandve mivoaxo GUUTERUVOUUE TKS 1) aAloyY) BEATIOVEL TOGO TN CUUTERLPORE OGO KoL TOUS YEOVOUC
exTENEONC. XTO anoVeTrplo TN EpYAOlog UTHPYOUY OAEC Ol UETEHOELS Xou Ta anoTeAéouata Tou profiling tdéco
yioo Ty €xdoon RC1 (mpwv ) Bektiotonoinon) oo xau yioe tnv RC2 (uetd ) Behtiotonoinon).

3.2.  Eloyiotonoinon tou ypbvou extéleone tne inBlockStep()

[opatnewmvrog Tov alyoprduo tng éxdoone V2 umopel xdmolog va nopatnerioet 6Tl 1) tpdcacr ot global uvAun
axohouel ta e€¥ic. To xdde thread:
1. Awpdler d0o Yéoewc uvhune(nivoxa) and t global
Fpdiper 500 Véoewg nivoxa otn shared
AwBalel 600 Yéoeic amd Tt shared
Fediper pe pio miavotnto 800 Yéoeig otn shared

A e

AwBalel 600 Yéoeic and ) shared
6. I'pdepet 600 Véoewc ot global

Yuvolxd global: 2RD/2WR, xou shared: 4RD/(2 4 4)WR. Av xoitdéel xdnotog to anotehéopato ond 10
profiling otov mivoxa 1 6mou ov avayvaoes/eyypapéc otn shared eivar RD:525k/WR:314k Vo dev étu emfe-
Boudvetan aUTOC 0 GUANOYICUOC.

H 5o apopd ouotaotind to Briwa 3. Avtl va diafdlouue and tn Véon tou shared nivaxo tou pohig yeddoue, Yo
UTOEOVOAUUE VA XPATAUE TNV TLUN ToL TepEyxoviog thread nou diaBdoape and tnv global,
oe éva register. 'Encita n olyxplon e tov xdde yeltova Yo yiveton petald register xou shared xou pévo dtov
yiveton avtaddory ), ) Ty Tou register Yo enavarypdgpetar ot shared. Auté to trick yog petwver Tov aptdunod
Twv npocBdoewyv o1 shared oe: 3RD/(2 4 4)WR xdt nou avapéveton vor HELOOEL TIC AVOLY VOOELS
an6d 525k oe 393k . Anawtel BéBara mpocoyr| yiatl dnuovpYoluE TAoVaoUS dedopévev uetall Tou register
xan g Véong otov mivaxa share mou awtdg avticTouyel.

Me npooextixf) ahhoyf) oty exchange() wote vo emoteépel bool yio to av éyve avtodlayn, dev mpoo tideton
xdmoto branch o1t por| ehéyyou xdTL TOU Yog EMTEETEL ATAWS VO TEOGVEGOUUE 500 EVTIORES YLOL AVAY VGWOT] XOU
EYYPAQY| oTY register ueToBANTH.

AvcTUYOC OUOC BEV XATAPECOUE TOTE VoL TETUYOLUE Wlol AELToLpYIXT) LAoToinan. Eite n petoBAnty mou Yo énpene
va elvan otoug registers ftav ot local uviun, elte dnuiovpyolvtay xdnolo mismatch yetald e petaBAntic
Tou register xou Tng avtiotouyng Véong otov shared nivaxa. O avoryveotng uropel va Beet éva draft oto branch
RC3 7ou anodetnplov av 9éhel va tetpopatiotel’!

"Béfaua Sev unopd Vo oxePTo éval xahb AGYO YLOL Ve TO XEVEL XEMOLOC aUTH GTOV EUTH TOU.
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4. TEAIKH EKAOIH

‘Eyovtac howndv mponyndel 1 mapandve avdhuon, yio Ty TeEMxT| €xBoor e e@opuoyhc emAEEoe amhd va
xpatroovpe TNV Bedtictonoimon pe to prephase. H enahideuon tou ahydprduou €yive péow evog validator
TIOU EVOWUATOUNXE GTO EXTEAEOWUO Xau Umopel va xaheotel and To command line argument --validation, o
omolog 610 TéAog NG Tagvounong eAEYyeL av o mivaxag etvan opdd Tadvounuévoc.

Ytov xatdhoyo hpe, Beloxovton scripts mou dnuovpyolv to batch scripts yio 0 cuctouylo xan T omolo
yenowomotinxay yia Ti¢ TeEAxég Yetprioelc. O avayveotng Uropel vo doxiudoel Tov ahyoprduo otr cucTolyia
yia TopddelyUo o Ty ampere, divovtag and To root directory:

$ module load gcc/9.2.0 cuda/11.1.0

$ make -j hpc-build

$ cd hpc && ./makeSlurmScripts.sh

$ cd .. && ./hpc/submitJobs.sh hpc ampere

O avayvootng unopel eniong Tomxd vo YTy AwTTloEL xo Vo exTEAETEL ToV alyOprduo, divoviag and to root
directory:

$ make -j hpc-build

$ ./out/v1/bitonicCUDA -v --validation --perf 5 -q 24

$ # or

$ ./out/v2/bitonicCUDA -v --validation --perf 5 -b 512 -q 24

To ornolo yia mivoxa peyédoug q=24 Yo exteréoel TNy Ta€vouncT 5 @opég, Yo eAEyEel TNV eYXxLEOTNTA TN XaL
Yol EXTUTIOOEL TOV EVOLIUETO YPOVO, YENOHOTOWVTAS OTNV TEMTN EVIOAT TNV €xdooT v1 xou ot 0eUTER TNV
éxdoor v2 ahhd xou block size 512 threads. Aivovtoag to dploua -h o ypHotng unopel vo det Ohe TL emhoYES
EXTENEONC %O L0l XET| TEXUNRIOT (OO TE VA TELRUUATIO TEL.

IToponedtey Topal€TOUUE TAL YROUPHLOTA X0 T ATOTEAECUATA GTOUG TEAXOUS YeOVOUC antd Tn cucTolyla ampere,
gpu(tesla), adhd xou omd pror xdpta GTX1650, 6ToL xpatAOUUE TOV EVOLUECO YEOVO and 7 EXTENECELC.

106 Total time over memory size
F |—e— serial ‘ ‘ ‘
E|—e—vo ampere
r V1 ampere
[|—e— V2 ampere
L|—e—Vvotesla
V1 tesla
—6— V2 tesla

10°

V2 gtx1650

Total Execution Time (ms)

| 1 1 1 1 1 | | |
20 21 22 23 24 25 26 27 28 29 30
Q (Memory Size)

ExAue 6: Luvohunde ypbdvog extéreons g todounone (Me petogpopd Sedopévnv).
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105 Sort time over memory size

I I I I Bl
—6— V0 ampere ]
—6—V1 ampere ]

V2 ampere
—6—VO0 tesla
—6—Vltesla
—&—V2tesla
—6— V0 gtx1650
—6—V1 gtx1650
—6—V2 gtx1650

10*

103

Sort Execution Time (ms)

10" =

8 ]

6 ]
100 | | | | | | | 1 |

20 21 22 23 24 25 26 27 28 29 30

Q (Memory Size)
Exhue 7 Xpbdvoe extéleone e taEwvéunone (Xwpic petagopd dedopévev).
Speed up over memory size

50 T T T T
—©— V0 ampere
—&— V1 ampere

V2 ampere

—6— V0 tesla
~—6—Vl tesla
—&— V2 tesla
—©— V0 gtx1650

—e— V1 gtx1650 S
40 |-|—&— V2 gtx1650 \e\e\

35— —

Speedup (Serial / Total)

| | | | | | | | |
0

20 21 22 23 24 25 26 27 28 29 30
Q (Memory Size)

ExAuo 8: Emtdyuvon oe oyéon pe tn oeplaxt| éxdoon (Xuotoyio AMD 7742).
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Q20 Q22 Q24 Q26 Q28 Q30

Serial - AMD7742 Total 74 msec 328 msec 1441 msec 6293 msec  27.17 sec  115.58 sec
VO - ampere Total | 8733 usec 59 msec 56 msec 229 msec 976 msec 3971 msec
Sort | 3134 usec 6074 usec 29 msec 120 msec 554 msec 2453 msec

VO - tesla Total | 6559 usec 23 msec 101 msec 442 msec 1986 msec 9071 msec
Sort | 5419 usec 19 msec 85 msec 385 msec 1762 msec 8034 msec

VO - gtx1650 Total 16 msec 71 msec 327 msec 1493 msec 6782 msec N/A
Sort 15 msec 66 msec 305 msec 1408 msec 6445 msec N/A

V1 - ampere Total | 2676 usec 10 msec 34 msec 134 msec 664 msec 2938 msec
Sort | 1417 usec 3699 usec 17 msec 71 msec 351 msec 1556 msec

V1 - tesla Total | 4559 usec 18 msec 80 msec 358 msec 1618 msec 7326 msec
Sort | 3418 usec 14 msec 64 msec 300 msec 1394 msec 6411 msec

V1 - gtx1650 Total | 8271 usec 37 msec 161 msec 774 msec 3701 msec N/A
Sort | 6666 usec 31 msec 139 msec 689 msec 3358 msec N/A

V2 - ampere Total | 2883 usec 12 msec 34 msec 135 msec 749 msec 3063 msec
Sort 1574 usec 4134 usec 19 msec 76 msec 372 msec 1650 msec

V2 - tesla Total | 4407 usec 17 msec 75 msec 338 msec 1533 msec 6932 msec
Sort | 3264 usec 13 msec 60 msec 280 msec 1308 msec 6048 msec

V2 - gtx1650 Total | 8985 usec ~ 38 msec 169 msec 810 msec 3864 msec N/A
Sort | 7294 usec 33 msec 148 msec 726 msec 3527 msec N/A

ITivaxag 3: Méooc twy tedindy uetpnoewy otn ovoroyia.
4.1. Yuurepdopota

Ané Ta Sraypdupota xan TS YeTeroelc PAEnouue Tog:

e H €xdoom mou emtayvvetan and v GPU oe oyéon ue v extéreon otn CPU tou Blou unyaviuatog
elval YeNYOpOTERT AXOUA XL YL UiXPO hEYeEVOog dedopévmwy. Puoixd, b Va propolooue
vo ouyxplvoupe o oetploxy) extéheon evioc GPU, adld autd Yo epgpdvile xupine to Yewentixd xo pordn-
HoTxd TheovEXTNUA TNS TapahAnlonoinone xow Yo e€apTddvTay xupltdg and TV apldud TV ToEdAANAGY
threads. Avtideta n obyxpion pe ) CPU é€yive yia va anoxtnidel wia alodnon and éva mo mdavéd cevdplo
avdyxng vy emtdyvvon ané GPU.

e H xdpta Tesla P100-PCIE-12GB tn¢ cuctoiyiog gpu nopouctdlel SLapopETIXY] CUNTERLPORS
Yo TNV €xdoor V2, oc oyéon ue tnv NVIDIA A100-SXM4-40GB tnc ampere, ohhd xou tng
GTX1650.

e Enlone nunepoy® e A100 oTic emBOCES O TN UETAPOEA BESOUEVE® YV QaivOvToL EVIOVO GTO Ty
8, 6mou 1 xdpTa xepdilel apxeTd €dapog xadne To péyedog mEog TUVOUNGCT) UEYAUAWVEL.

5. 2YINOYH

K\eivovtog va modue mwe mpootadooue Vo Topouctdcoude €va OyeTxd anodotixd ahyopriuo divovtag Bdon
otnv Behtiotomoinon péow avahuong. Eexvovtag and v €xdoorn VO 1 onola yenowwonotel anhy| ntopoinho-
noinom, nepdoope otn V1 nou yewdvel Ti¢ kernel xirfjoeic péow loop unrolling xow 6tn V2 nou olionoiel shared
memory. Méoa and npo@ih extehécewy xou oavdhuon emdooEnY, TEoExue apyxd To cuunépacua OtL 1 V2
ToEOLCLALEL dixaohoYNUEVES amoxAloel, xou 6T cuvéyela 1 Behtiotomoinon tou prephase. Ot melpopatixég
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ueterioelc mou mparypatotow|inxay ot didgpopes apyttextovixéc GPU (Ampere A100, Tesla P100, GTX 1650)
enPefolwoay TV anoteAeoUaTIXOTNTA TG Topahhnhonoinong évavtt pac oelploxhc extéleone oe CPU (AMD
7742), pe onuovtixd speedup, edxd yio peydha dataset sizes.

Télog, av xou BEV XATAPEPUUE VO UNOTIOLACOUUE OREC oS TIG LOEES, VEWPOUUE e Aoy OANINXOUE UE XATOLES
Behtiotonoioelg mou {owg va a&ilouv teptocdTeRNS Blepelvnong, Tépa and To Thaiolo TNE epyaciag.
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