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PEAJIIBALLIA ITAPAJIEJIBHOI'O AVITOPUTMY COPTYBAHHA
IIEJUIA 3A JOIIOMOI'OIO TEXHOJIOI'TI DIRECT COMPUTE

BiHHULIbKHH HAI[IOHATBHUN TEXHIYHUNA YHIBEPCUTET

Anomauin

Y pobomi posensinymo po3pobxy ma npocpamuy peanizayiio napaneibHozo aneopummy copmyeauns Lllemna 3
suxopucmanuim mexuonoeii DirectCompute, wjo exooumo 0o ckiady API DirectX 11. Ilposedeno ananiz icHyrouux
aneopummie cOpmyseanHs ma nioxodie 00 ix napaneirvHoi peanizayii, 00tpynmosano euoip aneopummy Illenna sk
MAaKo2o, Wo Mae npupoori nepedymosu 00 eqheKmusHo20 po3napaneniosanis. [emanvho 00CiONCeHO apXimeKmypHi
0cobnusocmi epaghiuHux npoyecopie ma Mooeb UKOHAHHS 00uuUCTI08anbHux uetioepie y DirectCompute. Po3pobaeno
npoepamuy cucmemy, wo exmouac emanouny CPU-peanizayito ma GPU-peanizayito 3 uxopucmanusam compute
shader, cmpyxmyposanux 6ygepis i constant buffer. Ilposedeno mecmysanns KOpexKmHOCHi ma NPOOYKMUBHOCMI
Peanizoeano2o aneopummy Ha PI3HUX po3mipax exionux oawux i euxonano nopisusanus pesyrvmamie CPU ma GPU.
Ompumani pesyromamu niomeepoxcyloms 0oyiibHicms 3acmocysanns DirectCompute ons npuckopenns onepayiti
COPMYBAHHSL BEIUKUX MACUBIE OAHUX.

Kmrouoei cnosa: ancopumm Illenna, napanenvni oouucnenns, GPU, DirectX 11, DirectCompute, compute shader,
COPMYBAHHsL, BUCOKONPOOYKIMUGHT OOYUCTIEHH .

Abstract

This paper considers the development and software implementation of a parallel Shell sort algorithm using
DirectCompute technology, which is part of the DirectX 11 API. Existing sorting algorithms and approaches to their
parallelization are analyzed, and the choice of Shell sort is justified due to its natural suitability for parallel execution.
The architectural features of modern GPUs and the execution model of compute shaders in DirectCompute are
examined in detail. A software system is developed that includes a reference CPU implementation and a GPU
implementation based on compute shaders, structured buffers, and a constant buffer. Correctness and performance
testing are performed for different input sizes, and a comparison between CPU and GPU results is carried out. The
obtained results confirm the effectiveness of using DirectCompute to accelerate sorting operations on large datasets.

Keywords: Shell sort algorithm, parallel computing, GPU, DirectX 11, DirectCompute, compute shader, sorting,
high-performance computing.

Beryn

VY cydacHUX yMOBaX CTPIMKOTO PO3BUTKY IH(QOPMAIIMHUX TEXHOJOTIH 00CATH MaHUX, IO HOTPEeOYyIOTh
00poOKH, 3pOCTalOTh eKCIOHEHIIHO. OHie0 3 6a30BUX omepairiii, 6e3 sKoi HeMoXkITuBa eeKTHBHA podoTa
iHbopMaIliitHuX cucteMm, € omeparis copTyBaHHS. CopTyBaHHS BUKOPHUCTOBYETHCS B 0a3zax [aHWHX,
MOUTYKOBHX 1 PEKOMEHAALIHHIX CUCTEMAaX, YUCEIbHUX METOIaX, 3a/1a4ax MaIIMHHOTO HABYaHHA Ta aHATI3y
BEJIUKUX JaHUX.

Kacu4Hi mocnioBHI anTOpUTMHU COPTYBaHHS JIEMOHCTPYIOTh OOMEXeHY e(peKTHBHICTh IpH PoOOTi 3
BEJIMKMMHU MacHBaMU JaHMX. Y 3B’S3KYy 3 IIMM OCOOJMBOI aKTyaJbHOCTI HaOyBarOTh METOOM MapaienbHUuX
O0YHCIIeHb, SIKi TO3BOJISIOTH 33 IATH alapaTHI PeCypCcH Cy4acHHUX 0araTosIepHHUX MPOLIECOPIB Ta TpadiaHux
MIPUCKOPIOBAYIB.

Anroputm copryBanHs lllenna € BOOCKOHAJIEHHSIM METONY COPTYBaHHSA BCTaBKaMH i 0a3yeTbcs Ha
MOCTYIOBOMY 3MEHILIEHHI 1HTEpBaIy MK ITOPIBHIOBAHUMHU efleMeHTaMu [ 1, 2]. 3aBasgku po3OUTTIO MacuBy
Ha He3aJIeKHI IMAMOCIiAOBHOCTI BiH Ma€ MIPHUPOJIHI MTEPEeIyMOBH LTSI TIapaJieNbHOI pearizaltii. TexHomoris
DirectCompute, mo Bxoauth no ckiamy DirectX 11, mHagae moxumsicth BukopuctoByBat GPU mns
BHKOHAHHS 3arajbHUX O0YMCIIEHB 11032 Tpad)iuHUM pEeHIePUHTOM, IO POOUTH 11 MPUAATHOO LTS peatizamii
napajenbHUX aIrOPUTMIB COPTYBaHHSL.



Meroro pobotu € po3poOka Ta AOCTIHKEHHS MapalenbHol peanizamii anroputMy coptyBanHs Lllemna 3
BUKopucTaHHsAM TexHonorii DirectCompute, a Takoxx ananmi3 eekruBHocTi 3actocyBanns GPU nns 3amau
COpPTYBaHHs BEIMKUX MAacHBIB JJAHUX.

ITocTanoBKa 3axa4i A0CTiAKEHHSA
JIJis MOCSATHEHHS MOCTaBJICHOT METH Y POOOTI HEOOX1THO BUPILIMTH TaKi 3a/ayi;
e TpOaHANI3YyBAaTH ICHYIOU1 AJITOPUTMH COPTYBaHHS Ta MOXKIIMBOCTI iX MapajenbHol peaizarii;
e JIOCHIIWTH MaTeMaTHYHI Ta aJlrTOPUTMIYHI BJIacTUBOCTI copryBanus Lllemna;
e 00rpynTyBatu BuOip TexHonorii DirectCompute sik cepeoBHIla mapaieibHOI peaizailii;
e po3po0HUTH MporpaMHy peainizaiito anroputmy Illemia va CPU ta GPU;
e TIPOBECTH TECTYBaHHS KOPEKTHOCTI Ta MPOIYKTUBHOCTI peai3oBaHOr0 aJlrOpPUTMY;
e BUKOHATH aHaJi3 OTPHUMAaHUX pe3YJNbTaTiB i cHOPMYNIIOBATH BHCHOBKH IIOAO e()EeKTHBHOCTI
Bukopucranus GPU.

Buxknan ocHOBHOT0 MaTepiany

Anroput™m Illenna 0Ga3yerbcss Ha inei 0araTopa3oBOr0 3aCTOCYBaHHS COPTYBaHHS BCTaBKAMHU 10
MiAOCTiIOBHOCTEH  MacuBy, c(GOpPMOBaHMX 3 T[EBHUM iHTepBaJoM. Ha mouaTkoBUX —eTamax
BHUKOPHUCTOBYIOThCS BEJIMKI 3HAUCHHS IHTEPBaIy, 10 JO3BOJISIE IBHKO YCYHYTH BiJyiajieHi iHBepcii. Y mipy
3MEHIIICHHS IHTEPBay aJITOPUTM MOCTYIIOBO HAOIMKAETHCS JIO KIACHYHOTO COPTYBaHHS BCTABKAMH, alle 3
YK€ YACTKOBO BITOPSIKOBAaHMM MacHBOM. EQEeKTUBHICTH adropuTMy 3HAYHOIO MIipOI0 3aJIeKUTh BiJ] BHOOPY
MOCITIIOBHOCTI iHTepBaliB [ 1, 2]. Y mpakTHYHHX pealtizallisix 4acTo 3aCTOCOBYIOThCs mociioBHocTi [lemna,
Xio0apnaa abo Cemksika. CepesHst 00UHUCIIIOBalIbHA CKITaAHICTh anroputMmy lllemna cranoButs Big O(n log?
n) 1o O(n?) 3aJIeKHO BiZi 00paHOT MOCiIOBHOCTI iHTEpBaITiB. KIIFOUOBOIO 0COOIHMBICTIO aJITOPUTMY € T€, 1110
COPTYBaHHs IS (DIKCOBAHOT'O IHTEPBATY MOYKE BUKOHYBATHCS HE3AIEKHO JIJIS1 KOYKHOI ITIOCTIIOBHOCTI [2,
3]. Lle cTBOproe ymMoBH It eEKTHBHOTO PO3MapasieiOBaHHs, OCKUIBKU BiACYTHI KOHMIIKTH JOCTYIY H0
JTAHUX MK PI3HAMH ITiIIOCT1OBHOCTSIMU.

DirectCompute € ckmamoBoro gactrHOrO DirectX 11 i Hamae J0CTyIT A0 00YMCITIOBATLHUX MOMKITHBOCTEH
GPU uepes mexanizm compute shader [4, 5]. Moaens BukoHauss DirectCompute IpyHTYEThCS Ha KOHICITIIIT
SIMT, y Mexkax sKoi BeJIMKa KUTbKICTh ITOTOKIB BUKOHYE OAHY W Ty camy MporpaMmy Haj pi3HUMHU TaHUMH.
st peamizamii mapanensHoro copryBans lllemra y DirectCompute xoxken GPU-morik Bimmosizmae 3a
COPTYBaHHS OKPEMOI ITiIMOCTiOBHOCTI MacuBy 3 (ikcoBanuM iHTepBanoMm [3, 4]. Hani 30epirarorbcs y
CTpYKTypOBaHOMY Oydepi, mocTymHOMY [Tt anTaHH 1 3amucy depe3 Unordered Access View. Ilapamerpu
aNTOpUTMY, 30KpeMa po3Mip MacHBY Ta TIOTOYHHH iHTEPBaJ, epenaTbes y compute shader 3a mormomoroto
constant buffer. Takuii miaxin 103BOJIsIE TOBHICTIO YHUKHYTH CHHXPOHI3AIIiT MK TOTOKAMH, OCKLTBKH KOXKHA
MIJITOCITIIOBHICTE 00POOIIAETHCS HE3ATEKHO. Y pe3ynbTaTi HOCATAETHCS BUCOKHWU PIBEHH MMapalienizmMy Ta
e eKTUBHE BUKOPUCTAHHS o04HcIoBaIbHIX pecypciB GPU.

s ominroBaHHS e(pEKTHBHOCTI peasli3oBaHOTO allTOPUTMY MPOBEIEHO CEPit0 eKCIIEPIMEHTIB Ha Pi3HUX
po3mipax BximHuX MacuBiB. [lopiBHIOBaNMCS 9ac BUKOHAHHS Ta KOPEKTHICTH pe3ynbratiB mist CPU- Ta GPU-
peamnizamniii. Pe3ynpTaTi TeCTyBaHHS MOKA3aJH, IO TSI HEBETHMKIUX MACUBIB PI3HUII Y 9acl BUKOHAHHS MiX
CPU ta GPU € He3HauHOO Yepe3 HaKIIaaHi BUTpaTH Ha iHimiamizamito GPU Ta nepemauy nanux [4, 5]. Ogaak
31 3poctaHHAM po3Mipy MacuBy GPU-peanizamisi AeMOHCTpye CYTT€BE MPHCKOPEHHS IMOPIBHSHO 3
nocnigoBHuM BukoHaHHSM Ha CPU [3, 4]. Lle migrBepmkye noninbHicTh BUukoprctanHs DirectCompute mst
3a/1a4 COPTYBaHHS BEIUKHX OOCSTIB JaHUX.

PesynpraTi TecTyBaHHS AJS PI3HUX PO3MIpIB BXIMHUX MAacHBIB Ta KOe(il[ieHTH MPUCKOPEHHS HalaHi y
Tadmmgx 1, 2.

Sx BuaHo 3 Tabnuui 1, mpu Manux po3mipax macuBy GPU-peanizanis noctynaerscst CPU yepes HaknaaHi
BUTpAaTH Ha iHimiamizamito oOYHCIIOBaIbHOTO KOHBeepa. [IpoTe 31 30UMBIIEHHSM KiTBKOCTI €JIEMEHTIB
CIIOCTepiraeThCs iCTOTHE 3MEHIIEHHS Yacy BUKoHaHHs Ha GPU.

Amnaniz xoeQilieHTiB npuckopeHHs (Tadi. 2) mokasye, mo edexktuBHicTs Bukopuctanus GPU 3poctae
pa3oMm 31 30UTBLIEHHSIM PO3MIPY BXIJHUX NaHWX. MaKCHMalbHEe MPUCKOPEHHS JOCATA€ThCS ISl BETHKUX
MAacHBiB, Jie OOUUCITIOBAIbHE HABAHTAXKEHHS 3HAYHO MEPEBUILYE HAKIIAAHI BUTPATH HA Mepeaady AaHuX.



Tabnuis 1 — Yac Bukonanns copryBanHs ais CPU ra GPU

Po3mip macuBy (n) CPU, mc GPU, mc
10 000 4.82 6.15
50 000 31.47 18.92
100 000 78.35 34.11
500 000 612.40 141.76
1 000 000 1489.30 262.54

Tabnuus 2 — Koeoimient npuckopernss GPU Binnocao CPU
Po3mip macuBy (n) 10 000 50 000 100 000 500 000 1 000 000

Koeoimient npuckopeHHs 0.8863 0.9674 0.9722 4.32 5.67

[IpoananizyBaBiu 004YMCIIEHI KOEQilliEHTH TNPHCKOPEHHS Ta pe3ylbTaTH TECTYBaHHs Ui PI3HHUX
PO3MIpiB BXiJIHUX MacuBiB (Tabi. 1-2), MOKHA 3pOOUTH TaKi BHCHOBKH:

® [IpY HEBEJIMKHUX 00CIrax BXIIHUX JaHUX 3HAYCHHS Koe]illieHTa IPUCKOPEHHS € OJM3bKUM JI0 OJMHUILII
a00 MEHIIHUM 3a Hel, M0 MOSCHIOETHCS HAKIIaJHUMHU BUTpaTaMu Ha iHirianizamiro GPU Ta nepemauy
naanx Mk CPU 1 GPU, Tomy BuKOpHcTaHHS rpadiqHOro TMpoliecopa JUisi MalliX MAaCHBIB €
MaJIOIPAKTHYHHUM;

® 31 30UIBLICHHSIM PO3MIPYy MAacHBY KOE(IIIEHT NPHUCKOPEHHS iCTOTHO 3pPOCTa€, IIO0 CBIAYUTH IPO
e eKTHBHE BUKOPHUCTAHHS MacoBOro mapaienizmy GPU ta morinpHICTh 3acTocyBanHs DirectCompute
JUTsT OOpOOKM BETMKUX OOCSTIB TaHUX;

e MakcuManpHUK edekT Bim BukopuctaHHs GPU mocsraeTscs y 3amadax, 1€ OOYHCITIOBAIBHE
HaBaHTKCHHS 3HAYHO TIEPEBUINYE BUTPATH Ha MIATOTOBKY Ta CHHXPOHI3AII0 OOYHCIIOBAIILHOIO
KOHBEepa.

OTke, OCHOBHHMHY YHHHUKAMH, 1110 BILTMBAIOThH HA 3MiHY TAKHX MMOKAa3HUKIB, SIK YaC BUKOHAHHS TIPOrpaMH

Ta Koe(ilieHT MPUCKOPEHHS, € PO3MIp BXIMHUX JaHHUX, XapaKTep alrOpUTMy COPTYBaHHS Ta OCOOIHUBOCTI
amapaTHOi apXiTeKTypH. Y BHIAJKy anroputmy copTyBanHs lllemnnma BukopucranHs mapanensHoi GPU-
peamizanii Ha ocHOBI DirectCompute 3abe3medye ICTOTHE MiIBUIIEHHS NPOAYKTUBHOCTI UIS BEITUKHX
MAaCHBIB TaHUX, TOMI SIK JUISI HEBEIHKUX 00CATIB OUTHI e()EKTHBHUM 3aTHINAETHCS ITOCTIIOBHE BUKOHAHHS
na CPU.

BucHoBku

Y poOoTi mochimKEeHO MOXKIMBOCTI TapaienbHOl pearnizamii amroputMmy copryBaHHs Illemma 3
BUKOpucTaHHsAM TexHounorii DirectCompute. IlpoananizoBano TeoperndHi ocHOBH anroputmy lllemra Ta
OOTPYHTOBaHO HOTO IPUATHICTH 0 po3napanentoBaHHsa. Po3pobieHo mporpaMHy peaizailiro, 1o MOeTHYE
eranonny CPU-Bepcito Ta GPU-Bepciro Ha ocHOBI compute shader.

ExcriepuMeHTanbHI pe3ynbTaTé MoKasany, o 3actrocyBanHa GPU mo3Boisie CyTTEBO 3MEHIIMTH Yac
COPTYBaHHS Ui BEIWKHX MacuBiB gaHuX. OTpuMaHi BHCHOBKH IMIIATBEPKYIOTh €(EKTHBHICTH
reTepOreHHUX OOYHUCIIEHBb Ta MOUUIBHICTE BuKopucTaHHS DirectCompute y 3aaqax BUCOKOIPOIYKTHBHOT
00pOOKM TaHUX.
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