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AHOTAIIA

Cuoopenko O. I. IIpoepamna peanizayisa npoyecy onmumizayii 4acy 6UKOHAHHSI
npoepam Ha mosi C++. — Kamidikariiina podora 0akanaBpa 3a creliajbHICTIO 122
«Komn'toTepHi HayKu», OCBITHBOIO MPOrpaMoro « KoM’ toTepHi HayKu.

KBamidikamiitna po6oTta BukianeHa Ha 47 CTOpIHKaX OCHOBHOTO TEKCTy 1 54
CTOpIHKAaX 3arajibHOTO TEKCTy, MICTUTh 3 po3auiu, 15 pucyHkiB, 1 Tabmnwuio, 2
n0/1aTKa, 26 BUKOPUCTAHUX JKEPET.

MeToro JOCHiIKEHHSI € MPOEKTYBaHHA, MPOTpaMHA peajizailisi Ta TeCTyBaHHS
ONTHUMI3YBaJbHOTO KOMIIUIATOpA nJsi 3a0e3ledeHHs JO0JIaTKOBOi ONTUMI3AIlli dYacy
BUKOHaHHS 1mporpaMm Ha MoBI C++ 3aco0aMu peryjibOBaHOIO arpecUBHOIO
BOYZI0OBYBaHHsI (DyHKIIIH.

OO0’ €KTOM JTOCIIJIKEHHS € IPOLIEC 3HIXKEHHS 3aTPUMOK B HABAHTAKEHUX CEKLIAX
Koy C++.

[IpeaMeTroM IOCTIIKEHHS € TeXHIKM ONTUMI3allli 4acy BUKOHAHHS MpOrpam Ha
MOBax BHCOKOIO pIBHS, 30KpeMa 3aco0aMH  pPEryJibOBaHOIO  arpecMBHOIO
BOY/IOBYBaHHSI (PYHKIII].

VY xBanmidikaiiitHiii poOOTI BUKOHAHA IIpOrpaMHa peasizailisi ONTUMI3yBajIbHOTO
KOMITUJISATOPY, SIKAWA JO03BOJIIE OMTHMI3YBAaTH CEPENHIM 4Yac BUKOHAHHS TPOrpaM Ha
MOBI mporpamyBaHHsi C++ 3a gomoMoror BOyJIOBYBaHHS (YHKIIM 3 IIUPOKUM
CHEKTPOM TapameTpiB JJId PEryJItoBaHHS PiBHs arpecuBHOCTI. [Iporpamua peasnizanis
MO3UIIIOHYEThCSI HE SK He3aJekHa ONTUMI3allis, M0 OJIOKye 3acCTOCYBAaHHS IHIII
KpUTEpii, a sIK JOAATKOBA ONTHMI3allis, Tka MOKe MTPOBOAUTHUCS TIOPST 3 1HIIMMHU.

Kniouoei cnosa: ontumizailis d9acy BHKOHAHHS, KOMIUIAIiss, moBa C++,

BOynoByBanHs ¢yHkii, Low Level Virtual Machine, kommninsatop Clang, rereparop
CMake.



ABSTRACT

Sydorenko O. I. Software implementation of execution time optimization process
for programs in C++. — Bachelor's work in the specialty 122 "Computer Science",
educational program "Computer Science".

The thesis consists of 47 pages of main text and 54 pages of total text, including
3 chapters, 15 figures, 1 table, 2 appendices, and references to 26 sources.

The purpose of the research is the design, software implementation and testing of
an optimizing compiler to provide additional optimization of the execution time of
programs in the C++ language by means of adjustable aggressive embedding of
functions.

The object of research is the process of reducing delays in loaded sections of
C++ code.

The subject of the research is techniques for optimizing the execution time of
programs in high-level languages, in particular, by means of adjustable aggressive
function embedding.

The work includes the implementation of an optimizing compiler that allows
optimizing the average execution time of programs in the C++ programming language
by embedding functions with a wide range of parameters to adjust the level of
aggressiveness. The software implementation is positioned not as an independent
optimization that blocks the application of other criteria but as additional optimization
that can be carried out alongside others.

Keywords: execution time optimization, compilation, C++, function inlining,

Low Level Virtual Machine, Clang, CMake generator.



3MICT
2 O 1.7/ 1 OO PRRT PR 6
1 AHAJII3 TIPEJIMETHOI OBJIACTI TA BUBIP 3ACOBIB PO3POBKM.................. 8
1.1 OCHOBH1 TEXHIKHA OMTHUMIBZAIIT TIPOTPAM ...eeeuvvieireeiureesnreeasteeasseeesineessseesssessssessnseess 8
1.2 OnTumizariiiss KOMOUIATOPa 3ac00aMU BOYAOBYBAHHS PYHKIIT ..vvevvveervveerieeeene 11
1.3 Ornsaa HassBHUX PIIEHb ONTUMI3ALIT YaCy BUKOHAHHS TPOTPAM ....vvvvervreerereeenes 13
1.4 O6rpyHTYBaHHS BUOOPY 32COO0IB POBPOOKH .. vvvvevvrieeirriessireeesireesssnesssssnnssnsnenens 15
1.5 BUCHOBKH 38 POBIITOM. ....ccurieireesureessresaseeaseeesnneesssessnsessssessnessssesssssssssneessnessnnes 18
2 TIPOEKTYBAHHSA OIITUMI3YBAJIBHOI'O KOMITUIATOPY .....occvviiiiiiiiee, 19
2.1 Oco6aMBOCTI arpeCUBHOCTI BOYTOBYBAHHS (DYHKITIM ...cvvvveevivieeiiiieessiieeesineeennns 19
2.2 Ocob6auBocti nponecy ontuMizaiii LLVM ... 20

2.3 [IpoexTyBaHHS ONTUMI3yBaJIbHOT'O KOMITUIATOPY JJisi BOY10BYBaHHS (DYHKITIH . 22

2.4. BUCHOBKH 32 POBIIITIOM.....vveeiiteeeatreesssteessssssessssseessssssesssssesssssessassessnsseessnsseesnnes 28
3 TIPOI'PAMHA PEAJIIBAIIA OIITUMI3YBAJIBHOT'O KOMITUIATOPY .......... 29
3.1 Peamizaris BOymoByBaHHs PyHKIIH y Tepminami LLVM ..., 29
3.2 Peanizaitist MOIU(PIKATOPA KOMAH KOMITUISIIIIT +evvuvveeeasieeeesirieessieeeesineessneeeeesneeas 30
3.3 Peanizariss BUKOHABIII KOMAHT KOMITIIISIITIT «.uvveeevererersssenssseseesreessssssessessesssseessnnes 33
3.4 TECTYBAHHS T PEBYIIBTATH ..veuvveeureerureessneearesassseessseessneessseesnesassesassneessneessneesnnes 34
3.5 BUCHOBKY 38 POBIIITIOM. .. .eeiiueeieiiteeaiieeeaasreesssteessasseesasseasssssessasseessassesssnssessssnns 42
BUICHOBK ...ttt sne e ree s 43
CITMCOK BUKOPUCTAHUNX JIKEPEJIL......ccciiiiiiiiieiiie e 45
JIOTIATHIL ...ttt ettt et e e be e e bb e snb e e snneeenree s 48
Honatok A. Ipukian Koy moOy/1I0BH JIEKAPTOBOTO ACPEBA TSI AHATIZY ..vvvvenereenns 48

Honarok b. Anpo0aitist pe3yJBTATIB POOOTH ....ccouvvrirreeririerireesneesreesneessnesasseeesnneenes 51



BCTYII

Y cBiTi icHye 0e3mi4 TporpaMHOro 3abe3leueHHs, HamucaHoro Ha C++.
BBaxkaetncs, 1o 111 MOBa IPOTpaMyBaHHS € AK€ IMBUAKOIO. THUM HE MEHII, iICHYIOTh
cdepu, 110 BUMAramTh Bl IPOrpaMu BUCOKOI MPOYKTUBHOCTI, SIKa HEJAOCSIKHA JIHIIES
BJIAJIUM BUOOPOM MOBH.

Hamucatn kox 13 MiHIMAJIbHOK ACHMIITOTUYHOKO CKJIAQJHICTIO — HE O3HAYae
HAIMMCATU ONTUMAIBHUH 3 TOTJISAY 3aTPUMKHU KOJI: HEPIJIKO BUPIMIAILHUM (PAKTOPOM €
KOMITUISITOP, @ caMe MOro OonTUMi3allii, o BUPOOJISIOTHCS HaJl MPOTPaMOI0.

AKTyanpHICTh JOCIHIJDKEHHS OOyMOBJIeHa THM (aKkToM, IO TPH Ppo3poOiri
BHUCOKOMPOYKTUBHOTO KOIY, ICHYE moTpeda y 3aCTOCYBaHHI J0JIaTKOBOI ONTHUMI3aIlii
BUXIJIHOTO KOJy. 3 IMM 3aBJaHHSM JIOCUTh J00p€ CIPaBIAETbCS KOMIILUIATOP,
BUKOPHCTOBYIOUH ONTHMI3AIliiHI MIPariopy KOMIIALII, TPH YOMY YacTO JOCSITAEThCS
pE3yIIbTaT, M0 33/I0BOJIbHSAE KOPUCTYBa4a, MPOTE AJICKO HE 3aBXKIH IIOTO JOCTATHHO.

Binomo, mo kommiisTop po3risgae BOyIOBaHI MapamMeTpu pPO3MIMPEHHS Ta
KJIFOYOBI ctoBa sk mporo3uilii. O HIe0 3 HaWBXKJIMBIIINX ONTHUMI3allii KOMIUIATOpA €
BOY/IOBYBaHHs (PYHKIIM — 3aMiHa BUKJIMKY (PYHKIi O€3M0cepeHbO TIIOM (PYHKIIIi.

Y wMexax JOCHiDKeHHS CepenHii dYac poboTth mporpamu Ha MoBi CH++
PO3IIIAIAETHCSA K 3aTPUMKA.

Low Level Virtual Machine (LLVM) — 1ne yHiBepcaJibHa cucTeMa aHali3y,
TpaHcdopmallii 1 onTumizailii mporpam, o peanizye BipTyanbHy mamuHy 3 RISC-
NOAIOHUMHU THCTPYKILISIMU JJI1 ONTUMI3ZAIl KOMIUISITOp OalT-KOAY B MAIIMHHUNA KOJI
nporpaMHo-anapatHoi miatopmu. IIporHo3yetses, mo BukopuctanHs LLVM wmae
CKOPOTUTHU 3aTPUMKY Y BUCOKOHABAHTAXKEHUX CEKIIIIX Koxy C++.

MeToro MOCTiKEHHS € TMPOEKTYBAaHHs, TPOTpaMHA peatizallisi Ta TECTYBaHHS
ONTHUMI3YBaJLHOTO KOMIILIATOpa MJisi 3a0e3medeHHsl J0JIaTKOBOi ONTHUMI3AIlli dYacy
BUKOHAaHHS TmporpaM Ha MoBi C++ 3acobamMu peryjab0BaHOTO arpeCHUBHOTO
BOYIOBYBaHHS (DYHKIIIH.

Jlyist mocsirHeHHST MeTH cOPMYITHOBAHO TaKi 3aBJIaHHS:

— MIPOBECTH OTJISI/I MPEIMETHOI rajgy3i Ta HasiBHUX MIJIXOA1B IO ONTUMI3aIlii;
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— o0OpaTu 3aco0M Ta THCTPYMEHTH JIJIsl TPOTPaMHOi peasizaiii ONTUMi3yBaJIbHOTO
KOMITUISITOPA;

— BUKOHAaTH NPOrpaMHy peaji3amii Ta TECTyBaHHA ONTHMI3yBaJbHOI'O
KOMIIUJISITOpA Ha HAsBHUX MPOEKTAX;

— OLIHWUTH CepeAHI 4Yac BUKOHAHHS OTPUMAHUX MPOEKTIB Yy MOPIBHSAHHI 3
0a30B0I0 KOMITUIAIIEIO B OJJHAKOBUX YMOBaX KOMITUJISIIII.

O06’€KTOM OCIHIJKEHHS € MTPOLIEC 3HUKEHHS 3aTPUMOK B HABAHTAKEHUX CEKLIAX
kony C++.

[IpeameToM MOCHIIKEHHS € TEXHIKMA ONTUMI3aIlli Yacy BUKOHAHHS MPOrpaMm Ha
MOBaxX BHCOKOTO piBHS, 30KpemMa 3aco0aMH  peryiJhbOBaHOIO  arpeCHBHOTO
BOY/IOBYBaHHS (PYHKIIII.

Meroau  JOCHIKEHB: METOAM CHUCTEMHOIO aHami3y s JOCHIHKEHHS
NpeIMETHOI 00JIacTi, METOJM MAaTEMaTUYHOTO MOJIETIOBaHHS OO €KTIB MOIIYKY,
METOIM TPOrpamMHOi peamizaiii aaropuTMiB ONTUMI3AIIl KOAYy WpOrpaM, METOIH
YIPABJIIHHS MPOLECAMU KUTTEBOTO LUKIY MPOTPaMHOI CUCTEMHU, METOJIU TECTYBaHHS
IPOrPaMHOTO MPOIYKTY.

[IpakTiyHUM  pe3yabTaTOM  JIOCIDKEHHS €  TporpaMHa  peaizallis
ONTHUMI3YBAJILHOTO KOMITUIATOPY, SIKAH JIO3BOJISIE ONTHUMI3yBaTH CEepedHiil dac
BUKOHAHHS TporpaM Ha MOBI mporpamyBaHHS C++ 3a 10MOMOTror BOYJAOBYBaHHS
GyHKIIH 3 MIUPOKUM CHEKTPOM TapameTpiB JJIS PEryJIOBaHHS PIBHS arpeCHBHOCTI.
[Tporpamua peanizanis HO3ULIOHYETbCS HE K HE3aJI€KHA ONTHUMI3allsA, 10 OJIOKye
3aCTOCYBaHHS IHIII KPUTEPii, a SK JOJATKOBA OMTHUMI3allis, KA MOXKE MPOBOJIUTHUCS
NOPSAJT 3 IHIIUMHU.

[Ty6mikanii Ta anpoOarist KBaniikauiifHOi poOOTH: MyOJIiKaLis T€3H T0MOBIIl Ha
TeMy «Po3poOka ontumizyBampHOTO KOMMimsiTopa st moBu CH++»  y  IX
Bceykpaincbkiii HaykoBO-TipakTU4HiM KoH(pepeHuii «lHdopmarliiiine cycniibCTBO:

npobiemu ta nepcrektuBu» (Oneca, 24 Tpasas 2024 p.).



1 AHAJII3 IPEJMETHOI OBJACTI TA BUBIP 3ACOBIB PO3POEKHU

1.1 OcHoBHi TexHikHM onTHMI3alii Mporpam

OCHOBHMM 3aBJaHHSIM TPOTPaMyBaHHS € CTBOPEHHS MPAaBWIBHUX, a He
edexkTuBHUX nporpaMm. E¢ekTuBHa mporpama He OTPiOHA, SKIO BOHA HE 3a0e3mnedye
npaBWIbHUX pe3ynbrariB. llpaBuibHy, ane He eQeKTHBHY NporpaMy MO>KHA
ONTHMI3yBaTH Ta 3p0OUTH €(PEKTUBHOIO.

Jlist BeNMMKUX TporpamM Ha CTajii MPOEKTYBaHHS BU3HAYAIOTHCS HEOOXITHI
napaMmeTpu, 10 BKIIOYAIOTh BUKOHAHHS 1 €MHICTh Ham'saTi. Onrumizauis OporpamMmu —
e npouec noOyAOBH 3a BUXIJIHOK IMPOrpamMol0 €KBIBAJIEHTHOI MPOrpamu, IO Ma€e
Kpallll XapaKTepUCTHKU Yacy poOOTH Ta/ab0 oOcsry 3aiiMaHOi OnepaTUBHOI ITaM’sITi.

IcHy€ 3 OCHOBHUX THIIH TPOTPaM:

1. mporpamu, 1O dYacTo BHKOpUCTOBYIOTbCcs  (OC,  KOMOUISATOpPH,
MOCTIPOIECOPH ); BOHU TTOBUHHI OyTH €(heKTUBHUMU;

2. mporpamMu MPOMUCIOBOIO MPU3HAYEHHS; iX €(QEKTUBHICTh MOBHHHA OYyTH
CYTTEBOIO;

3. mporpamu, HamucaHi He MporpamicTaMy; iX e(peKTUBHICTh MOTPIOHA, SKIIO €
oOMekeHHs maM'siTi abo Jacy.

[Iporpamy po6ssaTh eHEeKTUBHIIION JIUIIE Y BUMATKAX:

— IIporpaMa He MICTUTBCS Y TTaM'ATi;

— Mporpama HaJTO JJOBrO BUKOHYETHCS;

— Iporpama Mae 0yTH BKJIIOUYEHA 0 010J110TEKH Ta YaCTO BUKOPUCTOBYBATHUCH.

JUiss  BUKOHaHHS  onTUMi3alli  HEOOXiIHO,  MO-NepIlie, BUKOPUCTATH
ontumizyBanbHui kommiasitop [12]. Tlo-mpyre, HeoOXiTHO BHM3HAYUTH KPUTHUHI
chepu, MmO MUIATaIOTh ONTHUMI3AIl Ta 3acTOCYBAaTH JIOKaJbHY OINTHUMI3AI0 B
KPUTUYHUX 00JIacTAX (YacTi MpOorpamu, 110 Hal4yacTilie BUKOPUCTOBYIOTHCS).

Tpancnsatop — ue nporpama, Npu3HadeHa JUlsl Nepekyiany (TpaHCiswii) onucy

QIrOPUTMIB 3 OJIHI€I (popMayibHOI MOBH Ha iHmry. Ilepimia 3 X MOB Ha3WBAEThCS
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BX1JIHOIO, IpyTa — BUX1IHOIO a00 00'ekTHOI0. Haitb11b11 MOMMpeHi TpaHCISTOPU 3 MOB
MPOIIEAYPHO-OPIEHTOBAHUX Y MOBH MAIlIMHHI Ta MOBU MalllMHHO-OPIEHTOBAHI.
HalinonyJipHIIOW CXEMOK I TPaJAULINMHOINO CTATUYHOTO KOMIIUIATOpA €
TpudazHa KOHCTPYKIlis, OCHOBHUMH KOMIIOHCHTaMH SKO1 € iHTepdelic, onTumMi3zarop i
back-end [14]. Iatepdeiic anamizye BHXITHHH KO, MEpEeBips€ HOro Ha HASBHICTH
MOMIWJIOK 1 CTBOPIOE crenM(piyHe i MOBU aOCTpPaKTHE CHHTAKCHYHE JEPEBO IS

IpeACTaBICHHS BX1THOTO KOIY.

Pucynox 1.1 — OcHnosni komnonenmu onmumizy8aibH020 KOMRIAAmMopa

Onrtumizatop BIANOBIAE 32 BUKOHAHHS IIMPOKOTO CIEKTPY MEPETBOPEHB, 1100
cnpoOyBaTH TOKPANIUTH 4Yac BHUKOHAHHS KOJY, HaNpUKIA[, YCYHYTH 3aiiBi
00YHCIICHHS, 1 3a3BUYai O1IbIII-MEHII HE 3aJICKUTh Bl MOBH Ta 11iji. [loTiM cepBepHa
yacTHHA (TakoXX BIOMa SIK T€HEepaTop KOAy) BioOpa)kae KOJl y LUIbOBOMY HabOpi
iHCTpYKIiKd. OKpiM CTBOpPEHHS TPABWJIHBHOTO KOMY, BIH BIJAMOBIAa€ 3a CTBOPEHHS
XOpOIIOTO KONy, SIKMil BUKOPUCTOBYE TepeBaru He3BU4aHuX (QyHKINN M1aTpUMYBaHOT
apXITeKTypH. 3arajibHi 4YaCTUHHM 3aJHHOI YACTUHM KOMIIUISTOpAa BKJIKOYAIOTh BHOIp
THCTPYKITiH, pO3MOIiI PETriCTPIB 1 TUTAHYBAHHSI IHCTPYKITIH.

s monmenb opHAKOBO J00pe MmMAXOAUTH Juisi iHTepnperaTopiB 1 JIT-
KOMIUIATOPIB. BipTyansHa mammna Java (JVM) Takox € peanizalii€ro Li€i Moaeni, sika
BUKOPHUCTOBYE OalT-KO Java sk iHTepdeic Mix i1HTepPEiHcoM 1 ONITUMI3aTOPOM.

TpaHcaATOp € OHUM 13 OCHOBHMX 3aC001B aBTOMAaTHU3allll IPOrpaMyBaHHS.

3a3Buyail TPAHCIATOP CKIATAETHCA 3 HU3KU OJIOKIB, 110 BUKOHYIOTh HE3AJICKHI
byHKII:

— CUHTaKCUYHUH aHali3 mporpaw;

— aHai3 OMHCIB JAaHWX Ta TEPEeTBOPEHHS iX y 3pyuHy s 30epiraHHs Ta
MOIANILIIIOTO BUKOPUCTAHHS (HOpMY;

— pO3Mmoaia maM'sTi Jy1st 00'€KTIB, 110 BUKOPUCTOBYIOTHCS B IIPOTPaMi;
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— BCTAQHOBJICHHS  BIJMOBIJHOCTI MIDK KOHCTPYKIISIMH BXiJIHOi MOBU Ta
€KBIBaJICHTHUMU HEIO0 KOHCTPYKIISIMHU BUX1JIHOT MOBH;

— IPYK y peIaroBaHOMY BUTJISIIII TEKCTY BUXITHOT POTPaAMH;

— MOBIJIOMJICHHS TIPO BHUSBJICHI B TPOILIEC TPAHCIIT MOMIIKA Y BUXIIHIN
nporpami,

— €KBIBAJICHTHI TEPETBOPECHHsSI HA PiBHI BXIJHOI MOBU 3 METOIO ONTHUMI3aIlii
IPOrpaMH.

JInst oxHi€ET ¥ Ti€l K BX1JHOT MOBM JIOIIJILHO MaTH KIJbKa TPAHCIATOPIB, OJIHE 13
SKUX JTO3BOJISIE 3MIMCHUTH MIBUKY TPAHCIIAIIIO, BUJAIOYN MEHII €()eKTUBHI TPOTPAMH.
Takuii TpaHCHATOP MOXHA BUKOPUCTOBYBATH JUIsl HAJNArOKCHHS IPOTPaM.
KoMmmusitopu, mo cTBOprOIOTh €(EeKTUBHY OO'€KTHY Nporpamy, 3a3Buyail OyBaroTh
BEJIMKUMH 1 MPALIOIOTH MOBLIBHO.

OnTuMi3yBaJIbHUIM TPAHCIATOP, 32CTOCOBYIOUM PI3HI METOAM ONTHUMI3AIli MOXeE
OTPUMATHU SAKICHINTY O0'€KTHY TpOrpamy, IO BHKOPHUCTOBYETHCS JUIsl OaraTopa3oBUX
PO3paxyHKIiB.

3a3Bu4ail OLTBIIICTh Yacy BUTPAYAEThCS BUKOHAHHS JyXKE HEBEIMKHI 4aCTUHU
porpamu, aje HaivacTiiie BUKOPUCTOBYBAHO1, 3BaHO1, KpUTUYHOI 00JIaCTIO.

3a3Buyaif, JHIe KPUTHYHA O0JIACTH TMPOTPAMU OINTUMIZYETHCS MPOTPAMiCTOM
BpyuHy. [l BUSBIEHHS NHUX KPUTUYHUX O0JacTel BUKOPUCTOBYIOThH CIIEIIabHI
3aco0u, Ha3BaHi MPOITLHUKAMH.

[linmporpamu cnouyatky 3'SBUJMCS K 3aci0 onTUMI3alii mporpaM 3a o0csIrom
naMm'siTi, IO 3alMaEThCS — BOHHU JO3BOJIMIM HE IOBTOPIOBATH B MPOTpamMi 1ICHTHYHI
OJIOKM KOJZly, a ONMHMCYBaTH iX OJHOPA30BO 1 BHUKJIMKATH B Mipy HeoOXimHocTi. o
TEMEpIIHbOr0 Yacy Ui (QYHKIS MOiAOporpaM crajia JOMOMIXKHOI, TOJIOBHE i1XHE
NPU3HAYEHHS — CTPYKTYpH3allisi MPOrpaMH 3 METOI 3PYYHOCTI ii pO3yMiHHS Ta
CYNpOBOJY.

Buninennst nabopy niil y migmporpaMmy Ta BUKIHMK ii 32 HEOOXiTHOCTI JJO3BOJISIE
JIOTIYHO BUIUIUTH IUTICHY IiJI3aBJIaHHS, II0 MA€ TUIIOBE pimeHHsA. Taka mis mae e
oJIHy (KpiM €KOHOMIi mam'sTi) nepesary nepejl MOBTOPEHHSIM OJHOTUIHUX Niid: Oyab-

sgKa 3MiHa (BUIIPABJICHHS IMOMUJIKH, ONTHUMI3AIlisl, PO3MMPEHHS (PYHKIIIOHATHHOCTI),



11

3po0JieHa B MiANporpami, aBTOMaTUYHO B1IOMBAETHCS HA BCIX i1 BUKIWKAX, Y TOM 4Yac
K MpU 1yOJIIOBaHHI KOXHY 3MiHY HEOOXIJJTHO BHOCUTU B KO>KHE BXOJKEHHS KOy, IO
3MIHIOETHCSI.

HapiTe y THX BuUIamkax, KOJW B MiAIporpaMy BHUIUISETbCS HaOIp diM, 110
OJTHOPA30BO BHUPOOISETHCS, 1€ BUIPABIAHO, TOMY IO JO3BOJIIE CKOPOTHTH PO3MIpH
IUTICHUX OJIOKIB KOMY, IO CTAaHOBJATH Mporpamy, TOOTO 3pOOHTH mporpaMmy OUIBII
3pO3yMLJIOI0 1 IOCTYITHOIO JJIsI OTJISTY.

[lix oBEpJEHHICTIO PO3YMIIOTh MOKJIMBICTh MEPEHECEHHS MIAIPOrpaM IiJ 4ac
po06oTH MporpaMu B MIBUAKOAIIOUY MaM'sTh 3 1HIIOTO THUITY MaM'ATi TaKUM YHHOM, IO
KUIbKa MiANpOrpaM B Pi3HUN Yac 3alMaroTh OAHY 1 Ty K 00JacTh nam'sti. MOXIIUBICTb
OBEPJIEHHOCTI peali3y€eThbcs MPU BUKOPUCTAHHI BIPTYyaJIbHOIL ITaM'sITi.

S0 MamuHa Mae BipTyalbHy nam'sth, T0 OC aBTOMaTUYHO AUTUTH IPOrpaMmy
yacTUHU (DIKCOBAHOI JOBKHMHHU, 3BaHl cTopiHkamu. 3 iHmoro Ooky, OC, y pa3si
notpebn, mnepecwrae cropinku B OIl. Takum umHOM, mnpobiema opraxizamii

OBEPJICHHOCTI TIepecTae OyTH 00O0B'SI3KOM MpOrpamicTa 1 MOKJIATAE€ThCS HAa MAIIIUHY.

1.2 OnTumizauiss kommijisiTtopa 3aco6amMu BOy10BYyBaHHA (PYHKUIIT

[Ipomiec BOymoByBaHHS (hyHKIIIT — 1€ OMTHMI3allisi KOMIUTSTOPA, 110 CIIPsIMOBaHA
Ha 3aMiHy BHMKJIMKY QyHKIIi Oe3mocepeanbo TiioM ¢yHkmii [22]. Lla mis moxe
NOKpAIIUTH HIBUAKICT POOOTH MPOTpaMu, OCKUIbKM Micisi BOyJOBYBaHHS BIACYTHI
HAKJIQHI BUTpPATH Ha BUKIMK (yHKI. BaxmmBo 3a3HaunTH, 10 MOPSIOK
3aCTOCYBAHHS ONTUMI3allli KOMIUISTOPOM TaKOXX Ma€ 3HAYCHHs, TOMY OINTHMI3aIlii,
3aCTOCOBAaHI1 Micis BOY/10BYBaHHA (DYHKIIIH MOKYTh MaTH Kpaliuil eexT.

BOynoByBanHst ¢yHKIlid y MOBI miporpamyBaHHsi C++ 103BOJIsSIE ONTUMI3yBaTH
poOOTY KOMITIIAITOpPa, 3MEHIIYIOUM BHUTpPATH Ha BUKIWKHA (QYHKIH Ta MOKpPAILyHOYH
MIBUAKOJII0 mporpamu. Y cepenoBuini Visual Studio me moxe OyTu HOCSTHYTO 3a
J0moMoror kiouyooro ciosa _forceinline, ske migkasye kKoMmisTopy BOymyBaTH
BMICT (yHKILIi O€3M0CepeIHbO B MICLIE€ BUKIIUKY, HE CTBOPIOIOUM OKPEMOI'O BUKIIUKY

¢ynkmii. Lle oco0MMBO KOPUCHO Al HEBENMKUX (DYHKIIIH, SKI BUKIMKAIOTHCS TyKe
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4acTO, TaKMX SK MPOCTI TeTepH Ta ceTepu abo KOPOTKI (PYyHKII OOpOOKM JaHUX.
KomminsTop Mo)ke irHOpyBaTH LIeM TMijgKa3, SIKIIO BiH BBa)kae, 10 BOYJIOBYBaHHS
(yHKUIT HE BIUIMHE HA PE3yJIbTAT.

Opnak BapTO BpaxoOByBaTH, IO BOYIOBYBaHHA (YHKIIM MOXE MPU3BECTH [0
30UTBIIICHHS PO3MIPY KOAY, IO MOKE IiIBUIIUTH HABAHTA)KCHHS HA KEIlll TaM'sITh, 110
MOXK€ TIPU3BECTH [0 TMOTIPIIEHHS MTPOAYKTUBHOCTI. TakoXX yHOBUTHHIOETHCS
KOMITUTAIS TiporpaMu. ToMy BOYJIOBYBaHHSI (PYHKIIM CJIi7] 3aCTOCOBYBAaTH OOEPEKHO
Ta 3 ypaxyBaHHAM CIELU(IKH KOHKPETHOI IPOrpamu.

[IpoGnema mossirae B TOMy, 110 HaBiTh HASBHICTh 3HAHHA MPO crenudiky He
JO3BOJISIE  JIETKO BIUIMBAaTH Ha BOyJnoByBaHHsA (yHkuiil. Hanpuknan, icHye
cnerudikarop inline [4] y peanizamii LLVM, skuit togae aesike dncenbHe 3HAUCHHS 10
BapTOCTI BOYJIOBYBaHHS, SK€ BHKOPHUCTOBYETHCS JJIA TIEPEBIPKH AOIUIBHOCTI
BOyZ0ByBaHHs. TOOTO BUKOpPUCTaHHS JaHOTO crenudikaTopa HE TrapaHTye
BOY/IOBYBaHHS, a JIMIIE € JCSKOK IMIJKa3KOH KOMITUIATOPY. TakoX iCHye aTtpuOyT
noinline, mo 3a0opoHse BOyMOBYBaHHsA (YHKINI (BUKIIOUEHHSIM € BOYJIOBYBaHHS
BHACIIJIOK 3ropTku KoHcTaHT) [6]. [lapamerpum Ta KIIIOYOBI CJIOBa IMiJICTAHOBKH
KOMITUISTOP OMpaIboBy€e sK pekoMeHpaarii. Hemae >xomHoi rapanTii, mo Oyab-ska
byHKIlis Oyne po3ropHyta. MoxHa BUMKHYTU BOYJOBaH1 PO3IIMPEHHS, ajieé BU HE
MOJKETe TMPUMYCOBO BBIMKHYTH NEBHY (YHKIIIIO, HaBiTh SKIIO BHUKOPHUCTOBYETHCS
kaodyoBe ciioBo _forceinline. 11106 BukmrounTy (GYHKINT 3 pO3IIIAAY SK KaHIUIATIB Ha
BOy/IOBaHE PO3IIMPEHHS, MOXKHAa BHKopucToBYyBaTH _declspec(noinline) abo perios,
Mo3HAYCHUN AUpeKTHBaMU #pragma auto inline(off) Ta #pragma auto_inline(on).

[Ipodinbra ontumizamis (Profile Guided Optimization, PGO) — ne TexHika
onTHMI3alli MPOrpaMHOro KOAy, fiKa Oa3yeTbcsl Ha aHaii3l NpoQuI0 BUKOHAHHS
nporpamu [7]. OcHOBHA ifiest ToJIsirae B TOMY, 1100 3i0paT iHpOpMAaIIi0 TPO Te, K
caMe mporpaMa BUKOHYEThCS Yy PI3HHMX CII€HAapisiX 1 BUKOPUCTOBYBATH I JaH1 JJis
MOKpaIIeHHs] MBUAKOAII Ta edekTuBHOCTI mporpamu. PGO no3Bonsge KOMOUIATOPY
Kpale aJantTyBaTd ONTUMI3AIll JO KOHKPETHOTO BUKOPUCTAHHS MPOTPAMH, 110 MOXKE

IPU3BECTH IO MOMITHOT'O MOKPAIIEHHS 1i TPOyKTUBHOCTI.
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3aBAsSKA IIbOMY MO’KHA 3pOOUTH OUIBII TOYHI BUCHOBKM TPO Ti YW 1HIII
ontumizauii. ko noBepHyTHcs 10 BOyaoByBaHHs QyHkuUiid, PGO Moxe nonomortu
KOMITUISATOPY, HAIPUKJIAJ, Y CUTyalli, KOJU OfHA (DYHKIS BUKJIMKAETHCSA YaCTILIE 32
1HITy. Y TakoMy BHIIQJIKy KOMIIUIATOP MO’KE€ 3 OUIBIIIOK BIEBHEHICTIO 3pOOUTH

BHUCHOBOK IIPO BOYJJOBYBaHHS NepIIOi (GyHKIIII.

1.3 Orusax HasiIBHUX pillleHb ONTHMI3alil Yacy BUKOHAHHSA MPOrpam

B po6orti [9] 3anponioHOBaHO HOBY TE€XHIKY PO30UTTS (DYHKIIIi HA OCHOBI paHHIX
NOBEPHEHb (DYHKIIT 711 TOCATHEHHS 000X IIUIeH: 3HAICHO HOBUH MiJXiJ O OMHUCY
(GyHKUIA, SKUI [103BOJIsIE po30MBATH iX HA OCHOBI MIArpady BHKIMKIB. Takox
ocoOnuBy yBary Oyio HpuIUIEHO MiHiMi3alii AyOJIrOBaHHS KOIy. 3ampONOHOBAHO
HOBUM aHaJI3 BUTPAT Ta BUTOAM IPHU OLIHII BapTOCTI BOYJAOBYBaHHS, 1110 JI03BOJIMIIO
rapaHTyBaTU KOHTPOJIb 32 HAKJIAJHUMH BUTPATaMH HAa BUKJIUK BUILJICHOT (DYHKITII.

YacTtkoBe BOy/OByBaHHS (GYHKIIH — 11e¢ €heKTUBHUHN crociO, sKuii BOYHIOBYE
JIMIIIe YaCTUHY BUKIWKAHOI (PYHKINi, TAKUM YHHOM 3MEHIIYIOYH PO3IIUPEHHS KOITY.
KitouoBa npobiiema nossirae B TOMy, K €(EKTUBHO PO3AUIUTH (QYHKIIIIO, 1100 MOKHA
OyJ10 3MEHIITUTH K HaKJIaJHI BUTPATH Ha BUKIIMK, TaK 1 po3mUpeHHs koay. [lomepenni
METOIH a00 MPU3BOJATE A0 PO3OUTTS (DYHKIIIH, 3aHAATO BEIUKUX JJIsi BOYIOBYBaHHS,
a00 He B 3M031 €(pEKTUBHO 3MEHIIIMTH HAKJIA/IHI BUTPATH BUKIIHUKY.

Cnocib BUKOPUCTOBYE MOJIETb BUTPAT 1 BUTOJIH, 1100 3a0e3neunTr e(heKTUBHUIN
po3nonin gyskiid. ExciepuMeHTanbHi pe3yabTaTd MOKa3yloTh, MO0 3alMpONOHOBaHA
TEXHIKa MOX€ 3MEHUIUTH 3aTpUMKy Ha 33%, npu LbOMY pO3MIp KOy 30UIBIIUTHCS
muime Ha 5,8%. ABTOpHM peanidyBajii 4acTKOoBe BOymoByBaHHs mnoBepx LLVM. VYV
pesynbpTaTi gaHa pobOoTa CopaBAl BUpINIMIA 3aBJaHHS peajizaiii YacTKOBOTO
BOyZIOByBaHHsSI (YHKIIH 3 MIHIMIBHUM JIyOJIFOBaHHSM KOay, aje 4ac poOOTH B
ITOJIOBMHI BHIAJIKIB ITOOUJIBIIAB, a B 1HIIIH ITOJOBHHI — 30UIbIINBCS 10 3%.

VY crarti [10] onucyerbes npobiema BUOOPY €BPUCTHK BOYIOBYBaHHS (DYHKITIH

y Mpolieci KOMIUIALII, SIKa MOX€E CHUJIbHO BIUIMBATH HA MPOAYKTHUBHICTH 3aCTOCYHKY.
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ABTOpU IPOMOHYIOTH METOJI aBTOMAaTUYHOI'O HAJIAIITYBAHHSA €BPUCTHK BOYJOBYBaHHS
(GyHKLI Ha OCHOBI TeHETUYHUX AJITOPUTMIB.

bynu ommcani ekcnepuMeHTH, B SKUX METOJ aBTOMATHYHOTO HAaJaIITyBaHHS
EBPUCTUK OYB 3aCTOCOBaHMM /g BOY/OBYBaHHS (DYHKII HaOOPY TECTOBHX IMPOTPaM.
PesynpTatn mokaszanu, M0 aBTOMAaTHYHE HANAIITYBaHHS EBPUCTUK BOYIOBYBaHHS
GbyHKIIMH MOXE 3HAYHO TMOKPAIIWTH MPOAYKTHBHICTH 3aCTOCYHKIB TOPIBHSHO 3
HaJalITyBaHHSIMH, BCTAHOBJIICHUMH 32 YMOBUAHHSM.

MeTo aBTOMaTHYHOTO HaJalITyBaHHS €BPUCTHK BOYAOBYBaHHS (PyHKIIIH MOXKe
OyTH 3aCTOCOBAaHUN y PI3HHX Taly3sX, JIe MOTpiOHA ONTUMI3aIlis MPOIYKTUBHOCTI
KOY.

Y pobGoti [11] 3ampormoHOBaHO anropuT™M Ui BOYIOBYBaHHS (YHKIIH Y
IporpaMu, Kl BUKOHYIOTHCS Ha MIKPOKOHTpoOJIepax 3 OOMEKEHHUM 00'eMOM TaM'sTi.
3anponoHOBaHO METOJ|, SIKMM J103BOJIsI€ BU3HAYUTH, sIKI (YHKIII ciij BOYJAOBYBAaTH,
00 MiHIMI3yBaTh pO3Mip KOJy, 30epiraroy mpH I[bOMY MPOAYKTHUBHICTH MPOTPAMH.
JI71st IbOTO BUKOPUCTOBYETHCS AJITOPUTM, SIKHI OLIIHIOE BIUIMB BOYJAOBYBAHHS KOXKHOI
¢GyHKUli Ha po3MIp KOAY Ta Ha Yac BHUKOHAHHS MporpaMu. TakoX BpaxoBaHO
3aJIEKHICTh MK (DYHKIIISIMU, 100 YHUKHYTH MOMUJIOK i1 4aC BUKOHAHHSI.

B pesynbrari eKCIEpUMEHTIB BCTAaHOBIEHO, IIO METOJ JO3BOJSE JOCSATTH
CYTTEBOTO 3MEHILIEHHS PO3MIpy KOy Ta MOKpAIIEHHS MPOTYyKTUBHOCTI MPOTrpaMu Ha
MIKpPOKOHTpOJIEpax 3 oOMekeHUM 00'eMoM mam'sti. TakuM 4HWHOM, LIed METOJl MOXKeE
OyTH KOPHUCHHUM ISl PO3POOHUKIB, SIKI MPALIOIOTh 13 BOYJOBAaHMMHU CUCTEMaMH, €
oOMeXeHHii OoO0CAT JOCTYMHOI mam'siTi, 1 TOTpiIOHE MaKCUMaabHO e()EKTUBHE
BUKOPHUCTAHHS PECYPCIB.

[lepernsgsHyTi JOCHIJDKEHHS HAa TEeMy ONTUMI3alii LUISIXOM BOYJOBYBaHHS
GbyHKIIIM HE CTaBWIM Tepe]] cOO0I0 3aBJaHHS ONTUMI3YBaTH 4ac poOOTH MPOrpaMH, a
Outbiie OynM 30CEpeKeHI Ha 3MEHIIEHHI po3Mipy KOy Micisi BOYJIOBYBaHHS
¢dyHKIi#1. Alle BCTaHOBJICHO, III0 METa OMTHMI3allil 3aTPUMKH KOy MOXKe OyTH BEITbMU
KOPUCHOIO JUIsi OynIb-KOI MPOrpamMHOi CHUCTEMI, sIKa JI0JA€ MOKIIHUBICTh MPOBECTH

EKCIIEPUMEHT JJI YCHIIIHIIIOI KOMIUISILIT IPOrpaMH.
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1.4 O6rpynryBanHs BUOOpY 3ac00iB po3po0dku

LLVM — me mporpamHa cuctema, o € HaOOpoM IHCTPYMEHTIB IJIsi pO3pOOKHU
KOMITUTSTOPIB, aceMOJIEpIB Ta 1HIIMX CHCTEM, MOB'SI3aHUX 3 OOPOOKOI0 MPOTPaMHOTO
koay [3]. LLVM Haznae yHiBepcalbHUH, HU3bKOPIBHEBUN Ta MOAYJIbHHUI iHTepderic
JUIST  KOMOUIAIIT TmporpaMm, SKWM MOXKe OyTH BHUKOPHCTaHHM I PO3POOKH
KOMITUTSITOPIB JJIS PI3HUX MOB ITPOTpaMyBaHHS.

[Ipouec komnumsanii B LLVM Bkitouae kinbka etamis. 111 yac nepmioro erary,
BUXITHUN KOJI MPOTPaMU TEPETBOPIOETHCS Ha MPOMIKHE ysBieHHS (intermediate
representation) LLVM IR 3a nmomomororw kommiisitopa Clang [8] 3a momomororo
BUKJIIMKY mporpamu clang++ abo iHmoro cymicHoro kommuisgtopa. Ilorim IR
nepenaerbes ontumizatop LLVM, skuii 3acTocoBye pi3HI ONTUMI3alii, Taki SK
BOYZIOBYBaHHsI (PYHKIIIM, BUAQJICHHS HEJOCSKHOTO KOJy Ta I1HII, JUIS MOJIMIICHHS
MIPOYKTUBHOCTI Ta SIKOCTI 3r€HEPOBAHOTO KOJTY.

VY xommninsaTopi Ha ocHoBl LLVM iHTEepdetic BianoBiaae 3a po30ip, IepeBipKy Ta
JIarHOCTUKY MOMMWJIOK Yy BXIAHOMY KOZ1, a OTIM MEPEeKIIa]l IPOaHaJi30BaHOr0 KOy B
LLVM IR [14]. Lieit IR HeoOOB’sI3KOBO MPOXOAUTH YepPEe3 CEPit0 MPOXOJIiB aHAII3y Ta
onTUMI3allli, K1 MOKPAIIYyIOTh KOJ, a MOTIM HAJCWIAETHCS B TE€HEPATOp KOAY IS
CTBOPEHHSI DIMHOTO MamwuHHOTO Komy. lle myke mpocrta peamizarisi TpudasHOi
KOHCTPYKIIii, ajie el MPOCTUI OMKUC MPUXOBYE YACTUHY MOTY>KHOCTI Ta THYYKOCTI, K1

apxitekrypa LLVM otpumye Bin LLVM IR.

Pucynox 1.2 — Peanizayis mpugasnoi koncmpyxyii LLVM
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[Tounnarouu 3 Bepcii 2019, MS Visual Studio Bkitouae miATPUMKY pearyBaHHs,
CTBOpPEHHS Ta HamarojkeHHs 3a gomnomororo Clang/LLVM y mnpoekrtax CMake,
HaniieHnx Ha Windows. [licns HanamryBanHs koHpirypamii Clang, po3poOHuK Moxe
CTBOpIOBaTH Ta HajaroauTH mpoekT. Cepenosuine Visual Studio camocrtiiiHo BusiBIIsIE
xommigrop Clang, i Hagae moxumBocTi IntelliSense mns mifgcBidyBaHHs, HaBiramii Ta

iHmmx GyHKii peaarysanss [8].

“I File  Edit View Project Build Debug Test Analyze Tools Edensions Window  Help Search Visual., R CMakeProject ° - O X
- - WG - - o | xB84-Clang-Release - | P Continue - - | 2> 3 = 5 ;: | Live Share &7 m
Process: [5904] CMakeProject.exe - Lifecycle Events ~ Thread: [20956] Main Thread - Y o

CMakeProject.cpp X RgVELREL TR
[l CMakeProject.exe (CMakeProject\ChakePre - (Global Scope) ~| @ main() o B & 2

=// CtMakeProject.cpp : Defines the entry point for the application.
1

Diagnostics session: 0 seconds (28 ms selected)
24ms I

S#include “CMakeProject.h” 4 Events

#include <vectors
Il

using namespace std; 4 Process Memery vye
100

szi0)dx3 wea)  sauojdxg uonnjog

—lint main()

vector<string> strs = vector<string>();
strs.push_back("Hella");
strs.push_back("Clang/ __V.‘K");l

return @; Summary Events Memory Usage CPU Usage

0
4 CPU (% of all processors)

Events
## Show Events (2 of 2)
Memory Usage
B Take Snapshot
100% - @ Mo issues found
~ & X Output
Search (Ctrl+E) P Search Depth: 3~ Show cutput from:  Debug
Name Value Type 'CMakeProject.exe’ (Win32): Loaded 'C:\Users\wibu\source\repos\CMakeProject’ «
a » r— W " - w - 'CMakeProject.exe' (Win32): Loaded 'C:\Windows\System32\ntdll.dll'.
: : stdivectorsstd:ibasic <t.. O)@C'_C?Za?flOldaBO Clang/LLVM N st:::bam(,stn‘.. 'CMakeProject.exe' (Win32): Loaded 'C:\Windows\System32\kernel32.dll'.
strs § {size=2} St..‘VECtOMSt..‘ 'CMakeProject.exe' (Win32): Loaded 'C:\Windows\System32\KernelBase.dll'.
@ [capacity] 2 _intf4 'CMakeProject.exe' (Win32): Loaded 'C:\Windows\System32\ucrtbase.dll'.
b @ [allocator] allocater stdi_Compre... 'CMakeProject.exe' (Win32): Loaded 'C:\Windows\System32\vcruntimel48.d11'.
b @ [0] "Hello" @, = std:basic_stri... The thread @x1538 has exited with code @ (@x8).
bo@ [1] "Clang/LLVM" = stdubasic_stri...
b @ [Raw View] {_Mypair=allocator } stdivector<st..,

PGty [ocals Watch 1 Call Stack = Breakpoints = Exception Settings Command Window = Immediate Window

INS

Pucynox 1.3 — Poboma 3 komninasmopom Clang y cepeoosuwi Visual Studio

Jlam ontrMi3oBaHe MPOMiXKHE ysABJICHHS IR mepeTBoproeThCsl HAa MATMHHUM KO/
IIJTbOBOI apXITEKTypH, BUKOPUCTOBYIOUM TeHeparop komy LLVM. Ilpu renepartii
MamHHOro koxy LLVM BukopucToBye 06€3714 onTuUMI3allli Ta TEXHIKA TeHepalii
KOy JJIsi CTBOPEHHS IIBHUJIKOTO Ta €PEKTUBHOTO BUKOHYBAHOTO (ailiy.

VY pesynbrati LLVM 3abe3nedye BUCOKY €(QEKTHBHICTH Ta THYYKICTh Y
KOMIUISALIT MPOTPaMHOT0 KOJy, IO POOUTH MOro MOMYJSIPHUM I1HCTPYMEHTOM JJisi
PO3pOOKH KOMMUISITOPIB, aceMOJIepiB Ta IHIIUX CHCTEM, IOB'S3aHUX 3 OOPOOKOIO

IPOrpaMHOro KOJy.
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VY pamkax AOCHDKEHHS HEOOX1MHO MOAM(IKyBaTH MPOIEC KOMIIUISIII, IO
pobuts Bubip LLVM Bumnpasganum.

Kpoc-mmargopmoBuii Biakputuii reHepaTop cieHapiiB ckimaganHs CMake e
cTaHAapToM Jie-(hakTo s CTBOpEHHs Kooy Ha MoBi CH++. Lle moTyxHe KOMILUIEKCHE
pllIEHHS U1 KEPYBaHHS MPOLECOM CTBOPEHHs mporpaMmHoro 3abesnedenHs. CMake
JI03BOJISIE PO3POOHUKAM OINMCYBaTH, SIK CTBOPIOBATH NPOCTI Ta Jy>Ke CKJIaJHI
IpPOrpaMHi CUCTEMH 3a JOTIOMOT'OI0 €IMHOTO Habopy BxigHUX (aitniB. CucteMy MOXKHA
BUKOPHCTOBYBaTH [UIsl CTBOPEHHS NporpamMHOro 3a0e3meueHHS Ha 0OaraTthbox
mwiatgopmax, Big Android 10 10OS 1 BUCOKOTIPOAYKTUBHUX OOUUCITIOBATLHUX CHCTEM.

Koxne nepeBo 30ipku CMake wmictuTh ¢aiin kemnry, SKMi MICTUTh 3MIHHI,
BCTAaHOBJIEHI sSIK yacTuHa wiei 301pku (puc. 1.4). Cronu BXOAUTh yce, 3HalIeHe i1 Yac
caMoaHali3y CHCTeMH, IUISAXU JO BCTAHOBJIEHOTO IPOTPaMHOr0 3a0e3MEeueHHs Ta
npamnopiii, skl BUKOPUCTOBYIOTbCs miisi 30ipku. Cmake mictuth kinbka GUI, ski
JTIO3BOJIIOTH peAaryBaTH Il Kemi-(ari.

CMake niaTpumye Kijgbka HITLOBUX cucTeM 30ipkH, BKirovyaroun Visual Studio,
Xcode, ninja, make ta VSCode, a TakoxX 1HCTpYMEHTH 30ipKHM KOMaHIHOIO psJIKa,
TOMY PO3POOHUKH MOXYTh BHOpAaTH I1HCTPYMEHT, SIKHM Oyae Il HUX HaWOLIbII

POTYKTUBHUM.

Pucynox 1.4 — Poboma 3 xew-gatinom 36ipxu y CMake
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1.5 BucHOBKH 32 po3aijiom

B pe3ynbTaTi aHani3y npeaMeTHO1 raimysi:

— PO3TJIIHYTO OCHOBHI TEXHIKH ONTHMI3allii Iporpam;

— BCTAHOBJICHO OCHOBH1 KOMITIOHEHTH ONTUMI3YBAIBHOTO KOMITUISITOPA;

— BUKOHAHO OTJIAJl HAasBHUX PIIIEHh ONTUMI3AIll 4Yacy BHKOHAHHS IMPOTpaM,
30KpeMa Iporiecy BOy10ByBaHHS (PYHKIIIT,

— U1 TIPOEKTYBaHHSA OINTHUMI3YyBAIBHOIO KOMIUISTOpAa BHOpPAaHO NPOrpaMHy
cuctemy LLVM, xomminstop Clang mis cepenoBumia Visual Studio Ta Bigkputuid

reHeparop cueHapiiB ckiaaganis CMake.
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2 TPOEKTYBAHHA OIITUMI3YBAJIBHOI'O KOMIIIJIATOPY

2.1 Oco0uBOCTI arpecuBHOCTI BOY10BYBaHHA (QYHKILii

[Iporpamua peanizaifisi ONTHUMI3yBaJbHOTO KOMIUISATOPY Oyae Oa3yBaTUCS Ha
moBax C++ i Python, ma6opi komminsaTopiB LLVM, reneparopi crieHapiiB CKiIaJgaHHS
CMake.

B pamkax ngaHoi po0OOoTH HEOOXIIHO peai3yBaTH arpecuBHE BOYJOBYBaHHS
GbyHKIH, mo perymoerbes. TooTo 3 ogHOro 60Ky BOyAOBYBaHHS (DYHKIIIH ITOBHUHHO
IPU3BOJUTH 10 30UIBIIEHHS PO3MIPY KOy, III0 BUKOHYETHCSI, 3 IHILIOTO OOKY XOYEThCs
HaJIaTU KOPUCTYBAUY€Bl MOXKIIUBICTh PETYJIIOBATH 1€ MPOIIEC.

XoueTrbcsl BUIUIMTH JIBa MapaMeTpd, SKI MalTh PETYJIIOBATH MPOIIEC
BOynoByBaHHs. l[lepmmii mapameTp — arpecuBHE BOYIOBYBaHHS BHUKOPHUCTOBYETHCS
aumie s QyHKIN, SKi KOPUCTYBad TOMITHUB CICHMIAIbHUM HOBHM aTpUOyTOM
aggressivelnline. Ile m03BOMUTH KOPHUCTYBaueBl MPOBOAUTH O€3/1iY CKCIICPHUMEHTIB y
NOIIYKaX Kpamioi Juisi cnenugiyHOro BUNAAKY onTumizauii. pyruil — oOMexeHHs
po3Mip ailny, SKMl BUXOIWTH MICHsA 3acTOCYBaHHS onTumizamii. lle g03BONMHTH
KOPUCTYBaueBl HE JO3BOJIATH ONTHUMI3aIlli BOyJOByBaTH HaATO 0araTto KOy, ajkKe Iie
MO’Ke OyTH HEI03BOJICHO B ICIKHX BUIAJKaX.

Ha3seMo onTumizyBaJIbHUM KOMIIUIATOPOM MPOTPAMHY CHUCTEMY, IO JT03BOJISIE
3anmyckatd ontuMizaniro LLVM TakuM 4uHOM, 100 Ha MOMIYEHUX CHEIabHUM
arpuOyTom aggressivelnline ¢pyHkIisx cripaboByBajao BOYIOByBaHHS (QYHKIIIMH.

JUJisi KOHTpOJIIO arpecUBHOCTI BOYJOBYBaHHSI BHUKOPUCTOBYIOThCS (DIKCOBaH1
napameTpHu.

Ha3semo omnrtumizaTopom mnporpamy, siKa J03BOJII€E 3HAXOAUTH B TIEBHOMY
MPOCTOPI TMOIIYKY IMapaMeTpu ONTHUMI3ZYyBaJIbHOTO KOMIIIATOPA, $KI 30UIBIIYIOTH
po3mip (aitmy B Oaiftax, micis 3acTOCyBaHHS ONTHMI3yBaJbHOTO KOMMUISATOpa. Y

ONITUMI3aTOP1 TaKOXK MOTPIOHO MepeadaunTr 0OMEKEHHS 3BEPXy Ha PO3MIP BUX1THOTO

baiiny.
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Ha3semo momudikaTopom mnporpamy, 1o A03BOJIIE MOAU(PIKYBaTH KOMaHIU
KOMIUISALIT MPOEKTY 13 cucreMoro ckiagaHHs CMake y JaHLIOKOK KOMaHa, cepen
SAKUX 3'SIBISIETHCS 3BEPHEHHS 10 ONTUMI3AaTOpY.

Hazemo BUKOHaBILIEM IpOrpaMy, sika JO3BOJISIE 3aITyCKAaTH KOMaHAW KOMITLISLII.
Peanizariss KoHOI KOMIOHEHTH HaJa€ PIilIeHHS NepIoi 3aaayi, chopMyIbOBAHOI Y
MOCTAHOBIN  3ajayi: Juis 3alMyCcKy oONTHMi3amii  HEoOXigHO  CKOpUCTATUCS

MOAU(DIKATOPOM 1 BUKOHABIIEM.

2.2 OcobauBocTi npouecy ontumizanii LLVM

IcHye Oararo pi3HHX BHIIB ONTUMI3AIll KOMIIUIATOPA, TOMY BaXXKO JaTu
QITOPUTM, SK BHUPIHUTH Oyab-AKy mpoOnemy ontumizaiii. IIpore OuUIBIIICT
ONTHUMI3alllil MAIOTh IPOCTY CTPYKTYPY 3 TPHOX YACTHH:

— 3pa30K KOJy, sIKHW OTPiOHO TpaHcPopMyBaTH;

— IIepeBipKa, Yd MEepPeTBOPEHHs Oe3neyHe/paBuiIbHE JUIS BIAMOBITHOTO 3pa3Ky
KOAY;

— MEPETBOPEHHS Ta OHOBJIEHHS KOAY.

Haii6inpil  TpUBIaNbHOIO  ONTHUMI3AIIEI0 €  3ICTAaBJIEHHA MIA0JIOHIB Ha
apu(PMETUIHNX TOTOXKHOCTSIX, TAKUX SIK: AJIs OyIb-SKOTO II0r0 yncaa X T0piBHIOE X-
0, X-X, (X*2)-X. Ilepiie nuTaHHs MOJSATaE B TOMY, SIK BOHH Burisaaots y LLVM IR.

Jlesiki mpuKIIaau:

%oexamplel = sub 132 %a, %a

%example? = sub 132 %b, 0

%tmp = mul 132 %c, 2
%oexample3 = sub 132 %tmp, Yoc
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Jnst  takoro pomy meperBopenb LLVM wagae inTepdeiic crporeHHs
IHCTPYKIIiH, SKUH BUKOPUCTOBYETHCA SK YTHIITH PI3SHUMH IHIIMMH MEPETBOPEHHIMU
Bumioro piBas. Lli koHKpeTHI nmepeTBopeHHs 3HaxoaaThes y SimplifySublnst ¢ynkmii

Ta BUI'TIAAAI0Th TaK:

[/ X -8 ->X

if (match(Opl, m_Zero()))

return Op®;

[/ X=X ->08

if (0p® == Opl)

return Constant::getNullValue(Op@->getType());

[/ (X*2) = X -> X

if (match(Op®, m_Mul(m_Specific(0pl), m_ConstantInt<2>())))
return Opl;

// Axwmo wivoro He 36iraeTbcs, noeBepHiTe null,
// wo6 BKazaTw BifgcyTHicTbL NepeTBOpPEHHA
return 8,

Y upomy komi Op0 Ta Opl mpuB’si3ani 10 JIIBOIO Ta IPaBOIro OIEpPaH/IIB
LJI0YMCeNbHOI 1HCTPYKIIi BigHiMaHHsA. LLVM peamizoBano B C++, sikuil HE HAATO
BIJIOMHH  CBOIMH  MOMJIMBOCTSMH  3ICTaBJCHHA  IMa0JMOHIB  (TIOPIBHSHO 3
dbyHKkIioHaTbHUMHU MoOBamH, TakuMmu sik Objective Caml), ane BiH HMPOMOHYE IyKe
3arajbHy CcHUCTeMy IIAa0JIOHIB, sIKa JO3BOJISIE peani3yBaTd WIOCh MOAIOHE.
®yukiis match ta m_¢gyuxyii 103BOJIAIOTE BHUKOHYBATH JICKJIApaTUBHI omepariil
3icraBieHHs mabnaony 3 komom LLVM IR. Hampuknan, y m_Specific npeaukar
30ira€ThCs, JIUIIE SKINO JTiBA YACTUHA MHOXEHHS 30iraeThes 3 mapamerpom Opl.

Pasom 11 Tpu BUNAAKW BIAMOBIAAIOTH MIA0NOHY 1 (YHKIS MOBEPTAE 3aMiHY,
AKIIO BOHAa MOXE, a00 HYJIbOBUH MOKKYHK, SKIIO 3aMiHA HEMOXJIMBA. BUKIWK
¢ynkii Simplifylnstruction e mucneTdepom, sikuii IepeMHUKa€e KOJ[ orepariii iHCTPyKITii,
HAJCWJIAI0OUH JOMOMIXKH1 (DYHKIIIT KOKHOTO KOy orepalii. BiH BUKIUKa€eTbCs 3 PI3HUX

ontumMizaiii. [Ipoctuii npaiiBep BUTIIsAIa€ TaK:

for (BasicBlock::iterator I = BB->begin(), E = BB->end(); I != E; ++I)
if (var* V = SimplifyInstruction(I))
I->replaceAllUsesWith(V);

[leit kox mpocTo mepedupae KOKHY IHCTPYKLIIO B OJIOL, MEPeBIpSIOYH, YU
CHIPOIIY€eThCS sKach 13 HuUX. Skmo tak (ockineku Simplifylnstruction moeeprae not-

null), Bin BukopucroBye metos replaceAllUsesWith mist onoBiieHHs Oyab-40r0 B KOJII
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3a JIONIOMOTOIO CIIPOIICHOI omeparliii 3 mpoctimor (opmoro. Ha puc. 2.1 mokazano

NpUKJIaJ epeaaydl yrpaBiiHHS TP BUKOHAHHI LUKIIIB.

F2: %2.

br label %3 %3 = add nsw 132 %1, -1

Y04 = icmp slt 132 0, %3

br il %4, labcl % .Ir.ph, labcl %16

%3 T F
%.0= phi 320, %2 1, [ %10, %15 |

%4 = add nsw i32 %1, -1 Ir.ph:
%S5 = icmp slt 132 %.0, %4 Ar.ph:
bril %3, label %6, label %16 br label %7

e e

Go6: %.01 = phii32[ 0, %.Ir.ph |, [ %.0, %S5 |
%8 = 7ext i32 %.01 to 164
%7 = zexti32 %.0 to i64 %9 = getelementptr inbounds i32, i32* 90, 164 %8
%8 = getelementptr inbounds 32, 132* %0, i64 %7 %10 = load i32, i32* %9, align 4
%9 = load 132, 132* %8, align 4 %11 = add nuw nsw 132 %.01, 1
%10 = add nuw nsw i32 9.0, 1 %12 = zext 132 %11 to i64
%11 = 2ex1132 %10 10 i64 %13 = getelementptr inbounds 132, i32* %0, i64 %12
%12 = getelementptr inbounds i32, i32* %0, i64 %11 %14 = load 132, i32* %13, align 4
%13 = load i32, 132* %12, align 4 %15 = icmp sgt i32 %10, %14
%14 = icmp sgt 132 %9, %13 br il %15, label %._cril_cdge, label %5
br il %14, label %16, label %15 T =
T F l
—— # %5:
%15: %16: -
. %.0 =phii32 [ %11, %7 |
br label %3 % .07 = phiil [ false, %6, [ true, %3 ] %6 =icmp slti32 %.0, %3 )
- retil %.07 br il %6, label %7, label %._crit_edge2
CFG for '_Z9is_sortedPii' function T j F
: )
._crit_edge: ._crit_edge2:
Y%split = phi il | false, %7 | %split3 = phi i1 | true, %35 |
br label %16 br label %16

~. :

%.07 = phi il [ %esplit, %._crit_cdge |, [ %split3, %._cril_cdge2 ], [ true,
. %21

%16:

r;:l il 9%.07
CI'G for'_Z9is_sorledPii’ funclion

Pucynox 2.1 — I'pagix nepeoaui ynpasninus 0o i nicis npoxooy pomayii yukiie

2.3 IIpoexkTyBaHHS ONTUMI3YyBAJIbHOIO KOMIIIATOPY AJs BOYIOBYBaHHS

GyHKuin

HarmmcanHst IBUAKOTO KOy BUMAara€e po3yMiHHSI BCIX aCMEKTIB MpOrpaMu Ta ii
B3aeMo/Iii 13 cucremoro. [[o6 310patu BiIOMOCTI MPO MPOAYKTUBHICTH KOMY, MOKHA
BUKOPUCTOBYBATH MOHITOpP MPOAYKTUBHOCTI [24]. [IpoMaxu kemry (SIK BHYTPIIIHBOTO,
TaK 1 30BHINIHBOTO) Ta TOMIJIKH CTOPIHOK (TP 3BEpHEHHI /10 JOJaTKOBOT'O CXOBHIIA
3a MPOTPaMHUMH IHCTPYKIISMH Ta JAHUMU) 3HUXKYIOTh MIPOJIYKTUBHICTh IPOTPAMH.

[Hotpamnsauas no kemy LT no3Bossie mporpami Burpatd 10-20 TaxTiB.

[ToTpamnsinag y 30BHIMIHbOMY Kemni mo3Boiisie Burpatu 20-40 TakrtiB. [lomumka
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CTOPIHKH MOJK€ KOINTYBaTH MUIBMOH IUKJIIB TOAWH (SKIIO MPOIECOp, IO 00podIse
500 MUTBHOHIB 1HCTPYKIINA/CEKYHly Ta 4ac 2 MUIICEKYHJIU AJid 30010 CTOpiHKH). Tomy
JUIS ONTUMAJIBHOTO BUKOHAHHS MPOrpaMu HEOOXIJHO HAMHUCATH KOJ, SKUA 3HU3UTH
KUIBKICTh IIPOMAaxiB KEIIy Ta TOMHUJIOK CTOPIHOK.

Opni€lo 3 NpUYMH TOBUIBHOI pOOOTH MpPOrpaM € 3aHAATO YacTi MOMMIIKH
cTopiHOK Ta mpomaxu kemry. IIlo6 yHukHyTH T1i€i mnpoOIeMHU, BaKIUBO
BUKOPUCTOBYBATH CTPYKTYPH JaHUX 13 TapHOIO JIOKAII3aIl€l0 MOCUJIaHb, 1[0 O3HAYa€e
30epeXeHHs] TOB'I3aHMX pedeill pa3oMm. [HOAlI 30BHI 4YyJoBa CTPYKTypa AaHHUX
BUSIBIISIETHCS JKaXJIMBOIO Yepe3 HElpaBWIIbHE PO3TAILlyBaHHS MOCUIIaHb, 1 HABIAKU.

bibmioreka Microsoft Foundation Classes (MFC) Moxe 3Ha4yHO CHpPOCTUTH
HanucaHHa koay. I[lpm HamuMcaHHI TEpPMIHOBOrO KOJy CIiJ 3HAaTH MPO HAaKIAIHI
BUTpPATH, MOB's13aH1 3 ieakuMu kiacamu. [lepesipte kog MFC, sikuif BAKOPHCTOBYETHCS
TEPMIHOBUM KOJIOM, 1100 BU3HAYUTH, YU BiH BIJIMIOB1Ia€ BUMOTaM JI0 MPOAYKTUBHOCTI.

[ToBTOpHE BUKOpHCTaHHSA Koy OaxkaHe. OfHAK, SKIIO PO3POOHUK Mae Hamip
BUKOPUCTOBYBATH KOJI 1HIIIOTO KOPUCTYBava, HEOOXITHO MOBUHHI TOYHO 3HATH, IO 1€
pOOUTh y THUX BUMNAAKAaX, KOJU MPOIYyKTHUBHICTh KPUTHYHO BakiauBa. Halikpammii
croci® 3po3yMiTH HWOTO TMOJISITa€ y MOKPOKOBOMY IEPEXOJli 3a BUXIIHUM KOJIOM abo
BUMIPIOBAHHSIM 32 JIONOMOTOK Takux 3aco0iB, sk PView abo Mownitop
IPOTyKTUBHOCTI.

OnTuMI3yBaJIbHUM KOMMUISITOP TIOBMHEH HAJATH MPOTPAMHY CHCTEMY, SKa
J03BOJISIE 3alyCcKaTH BOYNOBYBaHHA (DYHKIIH Ha (QYHKLIAX, NOMIYEHHX aTpHOyTOM
aggressivelnline. ArpecuBHICTh BOYIOBYBaHHS Ma€ HaJAIITOBYBATHCS 30BHI 3a
JIOTIOMOTOI0 apTyMEHTIB KOMaHJHOTO PsIKA, OCKUIBKU Jlajil MOTPIOHO ONTHMI3yBaTH
arpecuBHICTh BOYIOBYBaHHS.

[IponoHy€eThCS AEKOMIIO3yBaTH PIIICHHS HA TaKi 3aBJIaHHSA:

— nmonaBaHHs aTpuOyTy aggressivelnline;

— JI0IaBaHHsI KOMIIOHEHTA, IO BiANOBiAa€ 32 BOYIOBYBaHHS (DYHKIIIH;

— JOoJaBaHHS TapaMmeTpiB KOMaHAW OPt, sKi BIAMOBIJAIOTH 32 arpeCHBHICTH

BOY/10BYBaHHS (DYHKIIIH.
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HeoOximno 3’sicyBatw, SiKi 4aCTMHH KOMITUIATOpPA MOXKYTbh BHUKOPHUCTOBYBATH
aTpuOyT. 3po3yMiNo, MIO0 BHUKOPUCTAHHS KOPHCTyBadaMH aTpuOyTy CHPHUUHSIE
HEOOXIJHICTh OOpOOJATH BUXIAHMM KOJI NPOrpaMH, TaKUM YUHOM HEOOXIIHO
MOAU(DIKYBaTH TEPIIMA eTanm KOMIUIALIl. ATpuOyTH (GYHKIIH MOXKYTh BIUIUBATH 1
onTuMmizalii (Ipyrui eran KOMMOUIALIL), 1 BUOIp IHCTPYKIIM MijJ yac NEepeTBOPEHHS Ha
MaIIMHHUN KoJ (TpeTiit etan kommiymii). ToOTo g nogaBanHsa aTpulyTy HEOOX1THO
MOAU(DIKyBaTH BCl TPU YaCTHHU KOMITUISITII.

byno mnposeneno wmoaudikanio Kuibkox ¢ainiB komnuisitopa Clang Ta
nporpamHuoi cuctemu LLVM:

— ¢aitmm  clang/include/clang/Basic/Attr.td ta clang/include/clang/Basic/
AttrDocs.td, mo BiANOBIAAIOTE 3a BU3HAYEHHS, ONUC Ta JOKYMEHTYBaHHS BCIX
atpuOyTiB Clang. Bonu HeoOxigHO Oyyo nomatu cTWib HanmucaHHs aTpuOyta: B C++
JIO3BOJIIETHCSI BUKOPUCTOBYBATU Pi3HI CTHIII, HAmpukiajn, attribute (noinline) 4um
[noinline]. ¥V pa3i BUKOPUCTOBYETHCS MEPIIM BapiaHT. TakoX MOTPIOHO YTOYHHUTH
CYTHICTb, SIKy MOYKHA TIOB'SI3aTH 3 aTpUOyTOM;

— clang/lib/CodeGen/CodeGenModule.cpp Ta clang/lib/Sema/SemaDeclAttr.cpp;
nepmuii gain BIANOBIAE 3a TeHEepallilo Koay, APYruil — 3a 0OpoOKy aTpuOyTiB Ta
NepeBIpKy 3aCTOCOBHOCTI aTpUOYTIB 10 BIMOBIIHUX JIEKJIApalliid;

— ¢aitmn  LLVMBItCodes. BitcodeReader.cpp Ta BitcodeWriter.cpp Oynu
3MIHEH1 JUIs JOJIaBaHHs HOBOTO aTpuOyTy aggressivelnline B 00poOKky OITKOY; KU
BUKOPHUCTOBYETHCS MpU poOOTI 3 O1HApHUM npeacTaBiaeHHsAM (aitnis LLVM;

— ¢aiin Attributes.td BinmoBinae 3a BuzHaueHHs atpuOyTiB Bcepeauni LLVM IR;

— (aitmu LLLexer.cpp, LLParser.cpp ta LLToken.h Oynu 3miHeHi s
niaTpuMKH HOBOrO aggressivelnline atpubyra B mapcepi LLVM IR,;

— ¢aiin Attributes.cpp BianoBigae 3a poboTy 3 aTpuOyTamMu BCEPEANHI CUCTEMHU
LLVM;

— (aitn Verifier.cpp 3aliMaeTbcs TEPEBIPKOIO KOPEKTHOCTI Ta Y3TOJKEHOCTI
LLVM IR.

Takum unHOM, OYyJIO MPOBEACHO KOMIUIEKCHY Moaudikaiio kommiastopa Clang

ta cuctemu LLVM, mo poOuts Bukopuctanus atpudyty aggressivelnline moxiusum.
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LLVM Pass — e onunuiisi 06podku mporpamMHoro koay y ¢peiimBopky LLVM,

TOOTO HEBENMKI MNPOrpaMHi MOAYJI, SKI BUKOHYIOTH PI3HOMAaHITHI orepauii Haj
OPOMDKHUM TpeacTaBieHHsSIM mnporpamu y ¢opmari LLVM IR (Intermediate
Representation), Taki sk aHami3, Tpanchopmarris Ta ontumizaiisa. 3asasku LLVM Pass
MO>XHA BIPOBA/KYBaTH PI3HOMAHITHI oNTHMI3alli Koay abo 3M1iCHIOBATH aHaji3
MPOrpaMHOTO KONy [JIsi PI3HUX MUIeH, TaKWX SIK TOKPAIICHHS MPOJYKTHUBHOCTI,
BUSIBJICHHS IOMUJIOK 200 aBTOMAaTUYHE TeHEePYBaHHS Koy [5].

3 METOW TECTyBaHHSA IMpale3AaTHOCTI 3alpONOHOBAHOTO TMiaxoay Oyro
peamizoBano LLVM Pass, skmit apykye B koHcoib LLVM Oynp-aky GyHKIITO,
NO3HAYCHY HOBHM aTpuOyTOM Tmipu BUKOpUCTaHHI komanau llc (tperiit eran
KOMITUIALIT) Y peKUMI HaJaroKeHHS.

int fib(int n) attribute((aggressiveInline))

{
if (n == 8)
{
return 1;
}
if (n == 1)
{
return 2;
}
return fib(n - 1) + fib(n - 2);
}

Jst xommisiii Koy OyaemMo BUKOPHUCTOBYBATH TeHeparop cmake pazoMm 3
LLVM. Jlami neoOximHO Bukopuctatu ueu Pass, 3anyctuBmu LLVM onepartiro
KoM 13 paropom -basicblockcounter.

VY pe3ynbTari Ha KOHCOJI1 OTPUMYEMO HACTYIIHI AaHHI:

Contents of BasicBlock corresponding to MachineBasicBlock : 8x5613182bb858
Contents of MachineBasicBlock : bb.l.cond.true :;
predecessors:% bb.® successors : % bb.3 JMP_1 % bb.3

BOynoByBanus ¢yskuiid y tepminax LLVM € mixknpoueaypHo ONTUMIZAIIEID
(interprocedural optimization, [PO). llvm/lib/Transforms/IPO — nampexropis, 110
MicTHTh peamizamii kimbkox LLVM Pass, mo BupoOmsstore Moaudikaiii
ontuMizoBanoro LLVM IR.

Hanpuknan, d¢aitn  ArgumentPromotion.cpp onTumizye BUKIMKH (DYHKIIIH,

3aMIHIOIOYM apryMEHTH KOHCTAaHTH, SKIIO Iie¢ MOXJIMBO. Jlani onrumizamii
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3aMyCKaroThCA il YaC BUKOPUCTAHHS KOMaHau OPt (3a 3aMOBUYBAHHSIM 3aITyCKAE€THCS
JWIIe Jesika 4acThHa, A BUKOpUCTaHHS mneBHUX [PO icHYIOTh TEBHI aprymMeHTH
3aMMyCKYy).

Jlns peasizaniii He0OX1THOT KOMIIOHEHTH HEOOX1THO CTBOPUTH TPAHCPOPMYHOUHH
LLVM Pass, mo peanizye kmac LegacylnlinerBase, mo MicTuTh JIOriKy BH3HAYCHHS
JOIIILHOCTI BOYJOBYBaHHS (DyHKITIi.

JlominpHICTh BOYAOBYBaHHSA (DYHKINI BHU3HAYAETHCS IIUIIXOM OIlIHFOBAHHS
Baprocti BOymoByBanHs ¢yHkimii InlineCost — me wmerpuka abo ormiHka, sKa
BUKOPUCTOBYETHCS KOMIUIATOPAMU JUIsl TPUUHSATTS PIMIEHHS PO T€, YU BapTO
BOynoByBatd (QyHKIIIO (BUKIMKATH 11 Kojx Oe3mocepeiHbO TaM, JE€ BOHA
BUKOPUCTOBYETHCS) B MicIie 1 Bukiuky [20].

BOynoByBanHs ¢yHKIIIH MOXKe MIPU3BECTH A0 ONTUMI3AIlIT MIBUAKOAIT MPOrpamMu
3a paxyHOK YHUKHEHHS HaKIaIHUX BHUTpaT Ha BHKIMK (QYHKIII (Hampukiaa, Ha
30epeKeHHsT Ta BIJHOBJIICHHS PETICTPiB, mepenauy mapamerpiB, Tomio). InlineCost
BHUMIPIOE BapTICTh BOYOBYBaHHA (PYHKIII1, BpaXOBYIOYH TakKi (JaKTOPH, K pO3MIP KOy
(GyHKUI{, KUIBKICTh ii BUKJIMKIB, BIUIMB Ha PO3MIp KeWI-aM'sTi Mpouecopa Ta 1HII
napameTpu. binbm Huszbke 3HadeHHs InlineCost 3a3Bu4ail BKa3ye Ha Te, IO
BOy/10BYBaHHs (DYHKIIIT MOXe OyTH KOPHUCHHUM 3 TOUKH 30py ONTUMI3AIll IIBHUIKOII
Iporpamu.

IcHye BepxHsS Meka BapTOCTI: SIKIIO BOYIOBYBaHHS (YHKIIi Ma€ BapTiCTh
OUTBIIY 3a BEPXHIO MEXY, TO BBaXA€ThCS, M0 1€ BOyJOBYBaHHs 30uTKOBE. [loBHUI
CHEKTp BCIX MpPaBUJ BHU3HAUEHHS TOLLUIBHOCTI BOYJOBYBAaHHSA (DYHKIIM MICTHTBCS B
mupektopii llvm/lib/Analysis.

Takum 4YWHOM, MJIsI TOro, W00 peandizyBaTH KOHTPOJIHOBAHE arpecUBHE
BOy/IOBYBaHHS (YHKI[IA, HEOOXITHO peayizyBaTh Kiac, M0 YCMAIKOBYEThCS BiJl
LegacyinlinerBase Tta nepeBH3HavaabHHI METOM, BIAMOBITAJBHUN 3a OOYMCIICHHS
BapTOCTI BOYJOBYBaHHS.

Y paMmkax OOCHIDKEHHS JOCTaTHHO BH3HAYUTH OOYHMCICHHS BapTOCTI Ta
BEPXHbOI MEX1 BapTOCTI KOHCTAHTHUMM Mg (YHKLIA, MO3HAYEHHX aTpudyTOM

aggressivelnline. V koai 1ie BUrIsgae HaCTYITHAM YHHOM:
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InlineCost getInlineCost(CallBase& CB) override

{
Function* Callee = CB.getCalledFunction();
if (!Callee || Callee-=isDeclaration() || !Callee -=
hasFnAttribute(Attribute: :AttrHind: :AggressiveInline))
{
return InlineCost::getNever("Not suitable");
¥
return InlineCost::get(Cost, Threshold);
¥

3minHi Cost Ta Threshold — uncenpH1 KOHCTaHTH, BU3HAYEHI 11T YaC CTBOPECHHS
kiacy. Came BOHM € mapamMeTpamH, fKi pPEeryliolTh arpecUBHICTh BOYIOBYBaHHS
byHKITI.

st Toro, mo0 peani3oBaHUN BUIIE KOMIIOHEHT MOXHa OyJI0 KOHTPOJIIOBATH
npu 3amyckax Opt, HeOOXiAHO HaJaTU MOXIIMBICTH (DIKCYyBaTH BapTICTh Ta BEPXHIO
MEXy BapTOCTI B MOMEHT 3amycky Opt. byino yxBajeHO pillleHHS TepenaBaTu
BUIII€3a3HAYCH] TTapaMeTpH, BUKOPUCTOBYIOUN MapaMeTpu KOMaHHOTO psJiKa MiJ Jac
Bukimky Opt. LLVM HnHanmae 3pyunwii iHTepdeiic mns uporo. JlocTaTHbO HIIe
CTBOPUTH CTAaTUYHY 3MIHHY 3 THUIIOM, JUIsI SIKOTO BXKE€ PEaJi30BaHO B3aEMOJII0 3

rapaMeTpaMy BUKJIUKY:
static cl::opt<int=
MyInlinerCost("my-inliner-cost", cl::init(8],

cl::desc("My inliner cost for optimization"));

Tenep Bumiesramani 3minHi Cost ta Threshold Bu3HagaroThCsi mpu CTBOpPEHHI
Kiaacy 3HadeHHsAMHU cratmdHux 3MiHEEX MylnlinerCost ta MyinlinerThreshold, mo
JI03BOJISIE HAJAIITOBYBAaTH arpeCUBHICTh BOYJIOBYBaHHS BHUKJIMKOM KOoMaHaw Opt 3
NICBHUMU apryMEHTaMH KOMaHIHOTO PSIJIKA.

OnTuMizyBaJIbHAN KOMITUIATOP — 1€ MoaudikoBaHa Bepcis komanau Opt. Hero
MOJKHA CKOPHUCTATHUCS TaK:
opt -02 -my-inliner -my-inliner-cost=30
-my-inliner-threshold=400 main.bc -o main.opt.bc

Tyt -my-inliner — na3Ba peamnizoBanoro LLVM Pass, siky HEOOXiHO 3aIyCTHTH
mig gac ontumizanii LLVM IR koxy. Koncrantu my-inliner-cost i my-inlinerthreshold
BIJIMOBIAIOTh 32  arpecHBHICTh  BOYIOBYBaHHS  IO3HAYEHUX  aTpuOyTOM

aggressivelnline pyHKIIi.
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OnTuMizaTop TIOBMHEH 3HAXOJUTH ONTHMAJIbHI TapaMeTpyd arpecHBHOCTI
ONTHUMI3yBaJbHOTO KOMIUIATOpAa B paMKax 3ajayl MiHIMI3alli BUXIAHOTO PO3MIpY
daiiny. Takox AJis1 10JATKOBOI peryasipu3allii mpoiecy HeoOXiJHO HaJaTH MOXIIUBICTD
3a/1aBaTH MPOCTIP MOIIYKY BHUIIEONUCAHUX MapaMeTpIB.

Moskna Oysio 6 peanizyBaTd MOILIYK ONTUMAJIbHUX MapaMeTpiB Oe3MocepeHbo
Bcepenuni Opt, ame B C++ 6i10mi0TeKH Ui BHPIIMICHHS 3a/Ja49 ONTHMI3arlii 3a3BHUYait
MalTh HabaraTo CKIamHIMMUK 1HTepdeic. VY 3B'\I3Ky 3 mUM Ui peamizamii
onTuMizaTopa BuOpaHo MoBy Python, Bcepenuni sxoro He0oOXiIHO poO3TallyBaTH
BUKJIMKHU Opt.

[lin makcuMalbHO arpeCMBHUM BOYJOBYBAHHSIM (YHKIIA Ma€eThCA Ha yBasl
BOY/IOBYBaHHS SIKOMOTa OLIbIIOLI KUTBKOCTI KOAY, 110 JIOPIBHIOE MaKCHMI3allli po3Mipy
BUXIJHOTO (paiiny. TakuM 4HHOM, HEOOX1JHO MPOBECTH ONTHUMI3aIlil0 0araToBUMIpPHOI
¢GyHKLI{, apryMeHTH SKOi — TMapaMeTpd, W10 TMepefalThcs ONTUMI3yBaJbHOMY
KOMITUJISATOPY, & 3HAYCHHSI, [0 MIOBEPTAETHCS — pO3Mip (ailily miciis BUKIUKY KOMaHIH

Opt 13 TaHUMU apTYMEHTaMHU.

2.4. BUCHOBKHM 32 PO31ijI0M

VY pe3ynbrari OTJIsALYy OCOOJMBOCTEH MPOIECY AarpecMBHOTO BOYIOBYBaHHS
byHKIII BUOpPAHO aNrOpUTM BHKOHaHHS mporecy ontumizamii y LLVM nHa piBHi
IPOMIKHOT'O YSIBJIEHHS.

BukoHaHO TPOEKTYBaHHS ONTHUMI3YBaJbHOTO KOMIIUIATOpPA sl BOYJOBYBaHHS
GyHKIIH, 3a JIOMOMOTOI0 SKOTO MOJKHAa 3HAaXOJIUTH ONTUMAIbHI IapameTpu
arpeCcMBHOCTI B paMKax 3aJla4l MiHIMi3alli BUXITHOTO po3Mipy (aiiiy.

3ampoIroHOBAaHO JICKOMITO3YBATH PIIICHHS 3aJ1adl ONTHUMI3allil Ha TakKi 3aBJIaHHS:

— oJaBaHHA aTpuoOyTy aggressivelnline;

— JI0IaBaHHs KOMITIOHEHTA, 110 BiJNOBiIae 3a BOY10BYBaHHS (DYHKIIIN;

— JOJaBaHHSA TMapaMeTpiB KOMaHAW Opt, AKI BIAMOBIJAIOTH 3a arpecHUBHICTH

BOY/10BYBaHHS (DYHKIIIH.
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3 ITIPOI'PAMHA PEAJIIBALIA OITUMI3YBAJIBHOI'O KOMIIJIATOPY

3.1 Peanizauis BOyaoByBanHs pyHkuii y repminanai LLVM

Jlns ontumizanii miei GyHKIiT BUKOPUCTOBY€eThCsT SCIPY — BinkpuTa 6i0nioTeka
BHCOKOSIKICHUX HAyKOBHMX 1HCTPYMEHTIB JJIi MOBH TporpamyBaHHsS Python [16]. ¥V
paMkax 1€l O0107ioTeKH € Oe3liy MPOEKTIB, IO JIO3BOJISIIOTH ONTHUMI3yBaTH
0araToBUMIPHY (PYHKIIIFO 3 OOMEXEHHSAM MIPOCTOPY MOLIYKY.

B pamkax mochimkeHHss He TOTpiOHA BHCOKA TOYHICTh, TOMY TpU BHOOPI
pillICHHsA yBara akIeHTOBaHA JIMIIE Ha MOXKJIMBOCTI BUKOPHUCTAHHS Ta IIBUAKOCTI
BukoHaHHiI. Came TOMy BHOpaHOo MeTon nudepeHUIHOi eBomrowii [17], saxkuil €
METOJIOM 0araToBUMIpPHOI MaTEMaTU4YHOI ONTUMI3allli 3 KJIacy CTOXaCTUYHHUX
QITOPUTMIB ONTHMI3allli, 3 BUKOPUCTAHHSM 1€l T€HEeTHYHUX aJITOPUTMIB, aje Oe3
HEOOX1THOCTI poOOTH 31 3MIHHUMU y OiHapHOMY Koi. Lleit meron mpsmwuii, TOOTO BiH
BUMAarae JUIIE MOJXJIWBOCTI OOYMCIIIOBATH 3HAYCHHS IIbOBOI (yHKII, anme He ii
noxigHux. JludepeHiiitHa eBoOLis NpU3HAYEHA JJIs 3HAXOHKEHHS TIJI00AJbHOIO
eKCTpeMyMy HeIu(PEepeHIIMHNX, HEeNIHINHUX, MYJIbTUMOJAIbHUX GYHKIIA BIJ
0aratboX 3MIHHHUX.

[Tporpama npuiimae HacTyIHI 000B'SI3KOB1 MapaMeTPH:

—inliner_input_file — msx ¢aitny 6iHapHoro ¢opmary LLVM IR (Gitkon),
KU NOTPIOHO ONTUMI3YBATH;

—inliner_output_file — wmax st 30epekKCHHS BHBEICHHS  aJITOPUTMY
onTuMmi3zallii, Takox € 0iHapHuM popmatom LLVM IR;

—inliner_inline_lines_upper_bound — oOMmexeHHs 3BepxXy Ha  po3Mip
BOY/1I0BaHOTO KOy (B OaiTax).

Taxox nependaueHo HU3KY HEOOOB'I3KOBUX MTAPAMETPIB:

— inliner_opt_path — muax g0 onrTumizanii iHcTpymMenty LLVM. HeoOximgHo,
mo0 1 KomaHga Oyma 3i6pana Ha mpoekti LLVM, B skomy €

peanizauisionTUMi3yBajlbHOTO KOMIIATOPA,;
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— inliner_arguments — 10AaTKOBI apryMeHTH I BHYTPIIIHBOTO 3aMycKy opt.
MOKIHBO KOPUCHO CKOPUCTATUCS, HAPUKIIAL, aprymeHToM O2;

— inliner_cost_left_bound, inliner_cost_right_bound,
inliner_threshold_left_bound, inliner_threshold right bound - mapamerpu, 1w
3a71aF0Th MEXKI MPOCTOPY MOIIYKy HapametpiB my-inliner-cost ta my- inliner-threshold
JUTSI BAKITUKYOTITUMI3YBaJIbHOTO KOMITLISTOPA;

— inliner_cores_to_use — gucio, sike He0OXiTHO MiACTaBUTH B apryMeHT workers
Opyu  BUKIMKY JudepeHuianpbHoi eBoiorii. Ileli aprymeHT BiamoBijae 3a
po3mnapayieToBaHHs ONTUMI3aIlii;

— inliner_tmp_folder name — wHa3Ba migmanKkd y JAPEKTOPIi BHKIHUKYOII-
TUMI3aTOpa, B SKOMY OyAyTh pO3MIIIyBaTHUCh TUMYacoBl (ailiu, HEOOXimH1 I
poboTH.

Peanizarniisi ontumizaropa mojisira€ B TOMY, 1100 ONTUMI3yBaTH (PYHKIIIIO, 110
noBeprae po3Mip (haiiy, MO BUXOIUTHh MPU BUKOPUCTAHHI ONTHUMI3yBaJIbHOTO
KoMIIgTopa 3 mapamerpamu my-inliner-cost Ta  my-inlinerthreshold, 1o
ONTUMI3YIOTHCS 32 JOMOMOTOI0 TU(EepEeHITIaIbHOI €BOJIIOIII.

B pesynbTari peanizoBaHO ONTHMI3aToOp — 3aCTOCYHOK «optimizery. Jlami
HaBEJICHO MPUKJIA]T BUKOPUCTAHHS ONTUMI3aTopa:

python3.8 optimizer --inliner_input_file = tinyxml2.cpp.bc
- inliner_output_+ile = tinyxml2.cpp.bc.out

- inliner_inline_Llines_upper_bound = 1668808

- inliner_cost_right_bound = 106

- inliner_threshold_right_bound = 588

- inliner_cores_to_use = 16 ——inliner_arguments = -02

3.2 Peanizanis MmoaudikaTtopa kKoMaHJ KOMIiJIsIIIii

Po3pobaeno Mmogudikarop KoMaHa KOMIUISIT TPOEKTY 13 CUCTEMOIO CKJIaJIaHHs
CMake y BUTTISi/I1 JIAHITFOKKA KOMaH/T 3BEPHEHHSI 10 ONITUMI3aTOpYy.
Ockinbku pobota mpoBoauThbest Ha piBHl LLVM IR, Tomy HeoOxigHO Oyiio

Moau(iKyBaTH MPOIeC 301pKM MPOEKTY TAKUM YUHOM, 1100 aBTOMATUYHO BUKIIUKATH
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ontumizarop. lle HeoOXimHO Xoua O naJs TOro, MO0 TPOBECTH BUMIP 3aTPUMKHU
ONTUMI30BAaHUX MPOEKTIB.

[Tpu Bukopucranni Clang ana xommimsauii 7o LLVM IR, nHeoOxigHO nomatu
omtito -O a1 aBTOMaTUYHOTO BKJIIOUEHHS ONTHUMI3aliid. BaxxinBo BpaxoByBatu, II0
piBeHb onTHUMi3allii 0e3Mmocepe/lHbO BIUIMBAE Ha Yac 30IpKU Ta SKICTh 3T€HEPOBAHOIO
Koxy. ToMy ciiji eKCIepUMEHTYBaTH 3 PI3HUMHU PIBHSMHU ONTHMI3allii Ta OLIHIOBATH
iXHI HACJIJIKU HA TPOJAYKTUBHICTh Ta MOBEIHKY MPOTPaMHU.

Tak sk ckJagaHHs MPOEKTIB caMa Mo coOl € Jy’Ke CKIAAHOO 1 BEJIUKOI TEMOIO,
B paMKax JOCIIHKEHHS IPOMIOHYEThCS 3pOOUTH HU3KY MPUITYIIeHb. [Ipu BUKOpHCcTaHHI
TeHepaTopy CKJIaIaHHs CMake KOMaH/1a
CMAKE EXPORT _COMPILE COMMANDS TeHepye KOPEKTHHIA daiin
compile_commands.json.

Jlani HaBeneHo CTPYKTypy (aitmy compile commands.json (uuisxu ao daitnin

JUISL CTUCJIOCT1 CKOPOYCHI ):

[
{
"directory": "Diplom/RedBlackTree",
"command" : "Diplom/1lvm-project/build/bin/clang++
- I / Diplom / RedBlackTree / include - std = gnu++17
- o CMakeFiles / example_RBT.dir / examples /
RBT.cpp.o - ¢ Diplom / RedBlackTree / examples / RBT.cpp
", "file": "Diplom / RedBlackTree / examples / RBT.cpp",
"output" : "CMakeFiles/example_RBT.dir/examples/RBT.cpp.o"
}
]

Mopaudikatop po3ouBae 0HYy KOMaHy KOMIIJIALII HA KIJIbKA €TaIliB.

1. CrioyaTKy KOMMUTIOBaHWN BUXITHUN (haliyl IEPETBOPIOETHCS HE HA 00'€KTHHIMA
daiin, a Ha Oitkon y dopmari LLVM IR. Ile mocsaraerscs 3a 10moMoror mpamnopa
emit-llvm. HeoOxinHo BukopucToBYyBaTH MoaudikoBane ckinananas LLVM, B sxomy
peari3oBaHO ONTHUMI3yBATBHUN KOMIUISATOP.

2. ami Hayx oTpuManuM ¢aiinom y 6iHapHoMy dopmari LLVM IR Buknukaerbces
ONTUMI3ATOP.

3. OTpumaHuii ONTUMI30BaHUHN (haill IEPETBOPIOETHCS HA MAITUHHUN KO JUIS

UTBOBOT apxiTekTypH. s boro HeoOXiHO BUKOpHcTaTH KomaHy lic.
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4. 3pemTor0, BAUKOPUCTOBYETHCS KOMaHa aS i OTPUMaHHs 00'€eKTHOTO (ailry
3 MallIMHHOTO KOJY.

Jl7is CTpYKTypH HAaBEJCHOI BUIIE OTPUMYEMO HACTYIIHI Pe3yIbTaTH:

e

"command": "Diplom/LLlvm-project/build/bin/clang++ -

I/ Diplom/RedBlackTree/include -std=gnu++17 -emit-1lvm

-0 CMakeFiles/example_RET.dir/examples/REBT.cpp.1ll

-c Diplom/ RedBlackTree/examples/RET.cpp",

"Directory" : "Diplom/RedBlackTree",

"file" : "Diplom/RedBlackTree/examples/RET.cpp"
Ir
{
"command”: “python3.8 optimizer
—=inliner_input_file=
Diplom/RedBlackTree/CMakeFiles/example_RBT.dir/examples/ RBT.cpp.1ll
——inliner_output_file=Diplom/RedBlackTree/
CMakeFiles / example_RBT.dir / examples / RBT.cpp.ll.out
-inliner_inline_lines_upper_bound = 50000

-inliner_cores_to_use = 16", "directory": "Diplem / 1lvm - project /
scripts”,

"file": "Diplom / RedBlackTree / examples / RBT.cpp"

Iy

{

"command”: "Diplom/Lllvm-project/build/bin/llc Diplom/
RedBlackTree/CMakeFiles/example_RBT.dir/ examples/ RET.cpp.ll.out

- o Diplom / RedBlackTree / CMakeFiles / example_RBT.dir / examples /
RET.cpp.ll.s5",

"directory" : "Diplom/llvm-project/scripts",

"file" : "Diplom/RedBlackTree/examples/RBT.cpp"

iy

{
"command": "as Diplom/RedBlackTree/CMakeFiles/

example_RBT.dir/examples/RET.cpp.ll.s
-0 CMakeFiles/ example_RBT.dir/examples/RBT.cpp.o", "directory"

"Diplom/RedBlackTree ",
“"file" : "Diplom/RedBlackTree/examples/RBT.cpp"

}
]

B miacymxy momudikatop crBoproe JSON-(aiin, sikuii MmoxkHa MoaudikyBaTh
JUIsl €KCIIEpUMEHTIB onTuMi3auii. 30KpeMa, fKIIO0 MOTpIOHO, MOXHa MepeaaTH
JI0JTATKOB1 apTyMEHTH ONTHUMI3aIlii.

Taxum urHOM, peanizoBaHa nporpama modify _compile_commands, sixka npuiimMae
nuisix Ao ¢aitny, o MiCTUTh KOMaHId KoMmuisiii. Takox BoHa mpuiiMae MUISX, SSKUM
noBUHEH OyTH po3TramoBaHuil MoaudikoBaHUN (aill 1 mpamopu ONTHUMI3AIii, IO

BHKOPHUCTOBYIOTBHCA Y BUKIIMKAX KOMAH KOMl'IiJUIHﬁ.
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3.3 Peaaizaniss BUKOHABISA KOMAaH KOMIIJISIIT

BukonaBiieM KOMaHJ  ONTHMI3yBaJIBHOTO  KOMIIUJISATOpPA €  3aCTOCYHOK
run_compile commands, sikuii 3amyckae KOMaHId KOMITUISIIT B TIOPSIAKY, 3aaHOMY Y
daiinl 3 kKoMaHAaMU KOMIIUIALIL, MapajesbHO BUBOASYM HA €KpaH MOTOYHY KOMaHAY,
0 BUKOHYEThCA. BUKOHaBeIhr TpHiiMaE €IUHUN apryMeHT — NUIX A0 ¢aimy 3
KOMaH aMu Kommismii. Peamizaliis 11i€i KOMIIOHEHTH 3BOJUTHCS 10 aHaiizy JSON-
(aiiy Ta moCIiIOBHOTO 3aCTOCYBaHHS KOMaH/l, PO3MIILIEHUX y (aiimi.

[linm wac BUKOHAHHSA JOCTI/DKEHHS pealli30BaHO TPOTPAMHY CHCTEMY,
KOPHUCTYBATHCS SIKOIO MOYKHA, SIKIITO BUKOHATH HACTYITHI KPOKH:

1. 310patu moaudikoBany Bepcito llvm (e HeoOX11HO 3pOOUTH OIUH pa3);

. (hopcyBartu renepartiiro compile commands.json;
. BUKJIUKaTH KOMaHay cmake;
. MmomuikyBartu (aiiin compile_commands.json;

. 3aIlyCTUTH KOMaHIH 3 MoAu(ikoBaHOro compile commands.json;

o OB oW DN

. BUKJTUKAaTH KoMaHay make.

Posrasisuemo BukopucTaHHA 1€l poOOTH Ha MPUKIIA/I TECTOBOTO MPOEKTY [29],
npucBsiueHomy napcunry XML [18] c¢aiinis. Ilapcunr XML — ne mpouec aHanmizy
CTpyKTypu Ta BMicty XML-(aiiniB ans BUTATYBaHHA NMOTPIOHMX AaHuX. s mboro
3a3BUYail BUKOPUCTOBYIOTH CHeIliali30BaHl O10JI0TEKM y MOBaxX MpOrpaMyBaHHS,
takux sk Python, Java a6o C#. B Python, nampukmnaa, € O0i0mioTeku, Taki SK
xml.etree.ElementTree ta Ixml, siki HagatoTh 3pyuHi 3aco0Ou ans podotu 3 XML.

Monudikyemo ¢aitn  CodeGuida/CodeGuida.cpp, poscraBuBiM  attribute
(aggressivelnline) Ha Bci pyHkuii Ta metonu. Bkazyemo B CMakeLists.txt mwisx g0
3i0panoi moaudikoBanoi Bepcii Clang++ Ta ¢opcyemMo TreHepaiiio CHUCKY KOMaH]
KoMIutsIIi compile commands.json:

set (CMAKE_CXX_COMPILER Diplom / 1lvm - project / build / bin / clang++)
set (CMAKE_EXPORT_COMPILE_COMMANDS ON)

Jami Buximmkaemo koMmanay CMakeLists.txt, motiMm HeoOXigHO MoOaHU(iKyBaTH

CIIMCOK KOMaH]I KOMIUIAIIT 3a JOMOMOTror0 MoaudikaTropa:

python3.8 modify_compile_commands.py —-build_input =
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Diplom / tinyxml2 / compile_commands.json —-build_output =
Diplom / tinyxml2 / compile_commands_cmake.opt. json
--build_opt_flag = -02

3aMMImuMIoCh 3amyCTUTH BUKOHABElb KOMaH]I KOMIIUIALI Ta 310paTH MPOEKT

BUKJIMKOM KOMaHI1 make:

python3.8 run_compile_commands.py —--compile_command_path =

Diplom / tinyxml2 / compile_commands_cmake.opt.json
B pesynbTaTi daiinm, 1mo BUKOHYIOTHCS, OyIyTh CKJIAJICHI 3 BUKOPHUCTAHHIM

TEeXHIKH arpeCUBHOI0 BOY/I0BYBaHHS (DYHKITIH.

3.4 TecTyBaHHSI Ta Pe3yJbTaTH

Jlist BUMIpIOBAaHHS CEPEHbOTO dYacy poOOTH mporpamMu Oyjiau HamMCaHi
JIOJIATKOB1 MPOTrpaMu, L0 CUMYJIIOIOTh HAaBAaHTAXEHHS HA IMPOEKTH, IO TECTYIOTHCS.
Takox y BUNAIKY JEKapTOBOIro JepeBa (auB. goiA. A) HeoOXimHO OyJo 3adikcyBaTu
HIIAMI3aIlil0 TeHepaTopa BUITAJKOBHX YHCEN, TOMY IO B IHIIOMY BHITaJIKy
BUMIPIOBAaHHS IPOBOAMIIUCS O Ha JIepeBax Pi3HOI CTPYKTYpH.

BaxnMBuM acriekToM TEeCTyBaHHs € 3a0€3MEUYEHHsI OJTHAKOBUX YMOB BHKOHAHHS
TECTOBUX BUMIpIoBaHb. CepenoBuIlle BUKOHAHHS MOKE BIUIMBAaTH Ha PE3yJIbTATH
BHUMIPIOBaHb Ta X TOUYHICTb.

BipryanpHa MammHa € OZHUM 13 CHocoOiB 3a0e3MedeHHs OJHAKOBHX YMOB
TecTyBaHHA. BipTyanbHuil cepBep M03BOJISIE CTBOPUTH 130bOBAHE CEPENOBHUIIE, SKE
MOke OyTHM HaJIalITOBaHE J/JII MAaKCUMaJIbHOI MPOAYKTHUBHOCTI Ta CTIMKOCTI A0
30BHIIIHIX BIUIMBIB. J[1s1 TectyBanHs Oyno BuOpano xoctunr Google Compute Engine
[15]. Google Compute Engine € cepicom oOuuciienHs y xmapHiil mwiatgopmi Google
Cloud, skmii m03BOJISIE CTBOPIOBATH BIpTyalbHI MAIIMHA 3a JIOTIOMOTOIO KITIEHTIB
MobaXterm, Termius Tta Termux. Hosi kopuctyBaui Google Cloud wmoxyTh
O€3KOITOBHO BHKOPHUCTOBYBAaTH OJHY BIPTYallbHy MAIIMHY TPOTATOM MICSIIS.
Po3poOHuK MOXe BHKOPHUCTOBYBAaTHM pO3TOpTaHHS mporpam, koHrteiHepiB Docker,

kiactepiB Kubernetes, 6a3 qaHux, XOCTUHTY Be0O-CalTIB.
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JIns  TecTyBaHHs TPOEKTIB CTBOPEHO BIpTyallbHYy MAIMHY 3 TaKUMH
xapaktepuctukamu: HDD-nuck 2I'b, CPU Intel Xeon Gold 6338, takroBa uactora 2

['Tu, onepatuBHa mam'site 8 I'b.

Pucynox 3.1 — Ilioxkniouenns 0o éipmyanvhoi mawunu 3 mepminary MobaXterm

[30;1F0BaHHS sipa TaKOXK € BaXKJIMBUAM acleKToM TecTyBaHHS. lle mo3Bossie
YHUKHYTH BIUIMBY IHIIUX TPOIECIB HAa PE3yJbTaTH BHUMIpIB. 30KpeMa, 130JIFOBaHHS
sJIpa JI03BOJISIE€ 3MEHIIUTH BILTUB ONEPAIifHOT CHCTEMH Ha MPOAYKTHBHICTH TTPOTPAMH.

Jlis TecTyBaHHS Ta BUMIPIOBAHHS 3aTPUMOK OyJ0 BHOpaHO TPH TPOEKTH,
posraimoBani y BitbHOMY jgoctymi: CodeGuida [18], RedBlackTrees [19] Ta Cartesian
Tree [20]:

— npoekt CodeGuida nmpu3HaueHuit 111 epeKTUBHOTO apcuHry (daiinis XML;

— npoekT RedBlackTrees micTuth peainizariito 4epBOHO-YOPHOTO JCPEBa;

— npoekT Cartesian Tree MicTuTh y co0i peatizailiro IeKapTOBOTO JepeBa.

Xoua 3aBHaHHS TOCTABJICHE IS 3aTPUMKH B CEHCI CEPEIHBOIO 4Yacy poOOTH
(throughput), y 11soMy po3/1i11 HABOASITHCSA TaKOXK 1 MEpPCeHTUI1. TaKuM YMHOM, MOKHA
BUKOPHCTOBYBATH, HANPUKIAI, JCB'STHOCTO ACB'SITHH MEPCEHTWIb JJII BUMIPIOBAHHS

3aTpUMKH (B ceHcl latency).
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Bci TectoBi BuMipu 3aTpuMOK Oynu 3poOsieHi B i30ibOoBaHOMY sapi. s
MIHIMI3alli IyMy OpU BHUMIpax Mporpamu, MO0 CHUMYJIOIOTh HAaBAHTAXKEHHsS, Oyi0
3anmyiieno 2000 pa3is.

BumiproBanHs 3aTpMMOK IPOBOJMIIMCS JUISI PI3HUX ONTHUMI3AIIMHUX TparopiB
komnursinii: 00, O2 ta O3. L1 npanopu nepenaBanucs clang++, opt i llc. Ilpanopu
kommisaii O0, O2 ta O3 - me pi3Hi piBHI ONTHMI3AIil KOy, SKI BHKOPUCTOBYIOTHCS
KOMITUJIATOPAaMH TIPH TIEPETBOPEHHI BUXIAHOTO KOAY MPOrpaMU B MAIIMHHUNA KOJI.
PiBenp ontumizamii O3 3acTocoBye OUIBII arpecHBHI ONTHMI3alli, SKI MOXYTb
HOKPALTUTH MPOIYKTUBHICTh MPOTpaMH 3HAYHO, ajieé MPU I[bOMY MOXYTh 301IBIIUTH
PHU3HUK HEMPABUIBLHOT POOOTH MTporpaMu a00 30UTBIIUTH YaC KOMITLIAIIIT.

BapiaHnTiB posMimnieHHss atpuOyTy aggressivelnline y mux mnpoekTax Iyxe
6araro. Bech mporiec ckiiajiaHHs, BUMIPIOBAaHHS 4acy POoOOTH Ta MiAOUTTS pe3yJibTaTiB
3aiiMa€ 3HAYHY KUIBKICTb 4Yacy, TOMY OyJ0 MNpPUWHATO PIIIEHHS MPOBOJUTHU
BUMIPIOBAHHS MTPU PO3CTAHOBIII aTpUOYTYy Ha BCIX (PYHKIIISX Ta METOaX.

BumiproBanHs BUKOHYIOTBCS 0€3 00MEKEHHS Ha po3Mip Gdaiiiry, 110 BUBOAUTHCS
ONTHMI3aTOPOM. YCl BIACOTKM CKOPOYYIOTbCS JI0 JIBOX 3HAaKIB IIcClg KOMH
CTaHJAPTHUM MAaT€MATHYHUM MPABUIIOM CKOPOYCHHSI.

Binomo, 110 oaHi€0 3 HaOUIBIT PyHIAMEHTATBHUX CTPYKTYp JaHUX € OlHapHE
nepeBo nouryky. OHaK NPOyKTUBHICTH OIHAPHOTO JepeBa MOIIYKY CHIIBHO 3aJIeKUTh
BiJl ioro (hopMmHU, 1 B TIPIIOMY BHUIIAJKy BOHO MOKE BUPOJUTHUCS B JIIHIHNHY CTPYKTYPY 3
yacoBol ckiagHicTio O(n). YepBOHO-4OpHiI JepeBa € TUIOM 30alaHCOBAaHOTO
OlHapHOTO JepeBa IMIOIIYKY, SKE BHUKOPHUCTOBYE€ TIEBHUN HaOlp mpaBui, 0100
rapaHTyBaTH, 1110 JIePEBO 3aBk a1 30anancoBane [19].

Ha puc. 3.2 300pakeHO 3HaAu€HHS MEPCEHTHJIIB Yacy poOOTH peanizamii
RedBlackTrees 3 pisauMu crmocobamu kommiismii. Moaudikaiiss — po3poOsieHuit
ONTHUMI3YBaJbHUN KOMIUIATOP, 0a30BHM KOMIUIATOp — KOMMUIsATOp Ha 6a3i LLVM
Bepcii 12. VYV mianucy BKa3aHO Ha3By IMPOEKTY 1 ONTUMIZALIMHMUI mparop, 0o
BUKOPHUCTOBYETHCS TiJ] 4ac 3amycky. Ha BepTuKalibHIN OCi BKa3aHO Yac BUKOHAHHS B

CEKYH/JIax.
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Pucynox 3.2 — Pesynomamu mecmysannsi RedBlackTrees, npanop komninamopa 00

VY pa3i npanopa OO0 cepenniii yac po6otn 0a30BOr0 KOMIIATOpA CTaHOBHUB
npubnu3Ho 0.155 cexynn, momudikamis nokaszana npudausno 0.147 cexyna. Takum
YUHOM OTPUMAaHO NMPUCKOpeHHS Ha 4.94%.

Ha puc. 3.3 300paxkeHi cami BUMIpH, ajieé 3a BHKOpHCTaHHI mpamopa O2.
3ayBaXUMO, 110 cepeHii Yyac poOOTH 0a30BOro KOMIILISATOPA 3HAYHO MPUCKOPHUBCH,
TaKMM YHHOM, 32 HASBHOCTI MPANopiB ONTHMI3allii, OTPUMYBATH MPUCKOPECHHS CTa€

cknaaainme. Moaudikarlis mokasana MPUCKOPEHHS CepeIHbOTO Yacy poooTu Ha 1.22%.

Pucynox 3.3 — Pesynomamu mecmysanns RedBlackTrees, npanop komninamopa 02

[lepeitnemo no mpamnopa ontumizaiii O3. Ha puc. 3.4 300paxkeno rpadik, 1o
NoKa3ye, IO arpecMBHE BOYIOBYBaHHS Ha JESKHX MEPCEHTWISIX TMOTIPIINIO Yac

po6otu. Cepenniii uac po6otu 30inbpmuBcs Ha 0.39%.
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Pucynox 3.4 — Pesynomamu mecmysannsi RedBlackTrees, npanop komninamopa O3

Ha puc. 3.5-3.7 300paskeHo BuMipioBaHHs dacy pobotu mpoekry CodeGuida 3

npanopamu komnursanii O0, O2, O3 BiAMOBIIHO.

Pucynok 3.5 — Pesynomamu mecmysanns CodeGuida, npanop xomninsmopa 00

ArpecuBHe BOy0BYBaHHs (YHKIIIHN 100pe BUSBIIAE ceOe Ha Mparopi KOMITLISIIIT
OO0, MPUCKOPUBIIHN CEPETHIO MBUIKICTH podoTH Ha 11.2%.

[Tpu Bukopuctanni O2 TEHIEHIIS 3MEHIICHHS 4Yacy poOOTH 30epiraeThcs Ha
BCiX nepceHTwsIX. Cepeaniit yac poOOTH MpUIIBUAITYEThCS Ha 1,8%.

[Ipamop O3 Takox 30epirae TEHACHIIIO 3MEHILIEHHS 4Yacy poOOOTH IMijJ Yac
BUKOPUCTAaHHS PO3pOo0JIeHOI MpOorpaMHOi cucteMu. [IpucCKOpeHHsS cepeHBOTO dYacy

pob6otu Buinuio 1.7%.
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Pucynox 3.6 — Pesynomamu mecmyeanns CodeGuida, npanop komninamopa 02

Pucynoxk 3.7 — Pesynomamu mecmysanns CodeGuida, npanop xomninamopa O3

Ha puc. 3.8-3.10 300pakeHo BuMiproBaHHs 4acy pobotu npoekty Cartesian Tree
3 mpanopamu komnuisauii 00, O2, O3 BignoBigHO. BuMIproBaHHS JE€MOHCTPYIOTbH
3HaYHE TPUCKOPEHHS: HANPUKIAJ, TpPU BUKOPHUCTaHHI mpamopa ontumizamii O2

c(hOopMOBaHO HACTYITHHH 3BIT I 0a30BOTO KOMIILIATOPA:



Total time taken: 319.025875 seconds
Average time taken: 0.159513 seconds
Variance: 0.0000529622295807
Standard deviation: 0.0072775153439022
10th percentile: 0.151603 seconds
25th percentile: 6.154321 seconds
50th percentile: 0.158299 seconds
75th percentile: 0.163166 seconds
90th percentile: 0.169203 seconds
95th percentile: 6.173528 seconds
0

99th percentile: 0.181843 seconds
OTprMaHO HACTyIHUM 3BIT 711 MOAM(IKALIII:

Total time taken: 269.129571 seconds
Average time taken: 0.134565 seconds
Variance: 0.0000399415451146
Standard deviation: 0.0063199323662995
10th percentile: 0.128123 seconds
25th percentile: 0.130002 seconds
50th percentile: 0.133393 seconds
75th percentile: 0.137574 seconds
0.142931 seconds
0.146749 seconds
0

.155217 seconds

90th percentile:
95th percentile:
99th percentile:

OTpuMaHO HACTYIHI IPUCKOPEHHS CEPEIHBOTO Yacy poOOTH:
— st mpanopa OO0 npuckopenns Ha 12,6%;
— s ipanopa O2 nmpuckopenns Ha 16,1%;

— nia npanopa O3 npuckopenns Ha 14,5%.

Pucynox 3.8 — Pesynomamu mecmysannst Cartesian Tree, npanop xomninsmopa 00
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OTpumadi 1aHi IEMOHCTPYIOTh CTATUCTUYHO 3HAYYIIE TPUCKOPEHHS CEPETHBOTO
yacy poOOTH BCiX Mpanopax KOMIIUIALIL, 1€ CTaTUCTUYHA 3HAYUMICTh BU3HAYAETHCS t-
kputepiem Yemua 3 piBHeM 3HauumocTi 0.001. Lleit xputepiit € monudikauiero t-
kputepiro CThIOJICHTA 1 J03BOJISIE pOOUTH BUCHOBKH, HABITh KOJIU JUCIIEPCIi ABOX TPyN
HEOJHAKOB1 200 KOJIU BUOIPKU MAIOTh PI3HUHN PO3MIp.

Takox BUIHO, III0 TPUCKOPEHHS XapaKTepHE I BCIX 3a3HAYEHUX TMEPCEHTIIECH.

Pucynox 3.9 — Pesynemamu mecmysanns Cartesian Tree, npanop xomninasmopa O2

Pucynox 3.10 — Pezynomamu mecmyeanns Cartesian Tree, npanop xomninsmopa O3

Bci Bumipu npoBoawincs 0e3 OOMEXEHHS po3Mipy BHBEACHHS ONTHMI3AaTOpa.
PosrnsineMo, HacKiIbKM 30UTBIIMIUCS PO3MIpH  (aililiB, IO BUKOHYIOTHCS MICII
BUKOPHMCTaHHS PEali30BaHOI IPOrpaMHOi CUCTEMH.

3 tabnuui 3.1 BugHO, mo npu npamnopi O0 po3mip ¢aiiny Moxe 301TBIIUTHCS Y

cOTHI pa3iB. J{Jist ABOX 13 TPhOX MPOEKTIB BiAOyIOCS 301IbIIeHHS Y 2-3 pa3u.
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Tabnuys 3.1 — IopisHanus po3mipy 6UKOHYS8AHUX ¢hatiie

IIpamop TecToBanmi BbaszoBuii Moaudikanis
onTuMizamii NMPOEKT KOMIUISTOP
CodeGuida 170 Kb 450 Kb
00 RedBlackTrees 23 Kb 65 Kb
Cartesian Tree 28 Kb 1.1 MBb
CodeGuida 177 Kb 345 Kb
02 RedBlackTrees 22 Kb 40 Kb
Cartesian Tree 22 Kb 70 Kb
CodeGuida 185 Kb 365 Kb
03 RedBlackTrees 21 Kb 37 Kb
Cartesian Tree 22 Kb 66 Kb

ITpu mpanopi O2 po3Mip BUKOHYBaHUX (haiiiB 30UIbIIyeThCA B 1.7-3 pasu.
VBimMkHeHHs npanopa O3 He cuibHO Bifpi3HsAeThesa Big O2 y miiaHi po3mipy (aiiis.
Takum yuHOM, pO3pOOJIEHUN ONTUMI3YBaJIbHUN KOMIIUIATOP 30UbIIye po3mip (aitis
3a BIJICYTHOCTI OOMEXeHb. AJie Ha TECTOBUX MPOEKTaX 3HAUHE 30UTbIICHHS (Ha JBa

MOPSIAKK ) BUMIIIO JIMIIIE Y pa3i BIACYTHOCTI ONTUMIZAIIMHUX MPAITOPIB KOMITLIALIII.

3.5 BuCHOBKH 32 po3aijiom

Bukonana nporpamHa peanizaiisi ONTHMI3yBajJbHOTO KOMIIUIATOPY, a CaMe:
BOynoByBaHHs (yHKIINH nudepenniitHoi epomtomii y tepminani LLVM, peanizaris
MoaudiIKaTopa KOMaH KOMIUISIIT MPOEKTY Yy BUIJISL JIAHIIO’KKA KOMaHJ| 3BE€pHEHHS
JI0 ONITUMI3AaTOPY, peati3allisi BAKOHABIIS KOMaH]T KOMITUISIIII.

BukoHaHO TOpPIBHSUIBHUIM aHAII3 CEPEHbOr0 Yacy poOOTH TECTOBUX IPOEKTIB
CodeGuida, RedBlackTrees, Cartesian Tree i BCTAHOBJIEHHS BiIAMIHHOCTEH MiX
ONTHUMI3YBaJILHUM KOMMISTOPOM Ta 0a30BUM KOMMUISITOPOM, Y XOJIi SIKOTO BUSIBIICHO,
0 HaBITh 32 BUKOPUCTAHHS OMTUMIZAIIMHUX MPANOPiB KOMIIALII BAAETHCSA JOCATTH
IPUCKOPEHHsI. BCTaHOBIEHO MPUCKOPEHHS Yacy BUKOHAHHS y cepenHbomy mo 15%,

110 MATBEPKYE MPAKTUUHY 3HAYYIIICTh JOCIIIKEHHS.
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BUCHOBKH

Ilim wac BUKOHAHHS MJOCTIPKCHHS BHUKOHAHO TIPOEKTYBAaHHS, MpOTrpaMHa
peamizaiiis Ta TECTYBaHHS ONTHUMI3yBaJlbHOIO KOMIIUIATOpA, SKUH 3a0e3medye
JOJIATKOBY ONTHUMI3allil0 4Yacy BHKOHaHHS miporpaMm Ha Mol C++ 3acobamu
arpeCcMBHOTO BOYOBYBaHHS (DYHKIIIH 3 IMIUPOKUM CIIEKTPOM MapaMeTPiB PEryTIOBaHHS
PIBHS arpECUBHOCTI Ta KOHTPOJIEM PO3Mipy BUXITHOTO (aiimy.

VY pe3ynbTari OrIsAy OCOOJMBOCTEW MPOLIECY AarpecMBHOrO BOYJOBYBaHHS
dbyHKIII BUOpaHO aNTOPUTM BUKOHAHHS MPOIECY ONTHUMI3AIli y MpOTpaMHi CHUCTEMI
LLVM Hna piBHI NOpoMDKHOTrO YysBieHHs. lle mo3Bossie jgomaBaTd HOBI MOBH
IpOrpaMyBaHHS JJIs 311MCHEHHS ONTUMI3allli.

Jlns peanizaiiii ONTUMI3yBaJIbBHOTO KOMIIUIATOpPA BUOpPaHO MPOTPaMHY CHCTEMY
LLVM, komminsrop Clang mis cepenoBumia Visual Studio Ta BiAKpUTHE reHepaTop
cueHapiiB ckiananas CMake.

[Iporpamna peasizaliisi TO3UIIOHYETbCS HE SK He3aje)XHa ONTHUMI3allis, III0
OJIOKY€ 3aCTOCYBaHHsI 1HIII KpUTEpii, a SK J0JaTKOBa ONTUMI3AIllsd, SIKa MOXE
MIPOBOJIUTHUCS TIOPSIT 3 1HIIIUMH.

VYperyiaboBaHICTh PiBHA arpeCUBHOCTI BOYAOBYBaHHS (YHKLIM MIATPUMYETHCS
TaKHUMH TapaMeTpaMu:

— pOo3poOHHK caM BUOUMpae, ki GyHKIIII MOYKHA arpeCUBHO BOYIOBYBATH;

— PO3pPOOHUK MOK€ BUKOPHUCTOBYBATH MPANOpW ONTHUMI3AIlli, 1110 peai3oBaHI B
clang++, opt Ta llc;

— BUOIp MpOCTOpPY TOIIYKy MapaMeTpiB, sIKIi BHU3HAYAIOTh CTPYKTYpy Kiacy
InlineCost s BU3HAYEHHS JOLUIBLHOCTI BOYIOBYBaHHS (YHKIH, MNOMIYEHUX
arpuOyTom aggressivelnline;

— MOKJIUBICTb OOMEXKYBaTH pPO3MIp BUXIIHOTO (ailily, SIKIIO0 BEIUKUNA PO3MIp
a00 OUIBLI TPUBATIIIA KOMIUISLIS CTAHOBJIATh PO3POOHUKY CYTTEBI HE3PYUHOCTI.

Bukonano mOpiBHSUIBHUN aHali3 CEPEeAHBOTO 4Yacy BHUKOHAHHS TECTOBUX
npoekTiB CodeGuida, RedBlackTrees, Cartesian Tree a1 BCTaHOBJICHHSI BIIMIHHOCTEH

MDK ONTHMI3YBaJbHUM KOMMUIATOPOM Ta 0a30BUM KOMIIUIATOPOM, y XOAl SIKOIO
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BHUSIBJICHO, III0 HaBITh 3a BHUKOPHUCTAHHS ONTUMIZAIIMHUX MPAMOPIB KOMITLISIIT
BJIAETBCS JIOCATTH TPUCKOPEHHS TMpOrpaM. BCTaHOBICHO NPHCKOPEHHS dYacy
BukoHaHHs npoekTy RedBlackTrees y cepemnbomy Ha 2%, npoekty CodeGuida y
cepennbomy Ha 4,9%, npoekty Cartesian Tree y cepennbomy Ha 14,4%. HaitOinbime
npuCcKopeHHs 3adikcoBaHo s mpoekty Cartesian Tree go 16,1%, mo miaTBepIKye
MPAKTUYHY 3HAYYIIICTh POOOTH.

TakoX BCTaHOBJIEHO, 110 PO3POOICHUN ONTUMI3YBUIBHUN KOMIIATOP 301IbITYE
po3Mip (aitiniB 3a BIICYyTHOCTI OOMEKEHB.

VY HanpsMKy TONAJIbIINX JOCITIIKEHbh MOXKHA JOJAaTKOBO JIOCIHIJKYyBaTH
CTPYKTYpPY (PYHKIIIH, 11100 TOYHIIIE OOYUCITIOBATH BAapTOCTI BOYIOBYBaHHS (DYHKIIIH,
BUKOpUCTOBYBaTtu Oinbin HOBI LLVM, nomaBatu moBu mporpaMmyBaHHSI BHCOKOTO
PIBHS TS 3IHCHEHHST ONTUMI3allii.

Bukonana anpo6aiis kBamidikaiiHoi poOoTu: myOmikaiis Te3u AOMOBiJII Ha
TeMy «Po3poOka omtumizyBampHOTO KOoMmuisaTopa it wmoBu CH++y» vy IX
BceykpaiHchbkiii HayKOBO-TIpakTHUHIN KoH(epeHIii «IHdopmariiiine CycHnibCTBO:

npobsiemu Ta nepcnektusu» (Oxeca, 24 tpaBusa 2024 p.).
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TONATKH

Honarok A. Ilpukiaan koay nodya0BH 1eKApTOBOIO JepeBa AJIs aHAJTI3Y

S4B Ofin) C++ program to construct cartesian trae

f4 from a given array
tinclude<bits/stdet+ _h>

f* B binary tree node has data, pointer to left
child and a pointer to right child *f
struct MHode

{

int data;
Node #*left, *right;

}-

f* This function is here just to test buildTree () */
vold printInorder (Hode®* node)

{
if {mode == HWULL)
return;
printInorder [(node->left);
cout << node->data << " ";
printInorder [(node->right);
}

S Becursively construct subtree under given root using
Ff leftChild[] and rightchild
Nods * buildCartesianTreslUtil (int root, int arr[],
int parent[], int leftchild[], int rightchild[]}
{
if (root = -1)
return MULL;

ff Create a3 new node with root's data
Nods *temp = new Hode;
temp-Fdata = arr[root] ;

S Becursively construct left and right subtrees

temp-rlaeft = buildCartesianTreeltil | leftchild[root],
arr, parent, leftchild, rightchild };

temp-Fright = buildCartesianTreseltil | rightchild[root],
arr, parent, leftchild, rightchild };

return temp

bl ]

Jf B functiom to create the Cartesian Tree in O(H] time

Hode * buildCartesianTree (int arr[], int n}

{
f4 Rrrays to hold the index of parent, left-child,
ff right-child of each number in the input array
int parent[n],leftchild[n],rightchild[n];

S Imitialize all array wvaluss as -1

memset (parent, -1, sizeof{parent)]);

memset (lefoehild, -1, sizeof(lefochild));
memset (rightchild, -1, sizecf{rightchild)];



#f la=t processed of the Cartesian Tree.

4 Imitially we takes root of the Cartesian Tree a= the
44 fir=t elem=nt of the input array. Thi=z can change
4 according to the algorithm

int oot = 0, la=t:

#f Ztarting from the second =lement of the input array
#/ to the las=t on =can across the =lements, adding them
#f one at a time.
for {int i=1l: z<=n-1:; i++]
{

la=t = i-1-

rightchild[i] = -1=:

Ff Jean uvpward from the node"s par=nt up to

fSf the root of the tr=e= ontil 2 node i=s found

ff whose value is greater than the current one

ff This is the =ame= a=s Jtep 2 mention=d in the

Jf algozithm

while {arr[la=t] <= arz[z2] && la=t != root})
last = parent[last]:s

Ff arr[i] i= the largest =lement yet:; make it
S new oot
if {arz[la=t] <= arx[i]}
{
parent[root] = i
lefochild[i] roots
oot T if

JFf Ju=t inmert it

el=e if ({rightchild[la=st] == -1}

i
rightchild[la=t] = i=:
parent[i] = last:
lefschild[i] = -1k

/f Reconfigure links

elxe

i
parent [rightchild[la=t]] = i:
lefrchild[i] = rightchild[last]:
rightchild[la=t] = i:
parent[i] = last:

/S Bince the root of the Carte=mian Tre= ha= no

#/ parent, =oc we assign it -1
par=nt[roct] = -1-

return {bnildCartesianTresltil {rook, arr, parent,
leftchild, rightchild)]:

#* Driver program %o te=st above functions *f
int maini)

{

#* Emmpme that inorder traversal of following tree
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int arr[] = {5, 10, 40, 30, Z8};
int n = gizeof{arr)/sizeaf(arr[0]):

Node #*root = buildCartesianTree(arr, n)j:;

/% Let us test the built tree by printing Inorder

traverzal */
printf({"Inorder traversal of the constructed tree
printIncrder (root) ;

return(d);

wo'y
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Honarok b. Anpobauisi pe3yabTariB podoTn

PO3POBKA OIITUMI3YBAJIBHOI'O KOMIIIJIATOPA J1JIsA MOBHU C++
Cuoopenko O.1.
CTyAeHT 4-ro Kypcy dakynapTeTy KibepOe3neku Ta iHhopMaliiHUX TEXHOIOT1H
HamionanpHoro yHiBepcurery «Opecbka I0puIddHa aKaaeMisn»

OCHOBHUM 3aBJaHHSAM TIPOTPAMYBAaHHS € CTBOPEHHS TPABWIBHHX, a HE
epextuBHUX nporpam. [IpaBunbHy, ane He ePEeKTUBHY MIPOTrpaMy MOXKHA ONTUMI3yBaTH
Ta 3poOuTH e(eKTUBHOIO. Y CBITI ICHye O€3]i4 MPOrpaMHOro 3a0e3nedyeHHs,
HamucaHoro Ha MoBi C++. BBaxkaeTbcs, 1O 1151 MOBa € AyXe IIBHIKOIO, aje iCHYIOTb
cdepu, 110 BUMArarTh Bl IPOrpaMu BUCOKOI MPOJYKTUBHOCTI, SIKa HEAOCSIKHA JIMIIIE
BJAIMUM BUOOpOM MOBH. JIJis BeNWKUX TMporpaM Ime Ha CTajil MpPOEKTYBaHHSA
BHU3HAYAIOTHCS MapaMeTpH, 10 BKIIOYAIOTh CEPENIHIM 4Yac iX BUKOHAHHSI, MOTPIOHMI
obcsr mam'sTi Ta po3mip daiiny.

AKTyanbHICTh JIOCTIDKEHHA OOyMOBJIeHAa THUM (pakToM, IO IIpH Po3poOiri
BHUCOKOMPOIYKTUBHOTO KOIY, ICHY€E moTpeda y 3aCTOCYBaHHI J0JIATKOBOT ONTHMI3allii
BUXIJTHOTO KOMy. 3 IMM 3aBJaHHSIM JOCHUTh J00pe CIpaBIsS€ThCA KOMIIISATOP,
BUKOPHCTOBYIOUHM OINTHMI3amiiHl mpamopu komnummii [1], mpm YoMy wacto
JOCATAEThCST pe3yibTaT, 10 3aJ0BOJbHIE KOPUCTyBaya, MPOTE JAJIEKO HE 3aBXkKIU
[bOT'O IOCTATHBO.

Metoro AOCHIDKEHHST € TMporpamMHa peajizalifo Mporecy OnTUMIZalli 4Yacy
BUKOHAHHS TmporpaMm Ha MoBI C++ 3aco0aMu peryiabOBaHOTO arpeCUBHOTO
BOY/1OBYBaHHS (DYHKIIIH.

s nocsarHeHHsS: MeTH 0y710 ¢c(hOpMyITHhOBaHO TaKi 3aBIaHHS:

— TIPOBECTH OTJISJT MPEIMETHOI rady3i Ta MiIXO0/iB;

— MPOTECTYBAaTH PO3POOJCHUA CTAaTUYHUIN aHaAmi3aTop i BHU3HAYCHHSA
e(eKTUBHOCTI 3HAXO[KEHHS TOMIJIOK Ta BPA3JIMBOCTEH y PI3HUX Mporpamax;

— OTpUMATH TOKpPAIICHHS 3aTPUMKHU MPHUKIATHOTO IMPOEKTY Yy TOPIBHSIHHI 3
KOMIIUJIAIIEI0 0€3 BUKOPUCTAHHS pO3pO0OJIEHOT CUCTEMH B OJTHAKOBUX YMOBAX.

Binomo, mo koMmmiisTop po3risgae BOYIOBaHI MapamMeTpu PO3IIUPEHHS Ta
KJIFOYOBI ctoBa K mpono3uilii. OqHier0 3 HaWBaXKJIMBIIIAX ONTHMI3aIli KOMIIATOpA €
BOYTOBYBaHHS (DYHKIIIH — 3aMiHa BUKJIMKY (PyHKIIIT Oe3mocepeiHpo TijioM QyHKIIi [5].

[Tporniec BOymoBYBaHHS (DYHKIIIT — I1€ OMTUMI3aIlisl KOMIUISATOPA, 110 CIIPSIMOBaHA
Ha 3aMIHy BUKJIMKY QYHKUIi 6e3nocepeHbo TioM pyHKIii. Lls ais Moxke mokpaimuTu
HMIBUAKICTb POOOTH MPOTpaMu, OCKUIbKM Ticiasi BOYAOBYBaHHS BIJICYTHI HaKJIaJHI
BUTpaTH Ha BUKIUK (QyHKUii. BOygoByBaHHs ¢QyHkmid y wmoBi C++ 103Boiisie
ONTHUMI3yBaTh pOOOTY KOMMUIATOpPA, 3MEHIIYIOUM BUTPATU HA BUKIUKH (YHKIINA Ta
MOKpAIyoun IIBUKOIK0 Tporpamu. Y cepenouii Visual Studio me moxe OyTu
JOCSITHYTO 3a JOTIOMOTOI0 KJII0UOBOTO ciioBa _forceinline, sike migka3zye KOMIUISTOPY
BOyMyBaTH BMICT (PYHKIIT Oe3mocepeIHhO B MICII€ BUKJIMKY, HE CTBOPIOIOYH OKPEMOTO
BUKJIUKY (DYHKIII.

LLVM — ne nporpamHa cucTema, 1o € HaOOpOM IHCTPYMEHTIB IS PO3pPOOKH
KOMITUJISTOPIB, aceMOJEepiB Ta IHIMUX CHUCTEM, TOB'SI3aHUX 3 0OPOOKOIO MPOTPaMHOTO
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kony [2]. LLVM Hanae yHiBepcaidbHUN, HU3bKOPIBHEBUI Ta MOIYJbHHUE iHTEpderic
JUIST  KOMOUIAIIT mporpaMm, SKWM MOXKe OyTH BHUKOPHCTAaHHM I PO3POOKH
KOMITUISATOPIB I PI3HUX MOB IIPOrpaMyBaHHS.

ITpouec komnumsanii B LLVM Bkitouae kinbka etamis. 111 yac nepmioro erary,
BUXIJTHUM KOJ MpOTrpaMy MEpPETBOPIOEThCA Ha NPOMIKHE YysBieHHS (intermediate
representation) LLVM IR 3a gomomororo kommingaropa Clang [3] 3a 10moMororo
BUKJIIMKY Tporpamu clang++ a6o iHmoro cymicHoro kommuisitopa. Ilotim IR
nepenaerbes ontumizatop LLVM, skuil 3acTocoBye pi3HI ONTUMI3alii, Taki SK
BOYZIOBYBaHHsI (PYHKIIIM, BUAQJICHHS HEIOCSKHOTO KOJy Ta I1HII, JUIS MOJIMIICHHS
MPOYKTUBHOCTI Ta SIKOCTI 3r€HEPOBAHOTO KOJTY.

VY xommninsaTopi Ha ocHoBl LLVM iHTEepdetic BianmoBigae 3a po30ip, NepeBipKy Ta
J1arHOCTUKY TTOMUJIOK Y BX1JHOMY KOJi, a MOTIM IepeKIaja MpoaHaai30BaHOTO KOy B
LLVM IR. Ile myxe mpocrta peamnizarisi Tpudasznoi koHcTpykiii (puc. 1), ame mei
MPOCTUN OMUC MPHUXOBYE YACTUHY MOTYXKHOCTI Ta THYYKOCTI, siKi apxiTektypa LLVM
orpumye Big LLVM IR.

Pucynox 1 — Peanizayis mpughasznoi koncmpykyii LLVM

[Tounnaroun 3 Bepcii 2019, MS Visual Studio BkIiItodae miaTpUMKy peiaryBaHHS,
CTBOpPEHHS Ta Hayaro/pkeHHs 3a jgonomoror Clang/LLVM y mpoexkrax CMake [4],
HariiieHux Ha Windows. Ilicnsa nanamryBanus koHpiryparii Clang, po3poOHUK MoOke
CTBOpIOBaTH Ta Hamaroautu npoekT. CepenoBuie Visual Studio camoCTIHHO BUSBIISE
komnuisaiTop Clang, 1 Hagae moxnuBocTi IntelliSense nns migcBiuyBaHHA, HaBiramii Ta
IHIIMX (PYyHKIIT pelaryBaHHs.

Jlam ontrMizoBaHe MPOMiXKHE yABIEHHS IR mepeTBOprOeThCSl HA MAITMHHUMN KO/
LIJIbOBOI apXITEKTypH, BUKOPUCTOBYIOUM TeHepartop koay LLVM. Ilpu renepauii
MamuHHOro koxy LLVM BukopucroBye 0e€3niu OonTHMI3allii Ta TEXHIKH TeHepallli
KOy IS CTBOPEHHS IIBHIKOTO Ta €)EKTUBHOTO BUKOHYBAHOTO (ailiry.

Kpoc-narpopmoBuii  Binkputuii renepatop cueHapiiB ckiaganus CMake e
cTaHIapToM Jie-pakTo s CTBOpeHHs koay Ha MoBi C++. Lle moTyxHe KOMILJIEKCHE
pIIIEHHS U1 KEPYBAaHHS TPOIECOM CTBOPEHHS mporpaMHoro 3abesmneuenns. CMake
J03BOJISIE  pO3POOHMKAM OMKCYBAaTH, SIK CTBOPIOBATH TMPOCTI Ta JyKe CKJIaIHI
IpOrpaMHi CUCTEMH 3a IOTIOMOTOI0 €IMHOTO Habopy BxiaHuX ¢aitniB. CucTeMy MOXKHA
BUKOPHCTOBYBATH I CTBOPEHHS 3aCTOCYHKIB Ha O6araThox miaatdopmax, Big Android
710 10S 1 BUCOKONPOAYKTUBHUX CUCTEM.
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[Iporpamua peanizaifisi ONTUMI3yBaJbHOTO KOMIISATOPY Oyae OasyBaTucs Ha
moBax C++ 1 Python, Habopi komminaropiB LLVM, reneparopi crieHapiiB CKJIagaHHs
CMake.

BukonaBuem  KOMaHA  ONTHMI3yBJIBHOTO  KOMIIUIATOpAa €  JIOJATOK
run_compile commands, KMl 3aIlycKa€e KOMaHAX KOMIUIALIT B OPAJIKY, 3aJaHOMY Y
daiinl 3 KoMaHAaMU KOMIIUIALIT, MapajiesbHO BUBOASYM HA €KpaH MOTOYHY KOMaHAY,
[0 BUKOHYE€ThCS. BuKOHaBelp NpuiiMae €IUHUN apryMeHT — HUIIX 10 ¢ainy 3
KOMaHJAaMu Kommisiii. Peamizaris 11i€i KOMIOHEHTHU 3BOJAUTHCS 10 aHamizy JSON-
¢aiiny Ta mociiIOBHOTO 3aCTOCYBaHHS KOMaH/l, pO3MIIIEHUX y (aiini.

[linm yac BHUKOHAHHS JIOCHI/PKEHHS pealli30BaHO MPOTPaMHY CHUCTEMY,
KOPHUCTYBATHCS SIKOIO MOKHA, SIKIIIO BUKOHATH HACTYITHI KPOKH:

1. 316patu MmoaudikoBany Bepcito llvm (11e HeoOXiHO 3pOOUTH OJIUH pa3);

. hopcyBartu renepartiiro compile commands.json;

. BUKJIUKATH KOMaH 1y cmake;

. MmoaudikyBatu (aitn compile commands.json;

. 3aIlyCTUTU KOMaHIu 3 MoAu(ikoBaHOro compile commands.json;
. BUKJTUKAaTH KOMaHay make.

Jlnst BUMIPIOBaHHSA CEPEIHbOrO0 Yacy poOOTH mnporpaMu Oyiau HalMCaHi
J0JJaTKOBI TPOTpaMU, IO CUMYJIOIOTh HaBaHTAKEHHS Ha MPOEKTH, IO TECTYIOTHCA.
Takox y BHMAAKy J€KapTOBOTO JAepeBa HEOOXiAHO OyJio 3adikCyBaTH 1HILIATIZALIIO
reHepaTopa BHIIAJKOBUX YHCEJ, TOMY MO B IHIIOMY BHIAJKy BHUMIpPIOBaHHS
IPOBOJMINCS O Ha IepeBaxX Pi3HOI CTPYKTYPH.

BipryansHuil cepBep 103BOJIsI€E CTBOPUTH 130JbOBAHE CEPENOBHUILIE, SIKE MOXKE
OyTH HajamToBaHE IS 3a0€3MEeUeHHs OJHAKOBUX YMOB TECTYBaHHS, MaKCHUMAaJIbHOI
MPOTYKTUBHOCTI Ta CTIMKOCTI JO 30BHINIHIX BIUIMBIB. J[JI1 CTBOpPEHHS BIpTyaJIbHOTO
cepBepy oopano xoctuHr Google Compute Engine.

Jlis TeCTyBaHHSA Ta BUMIPIOBAHHS 3aTPUMOK OyJi0 BUOpPaHO TpU MPOEKTH, IO
po3ramoBani y BinbHOMY jgoctymi: CodeGuida mms mapcunry XML-gaiinis,
RedBlackTrees 3 peanizariero yepBoHO-4opHOTO JepeBa, Cartesian Tree 3 peainizaiii€ero
JIEKapTOBOro JepeBa. BUKOHAHO MOPIBHSAJIBHUN aHANI3 CEPEeAHBOrO 4Yacy poOOTH
TECTOBUX TPOEKTIB JJI1 BCTAHOBJICHHS BIAMIHHOCTEH MDK ONTUMI3YBaJIbHUM
KOMITUISITOPOM Ta 0a30BHM KOMIIUIATOPOM, Y XOJ1 SIKOTO BHSIBJICHO, IIIO HAaBITh 3a
BUKOPUCTAHHS ONTUMI3allIMHUX MPANOPiB KOMIUIALII BAAETHCSA AOCATTH MPUCKOPEHHS
yacy BUKOHaHHS 710 15%, 110 miATBEpKY€E 3HAUYIIICTh JOCIIIKCHHS.

[IpakTuuyHUM  pe3ynbTaTOM  JOCHIDKEHHS €  peaji3aifisi  MPUKIATHOTO
IHCTpYMEHTY, sikuii 103Bojsie C++ pO3pOOHMKAM 3aCTOCOBYBAaTH PETyJIbOBaHY
ONTHMI3alliI0 Ta BIUIMBATH Ha OOMEXEHHS PO3MIpy BUKOHYBAHOTO (paity.
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