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YBoOZI

Kowmmajiepcke ontumusaiuje TpancdopMumy KO Tako da ce Iporpam Opike
M3BPIIaBa U KOPUCTH Malbe MeMOpHje JIOK IPU TOMe 3a/IpyKaBa CEMaHTHUKY €BU-
BasieHTHOCT. OOMYIHO, ONTUMHU3AIHje Ce U3BPIIABA]Y Y KOHTEKCTY jeJHOT 00jeKTHOT
dajia, aau nomro y okBupy ajsia komiajiaep nema undopmaluje o KOy KOju ce
HaJIa3u y JAPYruM o00jeKTHUM ¢ajloBHMa, MHOI'e ONTUMH3aluje je Hemoryhe ypa-
JIUTU 3aTO IITO KOMIIAjJIep He MOYKe OUTH CUTYpaH y CEMAHTUUYKY €KBUBAJIECHTHOCT.
[naBua Tema oBor pajia 6uhe yrpaBo perniaBame oBOr 1podjieMa, OJIHOCHO ONTHMU3A-
IIHja HEeJOBUTOr IporpaMa y KoMmuajaepckoj nappactpykrypu LLVM, kao u pa3Boj
porpaMa 3a BH3yaJu3allf)y MPOMeHa Y Mel)ypenpe3eHTaluju IpuInKOM OITUMU3a~
Iuje MmeJJOBUTOT MpoTrpaMa.

Y rnaBu 2 OBOT paja je ommcaHa KoMIlajiepcka uHdpacTpykTypa LLVM, mene
npeHocTH Kao u Mehypenpesenrarnuja LLVM, gujum ce tpancdopmanujama u uM-
IJIEMEHTHUPAjy KOMITajJepcKe ONTUMHU3ATIT]e.

Y rnaBu 3 je ommcaHa ONTHMHU3AIMja IMEJOBUTOT MPOrpaMa, Koja je W TJIaBHU
dokyc opor pajza. Ilopen camor omnuca UMILIEMEHTAIMj€ ONTHMHU3AIK]E MEJOBHTOT
nporpama y kKommajiaepckoj undpacrpykrypu LLVM, y paay cy npukazane HajBa-
JKHUje ONTUMHA3aIMje Kao MITO Cy eJIMMUHAI]a MPTBOT KO/Ia, YMETamhe U JIeBUPTYa-
Ju3aluja. Y3 CBaKy ONTHMU3AIN]Y CY TPUKA3aHU IPUMePH KOjU IMOKA3Y]y Pa3IuKy
yuyTtap mehypenpesentanuje LLVM kajia je akTuBHA ONTUMU3AIN]a, IIEJTOBATOT TTPO-
rpaMa u KaJja HHje.

Y ritaBu 4 je npuKa3aH HOBU MPUCTYI ONTUMU3AIU]H e JOBUTOT Tporpama ThinLTO,
KOJU yMaibyje YTHUIAj ONTUMH3AIM]je IeJIOBUTOI IIporpaMa Ha BpeMe IipeBolerba mpo-
rpama, Kao U Ha MEMOPHjCKO 3ay3ehe 6e3 OuTHUX rybuTaka y KBaJIUTETY ONTHMU3A-

Hja.
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Y rnaBu 5 je NpUKa3aH aJjaTl Pa3BHUjeH Kao Jle0 OBOI pajia, KOJU BU3Yyaau3yje
paziuKe m3Melhy mnporpava KoOju je TpeBejieH ca u 0e3 OnTUMH3allfje IeJTOBUTOr

porpaMa.
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Kommajaepcka nndpacTpyKrypa
LLVM

LLVM [1] caunmasa kosneknuja anara (KoMmajiepa, acembuepa, mebarepa, JnH-
Kepa) Koju €y aum3ajHupaHu aa Oymay KOMOaTHOWIHM ca mocrojehuM amarmma mpe
cBera Ha Unix cucremuma. OBH aJlaTH ce MOTY KOPUCTHUTH 3a pa3BOj IpeImber JIea
koMmIajiepa (eng. front-end) 3a 6u0 KOju POrpaMCKH je3HK, KaO U 33 Pa3BOj 3a/-
mer gena kommajuepa (eng.back-end) 3a cBaky xommjyTepcky apxurektypy. LLVM
je 3amodeT Kao MCTPaKMBAYKW TPOjeKaT Ha YHuBep3uTery limaouc ca mubeMm Ja
NpPYKH CTATHYKY M JUHAMUYKY KOMIWJIAIHU]Yy NporpaMckux jesuka. /lanac, LLVM
CaJIPZKU BEJIMKH OpOj MOJIIPojeKaTa KOju ce KOPUCTE y BEJIUKOM OOUMY IITO y TPO-
JIVKIIUJCKE IITO § UCTPAKMBAYKE CBPXeE.

Hekwu o1 HajOUTHUjUX TOTHpOjeKaTa Cy:

1. Jesrpo LLVM-a koje canp:ku cBe morpebre ajare u 6ubaIuoTeke 3a KOHBEP3Ujy

MehypenpesenTainuje y o0jekTHe (hajiose
2. Clang — npeamu geo 3a mporpamvcke jesuke C, C++ u Objective C
3. libc++ — mmmmemenTanuja crangapane oubdauorexke C+-+
4. LLDB — nebarep

5. LLD — nunakep
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2.1 Mebhypeupesenranmuja LLVM

Mebypenpesenramuja LLVM (LLVM IR [2]) 3acHoBaHa je Ha CTATHYKO] jeTiH-
creenoj dbopmu gogesne (SSA [3]). Osa dopma 3axTeBa ma ce CBakoj MPOMEHIbUBO]
BPEIHOCT JOIEIN TAYHO jeIHOM, Ka0 U Ja CBaKa IPOMEHJbUBa OyIe JedHHICAHA [TPe
ynorpebe. Mehypenpesenranuja LLVM nusajuupana je Tako ja IMOIPKA HHTEPIPO-
eIy pajiHe ONTUMU3AIje, aHAJIU3Y TeJIOr MPOTPaMa, arpPeCuBHO PECTPYKTYUPAHE
nporpama ut/. Beoma Ouran aciiekt mehypenpesenranuje LLVM je To miro je ona
JneduHucaHa Kao je3uk ca jacHo aedunucanoM cemantTukom. OBa Mehypenpesenta-

Hja ce MOyKe KOPUCTUTH Y TPU pazandaure popme:
1. mekcryannu acembrepcku dopmar (.11)
2. dopmar 6urkds (.be) !
3. yHyTap-MeMOpHjcKu dhopMar

Ose 1pu dopme omoryhasajy makmu pas3Boj, y3 MOTYNHOCT BH3yeslHe aHAIU3E W
nebaroBama Tpancdopmarnmja. Csa Tpu dpopmaTa Cy eKBUBAJIEHTHA U JAKO C& MOTY
TpanchopMucaTu jegan y Apyru 6e3 ryburka uadopmaruja. Y 0OBOM pajiy IJIaBHU
dokyc he 6utu Ha TekcTyaanoMm hopMmaTy u moj MehypempeseHTaImjoM Hajuernhe
he ce muciuTu Ha oBaj popMar, KOju ce MOXKe OKapaKTepUCaTH Kao aceMOJIepCKH
jesuk y majBehoj mepu Hesapucan oy cuenududne miardopme.

Jla 61 mpuKa3zaJii KaKo U3rjaeaa TeKeTyaanu (popmat mehypenpesenrtamnuje LLVM,

npeBentheMo HapejiHe ABe (DYHKIMje HANUCAHE Y TPOTpaMcKoM je3uky C.

unsigned addl(unsigned a, unsigned b) {
return a+b;
}
// Rekurzivna funkcija za sabiranje 2 broja.
unsigned add2(unsigned a, unsigned b) {
if (a == 0) return b;

return add2(a-1, b+1);

lgecto ce HasmBa U popMar 6ajTKOT
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OBe jiBe pyHKIHje ce MpeBojie y HAPEJHH KO/,

define i32 @add1(i32 %a, 132 %b) {
entry:

%tmpl = add i32 %a, %b

ret i32 Y%tmpl

define i32 @add2(i32 %a, i32 %b) {
entry:
%tmpl = icmp eq i32 %a, O
br i1 %tmpl, label Ydone, label Yrecurse

recurse:
%tmp2 = sub i32 %a, 1
%tmp3 = add i32 %b, 1
%tmp4 = call i32 @add2(i32 %tmp2, i32 %tmp3)
ret i32 Y%tmp4

done:
ret i32 %b
}

Jucrunr 2.1: |Kox npeyser ca unanka LLVM - The archicture of open source

applications [15]

Mebhypenpesentanuja LLVM je acembiepckn dpopmar candan ancrpaktaom RISC
|4] ckymy uHCTpYKIHja, ca T0JATHUM CTPYKTYpaMa BHIIEr HHBOA.

Kao mro ce Bujn na npumepy y jaucrunry 2.1, mel)ypenpesenraiuja nogpzxana
JIMHEApHEe CEKBEHIIE je/IHOCTaBHUX MHCTPYKIUja Kao IITO Cy cabupatbe, 0/ly3UMatbe,
Hape0e YCIOBHOT U Oe3yCJOBHOT CKOKa, ynopehuBame uTH. CBe OBe WHCTPYKITHje
Cy y Tpo-aJipecHoj (bopMu, IIITO 3HAYHU J1a MOTY TPUMHUTHU HAJBUIIE JIBA PETUCTPaA Kao
yjla3 W pe3ysrar, ako 1ocroju, ymnucaru y Tpehu peruncrap. Mehypenpesenraruja
je crporo tunmsupana (Ha mpuMep 132 03HAYABA TPUIECETIBOOUTHU METOOPOJHU
6poj), 0K ce no3uB (HYHKIMje O3HAUYaBa KJbydHOM pedn call, a pahame pesynrara
ca ret. LLVM mne xopuctu ¢purcan 6poj perucrapa, Beh mma neorpanmden 6poj
IPOMEH/BUBUX KOje TMOYHIbY KapakrepoM %. @DyHKIMje u robajiHe MPOMeHbUBE

IIpe CBOI' HA3UBa caJipzKe KapakTep Q. Mehypenpesenranuja cajapxKu u Jiabdese.
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2.2 Kowmmajaep LLVM

[Iponec kommnunanuje y mHdpacrpykrypu LLVM 3anounme y mpemmem ey
KOjU TIPOM3BO/ M Meh)yperpe3eHTaliijy, Koja ce 3aTuM Iajbe ajary 3a ONTUMHU3AI]y
Koju TpaHchopmuiie K6 Kpo3 Beaukn 0Opoj ontummsanuja. [lorom ce Tpancdop-
MHCAHU KOJ IIPEBOJIH Y aceMbJIepCcKH KO/ HA Ke/beHO] apXUTEeKTYPH, ¥ Ha Kpajy ce
aceMOyiepcku KO mpeBofu y mMammacKu. (OBaj mporec, HapaBHO I0jeTHOCTABIHEH,

MOXKE Ce BUJIETH Ha, cjiuiu 2.1.

Clang C/C4++/0ObjC LLWVM
C = Frontand / X86 Backend = X26
LLWM LLWVM
Fartran —={ llvm-gee Frontend Optimizer PowerPC Backend - PowerPC
LLWVM
Haskell -»=| GHC Frontend LM R LLvMIR| ARM Backend = ARM

Cnmka 2.1: mporec kommmtanuje LLVM. Cnuka npeyseta ca wianka LLVM - The
archicture of open source applications

IIpenmu meo Komriiajiiepa

[Tpeamu 1e0 KoOMITajaepa 3a/lyzKeH je 3a napcuparme, Bajaualnjy 1 IpoHaJa3ak
rpeliaka y U3BOPHOM KOy, 3aTUM 3a IpeBoherbe mapcupanor Kéjaa y mehypernpe-
zenrarujy LLVM. llpeBoheme ce odudyHO M3BO/M, NPBO H3TPAIHOM allCTPAKTHOT
cunrakcHor crabaa (AST [5]), a 3arum u npesohemem AST-a y mehypenpesenra-
1ujy. Y CYIITHHE CBAaKH ITPOTPAMCKH je3UK, YKOJIUKO UMILIEMEHTHPA IPEeIbu JIe0
KOju MoOzKe Ja m3reHepuire mMehypenpesenramnujy LLVM, moxke KopucTtuTu ajar 3a
ontumuzanujy uwin 3aamu geo LLVM-a. Hajburnuju npojekar Koju uMIjieMeHTupa
npeamu j1eo LLVM-a je Clang. Clang je nmpeamu neo KoMmmajiepa 3a TPOTPAMCKe
jesuke C, C+—+ u Objective C.

Anar 3a onnTuMum3aImjy

Anar 3a ontuvusanujy (opt [6]) qusajuupan je Tako ga Ha ynasy npuma LLVM

Melypenpe3eHTanujy W W3BPIIA ONTHMU3anuje HajJ MeDypemnpesentamujom. OBaj
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aJlaT je OpraHu30BaH y BUIIE HU30Ba ONTHMHU3AIMOHUX ITPOJIa3a, TaKO Jia je U3Ja3
jenHe onTHMHU3aINKje yaa3 y apyry. Hexkwm on mpumMepa ONTHMH3AIMOHUX ITPOJIA3a
Cy yMeTaibe, eJTUMIHAIIA]a MPTBOT KOJa, peaJoKallija u3pasa, pa3sMoTaBambe MeT/bu
ura. OJ HUBOA ONTHUMHU3AIUje 3aBHCE U ONTHMHUBAIMOHM IPOJa3u Koju he OUTH
MMOKPEeHYTH. Y HacTaBKy heMo NMpHKa3aTu OCHOBHE HMBOE ONTHMHU3AIUje Y CJAydajy
Clang-a [28]?

1. O0 — ocHOBHe onTHMHU3AIKje, KOPUCHE 300T Op3uHe KOMIAjIupama U JaKIIer
JebaroBama. JemgHa O ONIHja KOje ce 337ajy ajaTy 3a ONTHMU3AIU]y Ha OBOM
HUBOY je -always-inline (u3Bpmuhe ce ymerame camo onnx (byHKIHja Koje

Cy eKCILTUITUTHO O3HaueHe ca always-inline).

2. O1 - momaje Besuku Opoj MpoJiasa y oJHOCY Ha HUBO (), HeKe O] OIIIHja Koje ce
3a/1ajy agaTy 3a ONTHMU3AIMjy cy: -strip-dead-prototypes (eamMuHAIM]A
nexsaparuja (GyHKIUja 3a Koje He MOCTOjH UMILIeMeHTanuja), -loop-rotate
(poranuja nersbe), -loop-deletion (equMUHALM]A TET/bU YHje U3BPIIABAKE
He yTH4e Ha MOBpaTHY BpeAHocT (hyHKIHje), ~1loop-unroll (omMoTaBame me-

TIbe).

3. O2 — oBaj HuBO caapzku cBe nposase kao auBo O1 y3 jogare omiuje: -inline
(ymeTame yHKIH]jE), ~gvn (eTUMIHAIM]A PEIYHIAHTHAX HHCTPYKIIHja), -constmerge
(crraja moHOBJbEHE TJI00AJIHE KOHCTAHTE y jeJIHY 3ajeTHHYKY). Y OBOM HHBOY

ce n3bamyje onmuja -always-inline xoju nuso O0 moaaje.

4. O3 — nmajehu HUBO onTUMU3AIIMje, TeHEPHUIe U3BPITHYU (haja Koju ce HajopKe
M3BpIaBa aJIu 1Mo TeHy BpeMeHa KoMmmmtaryje. Caapzku mposase Kao HuBo 02
y3 -argpromotion (dpyHKIHMjaMa Koje UMajy apryMeHTe MOKa3uBadKOr THIA U
YKOJIMKO C€ caMO KOPUCTHU BPEJHOCT HA KOjy pedepuiiie noxasmpad, 0JIHOCHO
He Meha e BPeJHOCT Y MeMOPHjH, 0Baj TpoJia3 ie 3aMeHUTH TTOKA3UBAYKY TUIT

ca THIIOM Ha KOju TOKa3yje, kaja je 1o moryhe).

3aamu 1e0 KOMIIajjiepa

Baamu geo LLVM-a rerepuriie o1 MehypenrpeseHTaliyje MAITHHCKA KOJT 32 CIIeIIH-
dbuany apxurekrypy. [taBHa KOMIOHEHTa 3ajer Jea je rereparop Koaa [7] (eng.

LLVM code generator) Koju KOpHCTH CJMYaH MPHCTYI KAO ajJaT 33 OUTHMU3AIH]Y,

?Hapeaenn mposasu ajaTa 3a ONTEMH3AIN]y Cy Be3anH 3a sepsujy 6.0 Clang-a
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TO jecT JieJTU FeHepucame MAIIUHCKOT KOJa Ha Mambe IpoJa3e, KOju UMajy 3a IHb
renepucamme Hajoosper Moryher k61a. HajouTHuju nposia3u cy buparme HHCTPYKIHja,
ajokanuja perucrapa, pacnopehusame (eng. scheduling). LLVM wmozke renepucatu

KOJI 33 BeJIMKH OPOj apXUTeKTypa, Heke o mux cy: x86, ARM, PowerPC, SPARC.

2.3 Ilpeanoctu LLVM-a

Nudpacrpykrypa LLVM-a je GeciuiaTia u meH U3BOPHU KOJI je y HOTILYHOCTH
JIOCTYTIaH, TITO je HaBeJIO He CaMO UCTPaKUBave ca YHUBEP3UTeTa, Beh U BeJTMKH OPO)]
KOMTIAHKja JIa YIECTBY]Y y Pa3B0jy, TAKO Jia JaHac 3Ha4YajaH Opoj /by aKTUBHO y4de-
CTBYje y oJipzKaBamby u yHnanpehusaimy oBoe nndpacrpykrype. Mojyiapuu jusaju
omoryhaBa J1ako Memare TMocTojelinxX ajgara WiId Jo/laBalbe HOBUX. J3axBasbyjyhu
OBOM JIM3ajJHY BPJIO JAKO je JOJATH HOBU IPeIbH Je0 KOMIIajaepa, 33/ b1 JAe0 HIu

onTuMu3anuonn nposaas. Takohe, LLVM noapxkasa u:
1. JIT komuuianujy (8]

2. onrummzanujy TokoM jaunkoBamwa (LTO [10])
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OnTuMusanuja MeJJOBUTOT Iporpama

O6uvIHO M3BOPHU KO/ TPOTpaMa JIEJIUMO Y BHUIIe KOMITHJIAIIMOHUX jeJIMHUIIA (eng.
compilation unit) !. Kommajrep unra dajn mo dbaja u 3a cBaKu TeHEpHILE HeMY O/I-
rosapajyhu o6jekTHI (baji1, TO jecT CBaKOj KOMITIIAIMOHO] je IMHUIIN O/roBapa jejian
objekrrau ¢ajyi. OBako YMHUMO Hall KOJ YMT/HUBHjUM, OMOryhaBamo napaJiesessno
KOMIIajaupame Buiie (ajroBa aam U uzberaBaMo moTpedy 3a KOMIIAJJIHPAEM Iie-
JIOT TIporpamMa 3a CBaKy MPOMeHY y y3BopHOM KOay. OBakaB MPUCTYI UMa W JIOTILY
cTpany, HOIITO KOMIIajjaep upeoju ¢daja no ¢aji, oH Hema uHOpMalmje o KOy
KOJjU Cce HAJA3M y APYTHM KOMIITHJIAIMOHUM jeuHUIIaMa. 300T TOora IITO KOMIIajiep
He BHIHU Tejia (DYHKIHja HMILIEMEHTHPAHUX Y JAPYTIM KOMIIUJIAIMOHUM je IMHUIIAMA,
HE MOKe Y TOTIIYHOCTH /I3 Carjie[a JOTUKY W U3BPINHU KejbeHe onTumnianuje. OBaj
mpobJIeM ce MOKe PEIIUTH y3 MoMON JIMHKepa, ONTUMU3AINjOM TOKOM JUHKOBAIHA
(LTO) uau cnajamem cBux dajioBa y jeJlaH U U3BPIIABAHEM ONTHMU3AIMjA HA jeI-
oM BesmkoM (ajiry (eng. unity build [9]).

Y HapeanoMm mpumepy oumhe mokazaHo 300T Uera ONTUMHU3AINM]a MEJTOBUTOT ITPO-

rpaMa Moxke OUTH KOPHCHA.

//a.h //a.cpp
void do_nothing () ; void do_nothing () {}
//main. cpp

#include "a.hpp"

int main (){
for (int i = 0; i < 1°000°000°000; i++){
do_nothing () ;

lyecTo ce HA3WBA U jequHMIA MpeBohema
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JIuctunr 3.1: Ilpumep nozuBama (pyuknuje 6e3 Tea

Y guctuary 3.1 dynknuja do_nothing mMa mpas3HO Teg0. YKOJHUKO 0Baj KO
npeBeaeMo ca onTuMusaiujoM -0O3, 6e3 onTUMHu3aIMje MeJTOBUTOT Iporpama, JI00u-

heMo pe3ynaTaT mpuKasaH y JUCTUHTY 3.2:

clang++ main.cpp a.cpp -03 -g

time ./a.out

real Om1,022s
user Om1,014s
sys Om0O ,000s

JIucrunr 3.2: Pesyjarar ca onTUMHU3aIMjOM IEJIOBUTOT ITpOrpamMa

Mozke ce mpuMeTUTH J1a je padyHapy OuIo moTpebHO BUIEe O jeJHe CeKYHIe A
U3BPIIH IpOrpaM KOju He pajd HUIITA. Y HACTaBKYy hemo ucrte ajnoBe npeBecTu

ca ONTUMHU3AIN]OM MEJOBATOT IMPOTPaMa:

clang++ main.cpp a.cpp -03 -flto=full -g

time ./a.out

real Om0 ,003s
user Om0 ,003s
sys Om0O ,000s

JIucrunr 3.3: Pesyjarar 6e3 onruMusalmje HejJ0BUTOI 1IPOrpama,

Paznuka y BpemeHy m3BpiaBama je HE3aHEMAPJ/bUBA, KAO TITO Ce MOYKE BHUJIETH
y jmctuary 3.3. N jmctunry 3.4 mmamo nupuka3 mehypenpesenraiuje LLVM 6e3 n
ca YKJbBY9eHOM ONTMHU3AIMjOM LEJOBHTOI MporpaMa U Oulie aHAIM3WpaHe Pa3JINKe

u3Melhy mux.

; Function Attrs: norecurse uwtable

define i32 @main() local_unnamed_addr #0 !dbg '9 {
call void @llvm.dbg.value(metadata i32 O,
metadata !14, metadata !DIExpression()), !'dbg !16
br label %2, !dbg !17

; <label>:1: ; preds = %2
ret i32 0, !dbg !18
; <label>:2: ; preds = %2, %0

%3 = phi i32 [ 0, %0 1, [ %4, %2 1
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call void @llvm.dbg.value(metadata i32 %3,
metadata !14, metadata !DIExpression()), !dbg !16
tail call void ©@_Z10do_nothingv (), !'dbg '19

%4 = add nuw nsw 132 %3, 1, !dbg !22

call void @llvm.dbg.value(metadata i32 %4,
metadata !'14, metadata !DIExpression()), !dbg !16
%5 = icmp eq i32 %4, 1000000000, !dbg !23

br il %5, label %1, label %2, !dbg !'17, !1llvm.loop

; Function Attrs: nounwind readnone speculatable

declare void @llvm.dbg.value(metadata, metadata, metadata)

; Function Attrs: norecurse nounwind readnone uwtable
define void @_Z10do_nothingv () local_unnamed_addr #2
tdbg !'26 {
ret void, !dbg !'29

Jluctunr 3.4: Mebypenpesenraiuja 6e3 onrumMusalyje meJJOBUTOr IPOrpaMa

; Function Attrs: norecurse nounwind readnone uwtable
define dso_local i32 @main() local_unnamed_addr #0
tdbg !9 {

call void @llvm.dbg.value(metadata i32 O,

metadata !14, metadata !DIExpression()), !'dbg !16

ret 132 0, !'dbg !'17

; Function Attrs: nounwind readnone speculatable

declare void @11vm.dbg.va1ue(metadata, metadata, metadata)

Jluctunr 3.5: Mehypenpesenraiuja ca ONTUMH3AINNA]OM IIEJTOBHTOT IPOIPaMa

Y sumcrunry 3.4, rje HEje YK/bydeHa ONTUMHU3AIUja IEJOBUTOI IIPOIpaMa, KOM-
najiep HeMa WHMOpPMaNK)y Kako msriena ¢ynknuja do_nothing m xommajiep re-
Hepuiie KO KOju je y TMeT/bi MIJIMOH IyTa MOo3uBa. ¥ JUCTHHTY 3.5, KaJia je yK/by-
YeHa ONTUMHU3AIHU]ja eJOBUTOr IIPorpaMa, KOMIajjiep uMa uudOopMaImjy o Tejry Te
dyHKIIHje, YIO3HAT je ca THM Ja OHA He pPaJii HUIITA, TAKO Ja MOXKe JIa ONMTHMHU-
3yje He caMo IMo3uBaibe Te (PyHKIIHje, OJIHOCHO Jia je yMeTHe, Beh MoxKe Ja YKJIOHH
KOMILTETHY IeT/by, jep mocje yMerama dyHKnuje do_nothing Teso mersbe ocraje

npa3Ho. Buanmo ma je enrmvuaucana n dyHknuja do_nothing w3 W3BPIIHOT MPO-
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rpaMa u Ja je yHyTap gpyHKnuje main ocranao camo Bpahame pesyiarata. O ymeramy
U eJTUMHUHAIKM]U MPTBOT KOJIa Ouhe Buille peyn y HACTABKY.

OnTtuMusanuja meJJOBUTOI IPOrpaMa ce Takohe MOxKe KOPUCTHUTH 3a JIETEKII]y
HeilebUHUCAHOT MMOHAIIAbA, Kaa KOMIIajJdep HeMa YBH Y 11e0 KO y jeJUHHUIA TIpe-
Bohema u 6€3 aKTUBHE ONTUMU3AIN]e [eJOBUTOT TIPOTPaMa KOMIIAjIep He MOZKe ITPO-
rpaMepy Jia yKazxe Ha IPeIlKy, 4aK U Kaja cy cBa obaserirema yk/pydena (-Wall).
Y Kommajiaepy gec je oBa MOJIPINKA UMIJIEMEHTHPAaHA, IITO MOKEeMO BUJIETH y DALY
Undefined behavior in theory and practice |26], Tako ga ce y 6yayhuaoctu oBa dbyHK-

UOHAJTHOCT O4Y€eKyje U y Komuajjepy clang.

3.1 OprumMunsaimja TOKOM JMHKOBaHA

3axBasbyjyhu momayaapaoM au3ajay LLVM-a u ynmeHum 1a Mo2KeMO KOMIIA]TH-
partu 1eo0 KOJ1a, cauyBaTH Pe3yJiTaT I HACTABUTH KOMIIMJIANK]y KacHuje Oe3 ryburaka
undopmaimja cJiMKy 2.1 MOXKEMO JIOIYHUTH J0/IaBabeM JIMHKePa 1 OITHUMU3AIjaMa

TOKOM IIpoIlecCa JIMHKOBalba.

ac & Glang G/C++/0biC LLVYM > ao

b.c ‘ e bo \
co Frontend Optimizer Lo co s:

LLVM LLVM

LLVM Linker Optimizer X86 Backend

= a.oul

d.f — llvm-gee Fortran LLVM - do
ef —» Frontend Optimizer Ly oo

\

e Compile Time ——— - Link Time

Cnuka 3.1: LLVM npomec Kommuiamuje ca moApHiKoMm JuHKepa. Ciuka mpeyseTa
ca wianka LLVM - The archicture of open source applications

Y nacraBky hemo oOjacHuTu 3001 4era je JIMHKED KOPUCTAH y OITUMU3AIM]U
MEJOBUTOT MPOTPAMA.

I'maBHu 3amarak JuHKepa je ga cBe objekTHe dajioBe cnoju y jeman ajii, ms-
BpirHu (ajyr uin jae/beny oubsmorexy. Jla O6m ucrnynuno oBaj 3aiarak JUHKED HPBO
MODpa J1a U3BIIMHU PEAJOKAIN]y cuMO0Ia 1 pe3oaynujy cumbora. Cumboau mory 6uTn
riobaJiHe IpoMen/buBe, pyHkiuje, Kiaace utia. CBaku 00jeKTHH ajsi cajpzKu Ta-
Oesry cum00,1a y K0joj ce Hajaze cBU cuMOOIN KOju MOry OUTH JepUHUCAHE Y HCTOM
00jeKTHOM (Pajiy WM y HEKOM JAPYTOM. YKOJHUKO cUMOOJ HUje AeduHUCAH YHYTap
objekTHor dajsia o he y tabesu cumO0/1a OUTH O3HAYEH KAO ,extern”, y cyipoTHOM
ouhe o3naven kao ,import”. Jla 6um ce ycumernrHo npeBeo mporpam y usBpurau ¢aji,
JIMHKED LIPBO MOpa Jja nponabhe cse Hejocrajyhe cumbosie y ¢cBuM 00jeKTHUM ajsio-

BHMA M IIOBEXKE UX €& TAYHO jeHOM JeHPUHHIIUJOM, TO jeCT JIa U3BPIIH PE30JIYIIN]Y
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cumbosta. 3aTuM JuHKep Tpaba Ja yuiie ajpece cum0b01a (Takolje 3a1aTak THHKepa
je Jla ¥ HeKUM UMIIOPTOBAHMM CUMOOJIMMa MPOMEHH aJipecy, YKOJIUKO je KOMIIajjiep
TO HA3HAYWO), OJHOCHO Jia U3BPINU peasokanujy cumbosa. 360r OBHX CBOjCTaBa
JINHKEP UMa TPEeCYIHY YJIO0TY y ONTUMHU3AIN)H IEeJOBUTOr mporpamMa. JImHkep mma
YBHI y CBe Tabesie cuMOoJia W ajarT 3a ONTUMU3BAIM]Y MOXKE TO HCKOPHUCTHTH 3a
ONTUMU3AIIM]E JIeJI0Ba KOJIa KOJU CYy My LIpe OuJiu ,,HeBUJI/bUBU .

Y HactaBKy nmpukaszahemo WHTepakIujy usMely JMHKepa 1 ajata 3a ONTHMHU3a-

nujy. Onrumuzanuja TOKOM JUHKOBaWa y nHgpactpykrypu LLVM caapxu qerupn

dase:

1. Yurame dajioBa 6UTKOT
2. Pezonynmja cumbosia
3. OntummsoBame dajiaoBa OUTKOT

4. Pezonymnuja cumb0/1a HAKOH ONTUMHU3AIIN]E

Hurame ¢dajioBa 6UTKOT,

Cu o0jekTHU DajIoBU JoJa3e 70 JUHKEPA, KOjU W3 HUX YATAa U CAKyI/hba WH-
dopmannmje o cumboauma, Koju cy npucyTan y dajiaosuma. OBu dajioBu Mory OuTH
y bopmu dajiaosa 6urkds LLVM unn cranpapaunx objekraux dajuosa (eng. native
object files). Jlunkep Beli uma mMoryhHocT 3a Tperupame objekTHUX (ajiosa. [la 6u
MOrao npaBmuiHo ja yuta u pajrose 6utkon LLVM norpebua my je momoh, a To my
omoryhasa libLL,TO [11]. ibLTO je 6ubamorexa koju je HamemeHa 3a Kopuitheme o1
crpane JmakKepa. libLTO uma crabuian unrepdejc, Tako ga je Moryhe Kopuctutn
LLVM anat 3a ontumuzaiujy, 6e3 morpebe 3a usjaramem uaTepaor LLVM koia.
Takobhe, jomr jeana mpeanoctT oBe Oubamorexke je TO MTO MOoxkeMo Memarn LLVM
LTO k61 He3aBUCHO O[T IUHKEPA, TO jeCT HE MOPAMO 3a CBAaKy MPOMEHY KOJa KOju
UMILIEMEHTHPA ONTUMHU3AIM)e MEIbaTH U JIMHKEP.

Vkosmmko JuHKep j100uje objekTHn daji, o Beh 3Ha jga unra Taj daja u gomahe
cumbouie y 1iobasny Tabesy cumbosia. YKoOJUKO je y nurawy daja ourkd LLVM |
JuHKep he mo3BaTu pyHKIHje
1to_module_get_symbol_name n 1to_module_get_symbol_attribute libLLTO 6u-
Ooamoreke Jia 6u ;10010 cBe jgedunucane cumdbosie, 3aTuM he Te cumOo0JIe, Ka0 y CJIy-

4ajy cTaHIapIHor objeKTHOr (ajiaa, JoJaTu Y II00AJIHY Tabelry cuMOo.Ia.
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Pe3zonynuja cumbosia

Kao miro je Beh oGjammeno y das3u untamwa dajioBa OUTKOI, TUHKEP MTOKYIaBa
Jia pasperu cse cumbosie nomohy ryiodasine radbesie cumoOoJ1a. Y KOJMKO je YK/bydeHa
OTIIUja eJTUMHUHAIIMje MPTBOT' KOJa JIMHKED 4yBa JIUCTY CUMOOJIA KOji CY KOpUuIiheHu
y octaanM 00jeKTHUM (ajioBuMa, TaKO3BaHW »KUBH cumboan. Onmnuja eJInMuHa-
1uje MPTBOT KOJA je MOApa3yMeBaHO YK/bYU€HA YKOJIMKO C& KOPUCTH OMTUMU3BAIIN]A

TOKOM JIMHKOBalba.

Onrumuzanuja ¢ajioBa OUTKO

Y oBoj da3u quHKep KOopucTu mH@oOpMaluje u3 riaobasne Tabdesie cumOoIa, U
IpHjaBJbyje »KUBe cuMOoJIe adaTy 3a ONTUMU3AIN]Y (DYHKIHjOM
1lto_codegen_add_must_preserve_symbol. 3aTuM JHHKED IO3UBA aJaT 33 OTUMHU-
3aInmjy u reHeparop KO7a Ha1 dajaosuma OnTkOA pyHKIHjoM 1to_codegen_compile,
Ynju je pe3ynar objeKTHH aj1 KOju je HACTao cHajameM Bulie (ajiroBa OUTKOI, ca
IpUMEIbeHUM ONTHUMHU3aIUjaMa Ha muMa. I[Ipuvehyjemo ma je ontumusaiuje mMo-
ryhe u3BpIIUTH UCK/bYYNBO Ha (hajaoBuMa OUTKOI, TO jecT objekTHH (DhajIOBH ce He

ONITUMHU3Y]y Ha OBa] HAYMWH.

Pezonynuja cnmbos1a HAKOH ONTUMU3AIN]E

Y oBoj daszu nuHKEp YnTa ONTUMH30BaHe o0jeKTHe (hajioBe u axKypupa tabesry
cuM00J1a YKOJIMKO UMa HEKUX 1poMeHa. Ha npumep yKoJiMKoO je yK/bydeHa eJIMMUuHa-
IIAja MPTBOI' KOJIa, JIMHKEeP MOzKe J1a u30aiu Heke cuMbosie u3 Tabese. Y oBoj dhas3u
neMa Buiie ¢ajioBa 6UTKO, TO jecT cBU ajnoBu cy objektHu dajgiopu. Hakon
ONITUMHU3AIMje HACTaB/ba Ce Ca MPOIECOM H3TPa/imkhe KOJa Kao Jia ONTHMA3AIUje Hje

HU 610,

3.2 OnrmMmusaiuja 1eJoBUTOT mporpamMa 6e3

MOAPIIKE JINHKEPA,

[IpucTyn oruMu3alyje meJJOBUTOI porpaMa ca JHHKepoM 3axTeBa Jjunkep Gold
[12], koju y cebu mma moapiky 3a 6ubanoreky libLTO. Ha Hekum cucremnma 0Baj
JIMHKEP HHje JOCTYIAH U TY je HeMoryhe M3BPIIUTH CTAHIAPIHY ONTUMU3AIU]Y TO-

KOM JTMHKOBaIba. AJTePHATHBHU HPHUCTYII je crajaibe cBux dajiaosa outkd LLVM y
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jenan dajn 6uTKO M U3BpIIaBambe ONTUMHU3anmja Hajl TuM dajaom. OBo je Moryhe
saxBasbyjyhn LLVM-oB anary llvm-link [13].

OBUM HpHUCTYIIOM J00HjaMO UCTe HepdOopMaHce Kao €& MPUCTYIOM TIIe HMAaMO
MOJPIIKY JUHKEpa, Ca TUM IITO OBaj IpHCTyI Hehe pagutn ykogmko cBu ¢ajroBu

nucy ¢ajjioBu OUTKO/I, OJIHOCHO HE PAJIU Ca 00jeKTHUM (ajJIOBUMA.

3.3 VYwmerame hyHKIOHIja

YobuuajeHa mpakca y TporpaMupamy je m3/iBajame KOJa KOju ce MOHABha Y 3a-
cebue dyunknuje. l3nBajame KO1a je KOPUCHO 3aTO MITO HA Taj HAYUH U30AILyjeMO
KOIUPamke UCTOr KOJa Ha BUIe MecTa y nporpamy. Ha Taj madmdo He camo jga ce
nosehaBa YHT/HUBOCT IporpaMa, Beh ce cMarbyje MoryhiHOCT rpelliaka, Koje cy Jecrte
npu Konupamy KOma. Ca apyre cTpaHe, mo3uBH (PyHKIHja MOTY OUTH 3aXTEBHU IITO
ce THYe BpeMeHa W3BpINaBama. Kaja ce yHKIMja MO30BE JI0IA3U 0 KPEeHpama
HOBOT CT€K OKBHPA, TIOMepamba MOKa3uBada WHCTPYKIUja Ha MovYeTak Te (pyHKIH]e,
qyBama TPEHYTHOI CTama MO3WBaoNa MYHKIMje Y perucTpuMa u candao. Taxobe,
KO/ (DyHKIHje MOKe OUTH BaH Kellla WHCTPYKIHja, IIITO MOYKe OMTHO YTHUIATH HA
BpeMe u3BpIIaBamba nporpama. Peineme oBux npobiema je ymeramwe dyuxiuja [14]
(eng. function inlining). Ymerawe je 3aMena no3usa (HYHKIHjE Y KOMIAjIHPAHOM
KOy MeJOKYITHUM TesjoM mo3BaHe dyukimje. [lopen Tora mrTo ymMerame eJInMu-
HUIIIE YTPOIIEHO Bpeme 1o3uBa PyHKIUje, OHO Takohe omoryhaBa komiajjiepy Ja
rerepuie ontuMaJsan Koa. [lomrro je meo K61 GpyHKIEje YMETHYT, KOMIIajIep MOKe
U3BPIIUTH ONTHUMHU3aIKje ¥ Behiem OJIOKY, TIITO HEKaa MOYKE JIOBECTH JIO0 3HAYAJHUX
yop3ama.

[Tokazano je ma ymerame (pyHKIHja MOxKe OUTH KOpHUCHO U Hamehe ce JIOTHYIHO
IUATaIbe — KaJ1a je Moryhe u3Bpmutu ymerame? Heke dyHKIHje MOKEMO 0JMaX €JIH-
MHHHCATHU U3 CIIHUCKa KaHAWuJaTa 3a yMeTalbe, YKOJIUKO UMaMO Jde/beHy AMHAMHYKY
OubIMOTEKY, KOMIIajiep HeMa nHMOpMAIUjy 0 KOAY (DYHKIHje TaKO J1a je He MOxKe
ymetnyTH. Caudas npobJeM je ca pyHKIMjaMa Koje ce Haja3e y ApYyruM 00jeKTHIM
dajioBuma.

Bujiesin cmo ja ymerame nma BesiuKd Opoj HpejHOCTH, aju Ja I'a HUje Moryhe
VBeK YPaJuTH, Ja JTU OHJa YBEeK YMeTHYTH MYHKIN]Y Kaja je To Moryhe? Oarosop je
ne. [lope BeuKOT 6poja MPETHOCTH, YMeTalhe UMa 1 HeKe MaHe. JeJiHa oj MaHa je
nopehame BeJinInHe U3BPITHOT (ajjia, MOroToBo Kaja PyHKIIje UMajy BEJIUKH OPOj

HHCTPYKIHja. 300T TOora MIAaK MOpa IOCTOjaTH KoMmmpomuc usMehy nepdomancu
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porpaMa u BeJUYruHe W3BPITHOT (ajJia.

DyukImje ca BeIUKUM OpojeM HHCTPYKIHja MOTY HETATHBHO JIa yTUIY Ha 1mepdo-
MaHCe, TaKO IITO YTUUY Ha KeIll HHCTPYKIIHja, jep BeIUKH Opoj MHCTPYKIIHja PYIIH
JIoKamHOCT pedbepenin. Ha npumep yKoJnKo Kommnajiaep ymeTHe (pyHKIU]Y ca BeTH-
KuM OpojeM MHCTPYKIja YHyTap mer/be, BPJIo je moryhe ja Taj 6JI0K BUIE HE CTaje
y Kelll MHCTPYKIMja, U OHJIA IIPU CBAKO] UTEPAIUju LeT/be J0Ja34 JI0 IIpoMaliiaja
Kerra. 300r Tora ce 0OMYHO M3beraBa ymerame oBakBHX (yHKNHUja. Takobhe, byHK-
IHje Koje ce CKOPO HUKAJa He TO3UBAjy, HeMa CMHC/Ia YMETATH. Y MEeTarheM TaKBHX
dyukiuja nehemo 100uTH HUKAKBE IPEIHOCTH Y IepdoMaHcamMa, cCaMoO MOKEMO I10-
BehaTu BeMUMHY M3BPIIHOT bajJia.

Jla 6u KoMIIajjiep reHepucao ONnTMUMAJIAH KOJI, KOPUCTH XEYPHUCTUKE, TTPEKO KO-
jux onpebyje ma nm Heky pyukiujy Tpeda ymernytu uin He. burae undopmarnuje
KOje KOPHCTe XeYPUCTUKe Cy KOJIUKO (DYHKIHMja UMa WHCTPYKIHja, KOJTUKO MyTa ce
[O3WBa Yy TOKY IIporpaMma, Jia Ju je (pyHKIHja KOpHIINeHa y OCTaJHM O0jeKTHUM
dajioBuMa U CANYHO.

[Topen oBe cTaTuuke aHAIN3E CIOKEHOCTH (DYHKIIH]jA, T/Ie KOPUCTUMO (DUKCUPAHE
rpanuiie (eng. threshold) 3a 6poj ucHTpyKIHja, o3uBa UTI. U Tako oapehyjemo aa
Ji Tpeba ja ymernemo (hyHKIH]Y, TOCTOjU U JUHAMYKA aHa/n3a. nHaMumdyka ana-
JIn3a KopucTu nudopmaliyje Koje ce jobujajy npuimkoM upodajiupatba mporpama.
Ha oBaj nauun mMoxkeMo J00OUTH Ipenu3Huje uHdOpMalje 0 CaMUM THM 00Jbe Tep-
domarce mporpama moc/ie ONTUMHU3AIM]e, AT CaMO Y CJIy4ajy Jla TeCTHO OKPYZKeHhe
IporpamMa CUMYJIUpa Peajiny CUTyalujy y kKojoj he ce nmporpam msspiasatu. ¥y Cy-
IIPOTHOM MOZKeMO JOOUTH JIOIH]je TeppoMaHce Hero CTaTHIKoM aHaJu3oM. [Ipodaj-
JITPAI-eM MOXKEMO OTKPHUTH JIeJIOBe KOJIa KOju ce delihe U3BPIIaBajy, ¥ KOMIIajIep
MOKJIaha MOCeOHY TayKiy ONTHMHU30Bamy H yMmerTamy (pyHKIHMja Koje ce Hajase y
THM JIeJIOBUMA.

[Iporpamep MozKe y I3BOPHOM KOJY CUTHAJIN3UPATH KOMIA}JIepy 18 U3BPIIH yMe-
Tambe aTpudyToM always_inline, Ha cucremmma Unix, ajm HE TO He rapaHTyje Ja
he na kpajy dyukiuja 3aucra 6UTH yMeTHYTA.

Y HacraBky Oumhe mpuWKa3aH jelaH MpUMep e je Moryhe U3BpIIUTH yMeTambe

YKOJUKO je YK/by4eHa ONTUMHU3AINja MeJJOBUTOT MporpaMa.

//square . hpp

int square(int);

//square. cpp

int square(int a){
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return a *a;

//main. cpp
#include "square.hpp"

#tinclude <iostream>

int main () {
0;

int result

for (int 1 0; 1 < 100; i++){
result+= square(i);

}

std::cout << result;

Jluctunr 3.6: [Ipumep ymerama dyHKIHTje

Y nacraBky npukasahemo pasiuke mehypenpesentamuje LLVM 6e3 u ca onrtu-

ME3aIIje MeJ0BHTOr TporpaMa. [Ipesenen? je KO w3 aucTHHTA 3.6.

Function Attrs: norecurse uwtable

define i32 @main() local_unnamed_addr #4 !dbg !'966 {
call void @llvm.dbg.value(metadata i32 O,
metadata !968, metadata !DIExpression()), !dbg !971
call void @llvm.dbg.value(metadata i32 O,
metadata !969, metadata !DIExpression()), !dbg !972
br label %3, !'dbg !'973

; <label>:1: ; preds = %3
%2 = tail call dereferenceable (272)
%"class.std::basic_ostream"x*
@_ZNSolsEi(%"class.std::basic_ostream"x*
nonnull @_ZSt4cout, i32 %7), !'dbg !'974
ret i32 0, !dbg !'975

; <label>:3: ; preds = %3, %0

%4 = phi i32 [ 0, %0 1, [ %8, %3 1

%5 phi i32 [ 0, %0 1, [ %7, %3 1

call void @llvm.dbg.value(metadata i32 %5,

metadata !968, metadata !DIExpression()), !dbg !971

2cBu TpEMepH y pajdy IpeBeieHH cy KoMmajaepoM Clang ca mmBooM omtmMmsanuje -O3 u
OTITUjOM -g.
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call void @llvm.dbg.value(metadata 132 %4,

metadata !969, metadata !DIExpression()), !dbg !972
%6 tail call i32 @_Z6squarei(i32 %4), 'dbg !'976
%7 = add nsw 132 %6, %5, !dbg !'979

%8 = add nuw nsw 132 %4, 1, !dbg !980

call void @llvm.dbg.value(metadata 132 %8,

metadata !969, metadata !DIExpression()), !dbg !972
call void @llvm.dbg.value(metadata i32 %7,

metadata !968, metadata !DIExpression()), !dbg !971
%9 = icmp eq i32 %8, 100, !dbg 1981

br il %9, label %1, label %3, !dbg !973, !1llvm.loop !982

; Function Attrs: nounwind readnone speculatable
declare void @llvm.dbg.value(metadata,

metadata, metadata) #5

declare dereferenceable (272)
%"class.std::basic_ostream"x*
@_ZNSolsEi(%"class.std::basic_ostream"*, i32)

local_unnamed_addr #1

; Function Attrs: nounwind readnone uwtable
define i32 @_Z6squarei(i32) local_unnamed_addr
#6 !dbg 1984 {
call void @llvm.dbg.value(metadata i32 %0,
metadata !986, metadata !DIExpression()), !'dbg !987
%2 = mul nsw i32 %0, %0, !'dbg !988
ret i32 %2, !dbg !989

18

Jluctunr 3.7: Mebhypenpesentamuja 6e3 onTHMU3AIM]E TETOBUTOr IPOTPaMa,

; Function Attrs: norecurse uwtable

define dso_local i32 @main() local_unnamed_addr

#4 1dbg 1966 {
call void @llvm.dbg.value(metadata i32 O,
metadata !968, metadata !DIExpression()), !dbg !971
call void @llvm.dbg.value(metadata i32 O,
metadata !969, metadata !DIExpression()), !'dbg !972
%1 = tail call dereferenceable (272)
%"class.std::basic_ostream"x*

©@_ZNSolsEi(%"class.std::basic_ostream"* nonnull
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@_ZSt4cout, i32 328350), !dbg !'973
ret i32 0, !dbg !'974

; Function Attrs: nounwind readnone speculatable
declare void @llvm.dbg.value(metadata,

metadata, metadata) #5

declare dereferenceable (272)
%"class.std::basic_ostream"*
@_ZNSolsEi(%"class.std::basic_ostream"*, i32)

local_unnamed_addr #1

Jluctunr 3.8: Mehypenpeszenranuja ca onTUMH3ANUjOM [IEJTOBUTOT IIPOI'PAMa

Ako mornegamo mMehypenpeseHTanujy w3 jJucTuHra 3.7, 6€3 onrTmMu3aiuje me-
JIOBUTOT TpoTpaMa, BUIMMO JIa je OHA jaKO CJAWTHA U3BOPHOM KOy, KOMIIajIep He
BHU/IM Teslo DYHKIMje square, TaKO jJa He MOXKe HeKe 3HA4YajHUje ONMTUMHU3AIHje Ta
m3Bpmu. Ca gpyre crTpaHe y JUCTHHTY 3.8, KaJia je yK/bydeHA ONTHMUBAIN]a Tie-
JIOBATOT IIPOTPaMa, KOMIIajjiep ycuena ja ymerae (ynkiujy. OBuM ce KOMIajjiep
He caMoO Jia TeHepule KOJ KOjU He CaJpKU TPOIakK mo3mBa dbyHKNHja, Beh omo-
ryhaBa n ocraje onTuMu3anyje. 3aTo IMITO Caja UMaMO Tejao (byHKIHje y OJI0KY
net/be, KoMIajiep ysuba jia ce ner/ba U3BpIIaBa KOHCTaHTaH OpOj IyTa U Ja HeMa
noTpebe CTAaTHO H3PAYYHABATH HCTY MPUJINKOM TTIOKPeTamba porpama, Beh BpemHOCT
MpOMeHJ/bUBe result Moyke Ja ce W3padyHa y TOKY KOMIIJIAIHje MPOrpaMa, CaMuM
THM C€ KOMIIajJiep eJIUMHHUIIE TeT/by U KOJ OKO he. Y MOo3uBY (DyHKIUje BUIAUMO

pe3yJaTaT U3pavdyHaBalba :

tail call dereferenceable (272) Y%'"class.std::basic_ostream"x*
@_ZNSolsEi(%"class.std::basic_ostream"

* nonnull @_ZSt4cout, i32 328350)

Taxkobe, Burre Hema norpebe 3a moctojambeM (yHKIHje square (BUIIE e HULJE He

KODHCTH) U OHA je m30pucaHa W3 u3BPIIHOT hajia.

3.4 EjaumMumHamuja MpTBOT KOJQ

Ennvnnanuja mpreor xéaa [16] (eng. dead code elimination) je xommajiep-
CKa ONTUMH3AINKja KOja eJUMUHUINE KOJ KOju He YTUUe Ha pe3yaTaT U3BpIIaBarmba

nmporpaMa. YKJIamambe MPTBOT KOJa WMa MHOTe MPEeJHOCTH: CMambyje BeJTHIUHY
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U3BPIITHOT MpOrpaMa, mo0oJbIIaBa JOKATHOCT HHCTPYKIINja, YKIAHhAmeM HemoTped-
HUX MHCTPYKIMja Takohe nmosehasa Op3uHy m3BpIIaBarbha nporpama. bes3 ykibydene
ONITUMU3AIKje TEeJOBUTOr MpOTpaMa KOMMAjaep MOYKe /3 eJTUHUIIe JOKATHEe MPO-
MeHJ/bUBE, YMETHYTe CTATH4IKe (DYHKIMje Ka0 U CTATU4IKe TI00aJiHe MPOMEHJbUBE.
To panu jeanocTaBEuM HpahemeM MO3UBA CBUX CTATHYKUX I7100aj1a U CBPCTABambeM
UCTHUX Y YKUBE WJIM MPTBE CKYHOBE, y 3aBUCHOCTH JI& JIU C€ 17100aJ1 KOPUCTU UJIU HE.
[Cnobamu cy uiaeHTudUKATOPH KOju nMajy miobasiuu omncer (eng. scope). To 3Hauw
Jla Cy OHM BU//bHUBHU YHYyTap IeJOr TporpamMa, TO jeCT CBakKa jeauHuIa mnpeohema
MOKe BUeTH Ij100aJs aedpuHrcan y HEKOj Apyroj jemumHuiu mnpesohema. 30or Tora
cMe IIOCTOjaTh caMo jejHa JeduHuimja rrodana. [nobaam mory outn dbyHKIH]e,
mpoMeH/buBe, Kiace... Cse ryiobajie W3 MPTBOT CKyTa, HA KPajy ONTHMU3AIUOHUX
npoJia3a, Moxkemo ejuMuHECATH. Ca YK/BYIEHOM ONTHUMHU3AINNjOM MEJTOBATOT MPO-
rpamMa MOXKeMO M30AIHUTH He caMO CTaTHYKe IJIo0ajIHe MpoMeH/buBe min hyHKIH]e,
HEero cBe ro0aje Koju ce He KopucTe. (OBaj MOCTYIAK ce M3BPIIaBa TOKOM JIMHKO-
Bama W OMHUCAH je y ceknmju 3.1.

[Ipumep enmnvunamnumje MpTBOr KOma cMo Beh Bugenun y jquctunry 3.8 y KojeM je
KOMTIajJiep YKJIOHNO (DYHKIH]Y square jep ce HHje KopucTtuia. Ilporpam y suctuaTy

3.9 mpukazahe 0BO Ha HEKOJIMKO OYHTJICIHUjUX TTPUMeEpA:

//a.hpp
int fool(void);
void foo2(void);

void foo4(void);

//a.cpp
#include "a.hpp"

static signed int i = 0;
void foo2(void) A

i = -1;

static int foo3() {
food () ;

return 10;

int fool(void) {
int data = 0;




IVIABA 3. OIITHUMU3AIINJA IIEJIOBUTOI ITPOT'PAMA

if (i < 0)
data = foo3();

data = data + 42;

return data;

//main.cpp
#include <iostream>

#include "a.hpp"
void foo4(void) A

std::cout << ("Hi\n");

int main() {

return fool();

21

JImetunr 3.9: Ilpumep ermMuHaITje MPTBOT KOIa

Function Attrs: uwtable

declare dereferenceable (272)
%"class.std::basic_ostream"* @_ZSt16__
ostream_insertIcStllchar_traitsIcEERSt13basic_
ostreamIT_TO_ES6_PKS3_1

(%i"class.std::basic_ostream"x*

dereferenceable (272), i8%, i64) local_unnamed_addr #1

; Function Attrs: uwtable

define void @_Z4foo4v() local_unnamed_addr #0 !'dbg !983 {
call void @llvm.dbg.value(metadata
%"class.std::basic_ostream"* @_ZSt4cout,
metadata !984, metadata !DIExpression()), !dbg !1048
call void @llvm.dbg.value(metadata i8%
getelementptr inbounds ([4 x i8], [4 x i8]*

@.str, i64 0, i64 0),

metadata !993, metadata !DIExpression()), !'dbg !1050
%1 = tail call dereferenceable (272)
%"class.std::basic_ostream"*

@_ZSt16__ostream_insertIcStllchar_
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traitsIcEERSt13basic_ostreamIT_TO_ES6_PKS3_1
(%"class.std::basic_ostream"* nonnull dereferenceable (272)
@_ZSt4cout, i8* nonnull getelementptr

inbounds ([4 x i8], [4 x i8]* @.str, i64 0, i64 0),

i64 3), !dbg !'1051

ret void, !dbg !'1053

; Function Attrs: norecurse uwtable

define i32 @main() local_unnamed_addr #5 !dbg !1054 {
%1 = tail call i32 @_Z4foolv (), !'dbg !1055
ret i32 %1, 'dbg '!'1056

; Function Attrs: norecurse nounwind uwtable

define void Q@_Z4foo2v() local_unnamed_addr #6 !dbg !'1057 {
store il true, i1* @_ZL1i, align 4
ret void, !dbg !1058

; Function Attrs: uwtable

define i32 @_Z4foolv() local_unnamed_addr #0 !dbg !1059 {
call void @llvm.dbg.value(metadata i32 O,
metadata !1061, metadata !DIExpression()), !dbg !1062
%1 = load i1, il* @_ZL1i, align 4
br i1 %1, label %2, label %3, !dbg !1063

; <label>:2: ; preds = 70
tail call void @_Z4foo4v (), !'dbg !'1064
call void @llvm.dbg.value(metadata i32 10,
metadata !1061, metadata !DIExpression()), !dbg !'1062
br label %3, !dbg !1068

; <label>:3: ; preds = %2, %0
%4 = phi i32 [ 52, %2 1, [ 42, %0 1]
call void @llvm.dbg.value(metadata i32 %4,
metadata !1061, metadata !DIExpression()), !dbg !1062
ret i32 %4, !'dbg !'1069
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Jluctunr 3.10: Mebhypenpesenranuja 6e3 onTUMHU3aIKje MEJOBATOT IPOrpamMa

; Function Attrs: norecurse nounwind readnone uwtable
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define dso_local i32 @main() local_unnamed_addr #4
tdbg 1982 {
ret i32 42, !'dbg '983

Jluctunr 3.11: Mehypenpesentanuja ca ONTHMHU3AIKJOM IIEJTOBHTOI IIPOrpaMa

Y aucturry 3.10, 6e3 onTUMHU3AIK]je IeTOBUTOT MPOrpaMa, BUINMO Ja je KOMIIaj-
Jiep ymernyo yukimnjy 003 u oHa ce He HaJIa3uW YHyTap u3BpiiHor ¢gajiaa. Kommaj-
Jiep je ycreo jia eauMubuiine (pyHKIU]y jep je OHa CTaTUYKa, ajau OCTaJje HUCY TaKO
Jla ce oHe HaJjase y m3BpmiHoMm dajiry. Buaumo na je m k61 Mehypenpesentanmje
CJIMYaH M3BOPHOM, TaKO JIa KOMIIajJiep IopeJI yMeTamba, Hje yCIeo jia M3BPIIN HeKe
Behe onTumusarmje.

Ca gpyre crpamne, y jguctuury 3.11, ca ONTHEMHU3AIKjOM HEJIOBUTOr MPOrpaMa,
BHJIUMO J1a je Yy u3BpIIHOM (ajsry ocraja camo (byHKIKja main, Koja Bpaha Bpej-
voct 42. Jla 6ucmMo yTBpAHIN KAaKO C€ TO JOTOMJIO0, IIPOJIA3N Ce KPO3 Ieo MPOIEeC
OMTUMU3AIIKje OBOT MMPOrpaMa, ca YKJbYUYeHOM OMITUMI3AIIH]OM IIeJIOBHTOT MPOTPaMA.

JIunkep npBo npenosnaje jga ce pyHkiuja £002 He KOPUCTH HUTIE Y IPOrpamy,
masbe Ty uHbOpMAaImjy KoMmmajiepy (KOHKPeTHO ajarTy 3a ONTHMU3AIH]y) U OH je
opurnie. Yum oOpuie GpyHKIM]y, ajgaT 3a OUTUMUBAIMU]Y BUAU J1a yejaoB i < 0 HU-
KaJIa HUje MCIIYE-eH, TaKO JIa MOXKe Ja OOpHIle u Taj jgeo K61a aaud u pyHKImUjy £003,
jep ce oHa caja Buiiie Hehe KopucTuTu. JIMHKEp caja nperno3Haje jga ce (hyHKIHja
f004 He KOpPUCTHU BUIIE TaKo Ja ce u oHa Opuire. Ha kpajy ocraje camo dyHKIH]ja
fool xoja yBek Bpaha BpeaHocT 42, TO aJiaT 3a ONTUMHU3AIMU]Y HpENo3Haje, YMETHe

je, opuire u Bpaha BpeiHOCT 42 Kao MOBPATHY BPeIHOCT (PYHKIHje main.

3.5 JleBupryaamsamnmja

Hesupryamusanuja [17] (eng. devirtualization) je mocTymax 3ameHe BUPTYaJ-
HUX T03MBa (PYHKIFja HENOCPEIHUM HO3MBHUMA. Bupryananu nmo3msBu (byHKIHja CY
CITOPHjU OJT HETIOCPEIHUX, MITO Y CHCTEMUMA y KOjuMa je Op3WHa M3BpITaBatba Mpo-
rpamMa KJbydHa MOKe Ja Oy/e BeJuKH mpodseM. 300r TOora je MO:Ke/bHO W3BPIIUTH
JIeBUPTYAJIU3AK]y Kaja roj je To moryhe. /[leBupryanusamuja ce HajedpuKacHuje
MOYKe U3BPINMUTU MPUIUKOM ONTUMHU3AIK]E TEJTOBUTOT MPOrpamMa, aju MOCToje TPU
cJiydaja y KOjuMa KOMITajjiep MOXKe Jia 3aKJ/bydH Jla je JAeBHpTyasm3aiuja Moryha,

0e3 yBHIa y IeJOKyIaH mporpaMcku K61, [IpBo he Outn onucanu Tu ciIydajeBu.
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Ilo3nar nuHAMUYKN TUN 00jeKTa

VKOMKO je KoMTajaepy NO3HAT AUHAMUYKH TUII 00jeKTa IPHU KOMIIajIHPaby, OH

MOXKe JIa JIeBUPTyaJ/u3yje no3us (pyHKImje.

#include <iostream>
struct Base{

virtual int f(){return 1;}

};
struct Derived : Base{

int f() override {return 2;}
};

int main (){
Derived d;
Base * b = new Base();
std::cout << b->f();
std::cout << d.f();

Jluctunr 3.12: Ilpumep ca mo3HaTuM JTUHAMHUYKHM THIIOM 00jeKTa,

; Function Attrs: norecurse uwtable

define i32 @main() local_unnamed_addr #4 !dbg !'964 {
call void @llvm.dbg.value(metadata %struct.Derived* undef,
metadata !966, metadata !DIExpression()), !'dbg !985
%1 = tail call dereferenceable (272)
%"class.std::basic_ostream"* @_ZNSolsEi
(%"class.std::basic_ostream"* nonnull @_ZSt4cout, i32 1),
'dbg !986
call void @llvm.dbg.value(metadata %struct.Derived* undef,
metadata !966, metadata !DIExpression()), !dbg !985
%2 = tail call dereferenceable (272)
%"class.std::basic_ostream"* @_ZNSolsEi
(%i"class.std::basic_ostream"* nonnull @_ZSt4cout,
i32 2), !dbg 1987
ret i32 0, !dbg !'988

JIuctunr 3.13: Mehypenpesenranuja mporpama u3 JuctuHra 3.12

Y sumetuary 3.13 BHAM ce 1a KOMIIAjaep YCHENTHO JeBUpPTyaansyje u ymehe mo-

3uB £->b() jep mma mHbOpMaNujy ga je TPOMEH/bUBA b WHUIMjAJIN30BaHA HA NEew
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Base(). lIpomensbuBa d je tuna Derived, ma Ty W He IOCTOjU BHUPTYEJIHU MO3UB U

HopeJ| Tora IITO je uiancka pyHKnuja f BupTyasHa. 3

Kipyuna ped final

Y nporpamckoM je3uky C++ kipyuna ped final o3HauaBa Ja pyHKIHja HEe MOKE
6utu npenparbeHa (eng. override) y msBeseHoj kiacu (YKOJUKO ce KJbydHA ped
final wanasu y mornucy (byHKIMje) WIK Ja Ce U3 Te KJIace He MOYKe M3BECTH HOBa

kjaca (YKOJIMKO ce KJbydHa ped final HaJa3u y HOTIHCY KJace).

struct Base{

virtual int f(){return 1;}

};
struct Derived final : Based

int f() override {return 2;}
};

int func(Derived *d){
return d->f();

Jluctunr 3.14: Tlpumep ca x/byanom pedjy final

3a pasnmky oz npuMepa y JaucTuHry 3.12 oBae cmo crpykrypy Derived obGese-
KA KJBYYHOM pedjy final. To roBopu KoMmIajjiepy Jia HE Y 0BOj, &l HH Y OHJIO
K0jOj JIpYyroj jeMHUIM IpeBohemba, He MOXKe IIOCTOjaTH CTPYKTYpa Koja je u3BejieHa
u3 crpykrype Derived. To cazname omoryhaBa Kommajjaepy Jia U3BPIIH JEBHUP-
ryaauzanujy nosmsBa ¢gyuknuje £(). IIpmmehyjemo kama He OGHCMO €KCILTUIUTHO
obenexkmu Derived ca final aesupryasiuzanuja He 6u Ouya moryha, jep Komiaj-
JIep He MOXKe Jia 3Ha Jla JIN Y HeKO] JPYTOoj jeIMHUAIIHN ITpeBohera MoCTOji CTPYKTYpa

u3BejieHa u3 crpykrype Derived u camum TuUM lipelrpaB/beHa (DyHKIU]A.

YHyTpalimkha BUI/bUBOCT

Kana xazkemo 1a HeKa NPOMEH/bUBA WK (DYHKIM]A IMA YHYTPAIILY BAI/LUBOCT
|18| (eng. internal linkage) To 3na4m ja je oHa BHI/BMBA CAMO YHYTap CBOje jeju-
auie rpancaanmje. 11ITo 3Ha9m 18 yKOJIUKO MMaMO CTPYKTYPY, HJIN KJIacy, KOja uMa

YHYTPAIIby BUJJBUBOCT, KOMAIL]JIeP MOKEe JIEBUPTYAIU30BATU MO3UB (DYHKIIHjE jep

3Kasma IpoMeHIbIBa HEje MOKA3HBAUKOr MIH pedbepeHIIHOr THI, KOMIajiep 3Ha Ja HO3HB He
MOKe OMTH BHPTyaJIaH.
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je curypan na oHa Hehe Mohm Outm mpenpas/beHa. OBaj IPUHIUN je CIAMIAH J0a-
Bamby KJ/byune peun final. Jegan jegHocTaBan HaYWH J@ Kjaca J00Hje YHYTPAIThy
BHJIJBUBOCT jeCTe CMeITame uere y Gesumenu mpocrop uMmena [19] (eng. unnamed

namespace). OBaj IPUHIKI TPUKA3aH je y JUCTUHTY 3.15.

namespace
struct Basef{

virtual int f(){return 1;3}

};
struct Derived : Base{
int f() override {return 2;}
};
}

Jlmctunr 3.15: [Ipumep ca yHyTpaIrmoM BUI/bUBOCTH

JeBupryaan3sanmuja moMmohy onruMmmnsaliyje 1ieJI0BUTOT

nmporpama

[Ipukazane cy curyanmje Kajga KOMIajiep 0e3 ONTUMU3AIHje IEJOBUTOr IMPO-
rpaMa MOYKe Ja W3BPIIH JeBUpTyaan3anujy. Y Behunu curyanuja HeheMo HaMJTa3uTH
Ha TaKO jeJHOCTaBHE cjyd4ajeBe, a m 4yecto he npedunHuIuje BupryaJanx (QyHKIHja
OUTH y IPYTHUM jeIMHUATIAMA TPAHCAAIje. 300T TOTa MITO KOMIAjaep BUIN 1e0 TPO-
rpaM, Kajia je YK/bydeHa ONTHMHU3AINja [eJOBATOr MporpaMa, OH BUJIM U (DYHKITHje
U KJace, TAKO Jla MOKe Jia U3BPIIH JIEBUPTYAJIU3AINN]y arpecuBHUje. Y HACTaBKY
ouhe npuxaszan npumep y Juctunry 3.16, Koju mma caMo jejiaH u3BopHu haji u

Wwerose onrosapajyhe mehypenpesenranuje y auctuasuma 3.17 n 3.18.

#tinclude <iostream>

struct Base

{
virtual int f() { return 1; }

}s

struct Derived : public Base
{
int f() override { returm 2; }

}s

int g(Derived =*obj)
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return obj->f();

int main ()
{
Derived *obj = new Derived();

std::cout << g(obj);
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JImerunr 3.16: IIpumep neBupTyam3almje

; Function Attrs: uwtable
define i32 Q@_Z1gP7Derived()struct.Derivedx*)
local_unnamed_addr #0 !dbg !'964 A
call void @llvm.dbg.value(metadata %struct.Derivedx* %0,
metadata !985, metadata !DIExpression()), !'dbg !986
%2 = bitcast Ystruct.Derived* %0 to 1i32
(lhstruct.Derived*) **x, !dbg !987
%3 = load i32 (%struct.Derived*) *xx,
132 (Y% struct.Derivedx*) *xx*x 92,
align 8, !dbg !'987, !'tbaa !988
%4 = load i32 (Y%struct.Derived*)x*,
i32 (%struct.Derivedx) **x %3,
align 8, !dbg !987
%5 = tail call i32 %4 (V)struct.Derivedx* J0), !dbg !987
ret i32 %5, !'dbg !'991

; Function Attrs: nounwind readnone speculatable
declare void @llvm.dbg.value(metadata,

metadata, metadata) #4

; Function Attrs: norecurse uwtable

define i32 @main() local_unnamed_addr #5

tdbg 1992 {
%1 = tail call dereferenceable (272)
%"class.std::basic_ostream"x*
@_ZNSolsEi(%"class.std::basic_ostream"* nonnull
@_ZSt4cout, i32 2), !dbg !995
ret i32 0, !dbg !996
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Jluctunr 3.17: Mehypenpesenranuja 6e3 oITHMHA3AIM]E IEJOBATOr IIPOrpaMa

; Function Attrs: norecurse uwtable
define dso_local i32 @main() local_unnamed_addr #4 !dbg !964 {
%1 = tail call dereferenceable (272)
%"class.std::basic_ostream"x*
@_ZNSolsEi(%"class.std::basic_ostream"* nonnull
@_ZSt4cout, i32 2), !'dbg !'984
ret i32 0, !'dbg '985

Jluctunr 3.18: Mehypenpesentanuja ca ONTUMHU3AIKJOM IIEJTOBHTOI IIPOrpaMa

Y quctunry 3.17 mocToje MHCTPYKIIHIje 3a y3UMahe BPeTHOCTH BUPTYATHOT MOKa-
3UBava M MO3UBaIbe BUPTyaJHe (DyHKIMje, IITO 3HAYHM Ja KOMIIAjaep HUje yCIeo J1a
JIEBUPTYaJIU3yje MO3UB UAKO BUIU TeJI0 PYHKIHje U Kjaace. 1o ce jgenrasa 300r Tora
ITO KOMIAJJIep He 3Ha JIa JIM y HEKOj JIPYroj jeJMHuIu 1peBohermba MOoCToju KJiaca
Koja je m3BeJeHa u3 kKJace Derived m 360r Tora He MOXKe JIa U3BPIIH ONTHMH3A-
muje. Ca yK/BYyI€HOM OMTUMH3AIIJOM TIEJOBUTOT MPOTPaMa KOMITAjaep BUIN 1A He
MMOCTOjM KJaca u3BeJieHa n3 Kjace Derived m KoMIajJjiep yCIENTHO JIeBUPTYAJIU3Y]e,

a 3atuM u yMehe nosus dyHKImje.
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ThinLTO

Y mpeTxoqHOM MOTJIABJbY OMHCAHE CY ONMTUMU3AIMje Koje oMoryhaBa ONTHMU3a-
IIHAja [EJJOBUTOI IporpaMa 1 Koje MOry 3HadajHo 100o0/bIIaTu nepdopMaHce HaIler
nporpama. Takobhe, BUjen CMO KakKo je UMILIEMEHTHPaHa CTaHIAP/IHA ONTHMU3A-
[HMja TOKOM JIMHKOBalba, JIMHKED Jj00uja dajioBe 6uTko1, ymecTo o0jeKTHuX daj-
JIOBa, 3aTHM ce TU (ajioBu OUTKO cllajajy v jeJaH u HaJl THM (ajaoM ce BpIIe CBe
ONITUMH3AIIH]€.

Crangap/Hu MPUCTYII UM HEKOJMKO MaHa. [IpBu mpobsem je To mTo ce rybu
MIpeTHOCT MapaJseTHOT KOMIIa)aupamba, Koja MOCTOJU KaJla HUje aKTHBHA ONTHMMI3a-
IKja neJoBUTOT mporpama. Ha ciauiu 4.1 ce Buim J1a OCTOjU HapaJietHO HpeBobherbe
u3Bopuux ¢ajaora y dajaope OuTkOL aau 300r cnajama cBUX (pajaoBa y jegaHn Be-
JIMKHA pajsr OUTKO, Ta TPEIHOCT ce KaCHUje TYOU 3aTO IITO CBEe ONTHMU3AIIMje HaJ
tuM dajaoM Mopajy Ja ce paje 6e3 MoryhHOCTH apesnean3aiuje. 300r Tora KOMIIaj-
JIIpame Tpaje MHOIO JyzKe Hero 6e3 onTuMu3aliije HeJOBUTOr mporpama. lakohe,
3a CBAaKy MPOMEHY y OMI0 KOM M3BOPHOM hajlry, MOPajy Ce UCIOYEeTKA BPITUTU CBE
ONTUMHU3AIKje Ha 00jeTubeHoM (ajJry, IITO MOHOBO H3Y3€THO YTHUYE HE BpeMe Ipe-
Bohema. Jomr jenan BesuKkd mpobJieM OBOT MPUCTYTA je€ TO IMTO caja y MEMOPHUjU
MOpajy Jia ce HaJjase MehypernpeseHTaluje CBUX KOMITHJIAIMOHUX JEJIMHUIIA OJIj€/I-
HOM, cliojeHe y jeany. Yecto je Hemoryhe U3BpIIATH ONTHMUBAIM]Y [IEJOBHTOT IIPO-
rpama, IMOroTOBO Ha MalllMHaMa KOje HeMajy BeJIMKy pajHy memopujy. llpucrym 3a
peraBate oBux npobsaema je ThinLTO [20].

ThinLTO je moBu mpuctyn Koju omoryhasa caumdbe nepdgoMaHce IpHU IPeBO-
bemy Kao Kaja HUje YK/byUeHA ONTHUMHU3AIK]ja MEeJOBATOT MPOTpaMa, JOK 3a/IprKaBa
BehmHy onTuMu3aIuja u caMuM THM epdopMaHce U3BPITHOT ¢hajaa Kao peryjapHa

ONTUMU3AIK]ja 1eJoBUTOr mporpama. [Ipm ontumuszanuju ThinL'TO, 3a pasmuky ox

29
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Cnnka 4.1: Crangapamn mporec ONTHMHE3AII]e TOKOM JINHKoBama. CIMKa mpeysera
ca ananka , ThinLTO: Scalable and Incremental LTO” [21]

KJACHYHe ONTHMH3AINje MeJTOBUTOT MPOrpaMa, YMeCcTO yIuTaBama dhajioBa OUTKO
u cuajama y jeman, Thin'TO 3a cBaky jenunuily npeBohema qyBa KpaTak pe3uMe 3a
aHAN3Y y KOPaKy JUHKOBama. Y3 pe3uMe 4yBajy ce W JIoKaluje (pyHKIINja 3a Ka-
CHUje yMeTame y Apyre jenunauiie npesohema. Kimpyduna ontumuzanuja kojy ThinLTO
omoryhasa je ybanuBame camMo OHUX (DYHKIIHja KOje cy moTpedHe KOHKpeTHOM hajiy
ouTKO/ M Koje he Gutu ymernyre y Tom dajiy outko. U raj nocrynax ce pajau 3a
cBaku bajn OMTKO, IMITO 3HAYHU JIa HEeMa cliajarba, Behl ce u Jasbe MoCTynak U3BP-
maBa napaJseaHo. [Ipomec ontumuzamnuje nemosuror nporpama ThinLTO noxemen

je Ha Tpu dase:

1. IlpeBobheme — renepuiry ce Mehypenpesensanuje Kao U y CIy4ajy CTaHaap-
HOT MpOoTleca ONTHMU3AIje TeJOBUTOT MPOrpaMa, ca TUM TITO €aja UMaMO U

pes3mnMe y3 cBaKy MehypenpeseHTarujy.

2. JlunkoBame — JUHKEpP KOMOHMHYje pe3umMee U3 MPOINLIOT KOpaka U BPIIH aHa-

JIA3Y.

3. 3a1mbu J1e0 — MapaJiesiHa ONITUMHU3AIN]a U TeHephcambe KOJIa.
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Caunka 4.2: ThinLTO nporec ontumuzanuje. Canka npeysera ca wianka ,, ThinL, TO:
Scalable and Incremental LTO”

Kibyunn meo ontumuzanuje ThinLTO nemmaa ce y mpBoj da3u, a TO ¢y Kpenpama
pesumea. Cpaka ryobajHa TPOMEH/bUBA W (PYHKIMja Ce HaJia3e y pe3uMey, 3a Ty
jeunuity npesohema. Pe3ume cajip:Ku 1O jeHO 1MOJbe 38 CBaKU CUMOOJ U Yy TOM
IOJbY Ce HaJIa3e MoJald KOju ommucyjy Taj cumoos1. Ha npumep, 3a GyHKIH]Y, v TOBY
YHyTap pe3uMea MOXKe JIa CTOjH IbeHa BHJ/bUBOCT, OPOj HHCTPYKIHUja Koje (pyHKIHja
cajp:ku, mHdopmalmje 3a npodajupame YKOJIUKO Cy MoTpedHe u candHo. JlogaTHo,
cBaka pedepeHiia mpemMa IpyromM cuM6o.1y (mo3us apyre GyHKITje, y3uMAabe aIpece,
IpUCTyTIatbe TI00aly) ce 3amucyje y pe3uMe W Tako ce rpatu rpad nosmsa (eng.
call graph). Ose undopmannje omoryhasajy Kpeuparme KOMILIETHOD Tpada TOKOM
daze smnkosama. ThinLL.TO je jegnocraBHo akTuBuparT, camo je noTpedbHo 101aTu
-flto=thin y KOMaHIHO] JHHUJU TPUIUKOM KOMIIAjIHPAHA.

Y macraBxky 6uhe npukaszana pazanay usmehy nepdopmancu, MEMOPHjCKUX 3a-
XTeBa Ka0 W BPEMeHa KOMIajaupama n3Mehy OnTHMH3aIje TOKOM JUHKOBAHA W
ThinLTO-a.

Ha coumm 4.3 mokazano je Ja y HpoceKy CTaHJAapJAHa ONTUMHU3AIIja Jaje 3a
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SPEC cpu2006 Performance Improvement over -02 using Gold
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Cauka 4.3: Paznuka y nepdopmancama uzmehy ThinLTO u perynapue onrumu-
3alje TOKOM JmHKOBama. Canka mpeysera ca wiadka , ThinLTO: Scalable and

Incremental LTO”

HujaHcy 0o/be pesynarare, agu mnoctoje curyanuje kaga ThinL.TO wagmamyje cran-

JIAp/IHY ONTUMU3AIIN]Y.

Clang End to End Build Time Using Gold

2000 [
I ThinLTO
i Lo

1500

1000

Time (s)

500

Release Release + RelWithDeblnfo (-g)
-gline-tables-only

Build Mode

Cnuka 4.4: Paznuka y spemeny npesohema nporpama nzmehy ThinTO u perymapue
ONTUMU3AINje TOKOM JMHKOBama. Cianka mpeysera ca wianka , ThinLTO: Scalable

and Incremental LTO”
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Ha coumm 4.4 Bunm ce 1a je BpeMe KOMIIa)Aupamba MporpaMa ca ONMTHMHU3AINAJOM
ThinLLTO jako cimano Bpemeny mnpeoherma 6€3 onTuMu3aimje TOKOM JIMHKOBAA.
Ocernuja pazauka u3Mely oBa JBa HAUMHA KOMIA]IUPaba je TPUINKOM KOMITA)TH-
pama Inporpama Koju uMa uHdoOpMaluje norpedbHe 3a jiebaroparbe, aju y TOKY CY
yHarpehema y OBOM T0JbY, I1a Ce 04eKyje CMambembe oBe pasjuke y oOyayhunocru. [Ilto
ce TUYe peryjapHe OITUMHU3alMje TOKOM JIMHKOBalba, KOMIIAjJUpathe 1porpama je

naneko crnopuje Hero ko ThinLTO-a y cBakoM m3MepeHOM ciIydajy.



I's1aBa b

Ajar 3a BuU3yaJin3alnjy IIpoMeHa

Anar, compiler explorer LTO, uMILIeMeHTHPAH K0 €0 OBOT paja BU3yaausyje
npoMmene yuyrtap Mehypenpesenranuje LLVM nporpaMa npesejieHor ca u 6€3 ONTH-
MU3allFje MeJ0BUTOr nporpamMa. Mucnuparuja 3a oBaj ajgar 6uo je compiler explorer
|22|. Uaeja kpearopa compiler explorera buia je npukasusame oJroapajyhux acem-
0J1epCKUX MHCTPYKIHMja 3a CBaKy JUHU]Y H3BOPHOr KOJa. OBa (PYHKIIMOHAIHOCT je
KOPHCHA jep TporpaMep TaKO WMa YBUJ y KOJ KOjU je KOMITajJaep M3TeHeprucao 3a
Ibera U eBeHTYaJIHO MOKe Jla NpoHahe HeKy rpeniky y M3BOPHOM KOy KOja je BU-
JIJbUBA, T€K HAKOH ONTHUMHU3AIK]ja, HIX Ja IPOBEPHU, KOJIHKO je KOMIIajiep 100po oI-
TUMHU30Ba0 KO/ HAKOH npeBohema. Kacuuje, je y compiler explorer momara moapiika
n 3a mpuka3 mehypenpesenraruje LLVM jep je ona paszym/pbuBHja 0/ KOHKPETHOD
aceMOJIepCKOT je3WKa W CAJpXKHU BUIe omIuja 3a nebarosame. Compiler explorer
IpHKa3yje IpoMeHe y KOHTEKCTY jejHe jeJIMHHIEe HpeBoherma, IMTO 3Ha4Yu Ja KOJI
MOpa Ja Cce YCIelNTHO KOMIMAjJIupa, ajJd He MOpa Jia ce JUHKY]e.

Ca apyre ctpane, compiler explorer LTO, nmpuka3syje pazauke y mehypempesen-
TalyjaMa Koje OJIT0OBapajy U3BPIIHUM (PajIoBEMa KOjU €y JO0HjeHH KOMIIMJIAIN)OM
ca u 0e3 yKJbydeHe ONTHUMH3aIdje IeJOBUTOr IIporpamMa. 3a PasjuKy ox compiler
erplorer-a 3a kopuiitheme OBOI ajlaTa HEOIXO/HO je jia CBU yJja3Hu ajioBu OyLy
VCIIEeNTHO JIMHKOBaHU. 300T Tora mTo cy 00jeKTHU DajaoBu JUHKOBAHU Y U3BPITHU
daja, compiler explorer LTO wmoxe na npukazke mehypernpeseHTalnnje W3BPITHAX
dajroBa. Ajar mopesyje JHHHje M3BOPHOr KOIa ca oaroapajyhmm JuHHjama y
Mehypenpesentanuju LLVM, onrosapajyhe nunnje cy npukazane ucrtom 6ojom. Ta-
kobje, mocroju onmuja npukasubamwa diff-a [24] uamely meljypenpesenranuja ca u 6e3
aKTUBHE ONTUMHU3AIMje IeJOBUTOr porpamMa. TpeHyTHO Cy MOApKaHU HCKJbYI9HBO

MpOTPaMU MUCAHU Y TporpaMcKoM jesuky C-+-+. V3BopHu KO asata Moxke ce Hahu

34
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Ha ajpecu [23].

3axTeBu 3a MOKpETame aaaTa:

1. oneparuBnu cucrem Linux — 3a ajsare wllvm u kompare

2. python3

3. python3-tk — 3a rpaduuku unrepdejc

4. clang — 3a npeBoleme nporpama

5. llvin-dis |27| — koju Bpiu KOHBeP3Ujy U3 Gopmara OUTKOL y 9uT/bUBE POPMAT
6. wllvm — 3a nmobujame mehypernpesentanuje u3 u3BpurHor gajia

7. kompare — 3a rpacduuru npukas diff dajna

python3 main.py -i {putanja_do_foldera_sa_.cpp_fajlovima}
-0 {nivo_optimizacije(’0’, 212, 227, 23>, 24>,

72), )g” ’Z,, ,fast)}

Jluctunr 5.1: [Mlabon mokpeTama agata

5.1 JleTa/bu MMILJIEMEHTAIIIje

Anat je HanmcaH y mporpaMckoM jesuky Python u caap:ku nBe rinapae dyHKIH-
OHAJTHOCTH.

[IpBa dpyukmmonaanoct je npukas mehypenpeszenrtamnuje LLVM ca u 6e3 aktusne
ONITUMHU3AIIM]je TEeJOBATOI MPOrpaMa Kao M IbUXOBO MAllUPathe ca JUHUjaMa y U3BOP-
HOM KOAy. Manupame je UMILIEMeHTHPAHO TaKO JIa JeTHO] JJUHUJU Y U3BOPHOM KOy
npuapyxKyje oaropapajyhe nmanje y mehypenpesentannjama. CBako Mammpame je
0b60jero pazaunauToM 60joMm n 060jeHe cy caMoO OHe JIMHHUje y M3BOPHOM KOy KOje Cy
ce TI0CJIe CBUX ONTUMU3AIKja mpeBesie y oarosapajyhy meljypenpesenranujy (iuuuje
Koje cy uzbadene ce He 6oje).

Jlpyra (byHKIHOHATHOCT je NpuKasuBame rpadudkor diff-a yayrap amara kompare
[25]. Diff je amar 3a nopeheme canpxkaja nsa dajia. Oaj anar kpeupa diff dajn
KOju IpejicTaB/ba pas3iuke udMely ynazuux dajioba. Ilocroju Bumre popmara diff
dajna. Tpenyrao Hajkopumthenuju dpopmar je unified popmar. Diff dajn ce moxke
kpenparu u 0e3 anara diff. TTomohy oBe dyHKIMOHAIHOCTH JIAKO MOXKEMO BHIETH

koju LLVM 6/10KOBU €y CKJIOHEHU, TPOMEHEeHN WU JIOTATH.
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Kama kopucHUK TOKpeHe ajaT, Ha HAYWH KOjH je NpUKa3aH y JUCTUHTY 5.2,
ajsiaT y (PyHKIUjU main npoBepaBa apryMenTe KOMaH/He JUHUje U TO3UBa (DYHKITH]Y
compile_files koja mpeoau u3BopHe dajnroBe. V3Bopuu dajyioBu mpeBoje ce Ha

JBa Ha4YHHA.

clang++ {source_files} -0{optimization_level} -g -flto -Wl,-plugin-

opt=save-temps

Jluctunr 5.2: [labyon npeBohema u3BOpHUX (DajIoBa ca ONTUMU3ANN]OM IEJTOBHTOT

nporpama

wllvm++ -O{optimization_levell} -g {source_files}

Jluctunr 5.3: Ilabon npesolhema u3BopHuX (bajaoBa 6€3 ONTHMHUBAIM]E EJTOBHTOT

nporpama

Y muctunry 5.2 onmnuja £1to mokpehe onTUMHU3AIN]Y MEJIOBATOT MPOrpaMa, JTOK
onmnuja -plugin-opt=save-temps qyBa npuBpeMeHe (Daja0Be KOjH HACTAj]y IPH KOM-
najaupamy. OBa ommuja je morpebHa ga 6u anat 1lvm-dis U3BPIIHO KOHBEP3U)y
dopmarta OUTKOI, KOjU OJroBapa U3BPIIHOM pajay, V YNT/GUBH (DOPMAT.

Y mmcruary 5.3 amar wllvm, koju 3a mpesobheme kopuctu kommajiaep Clang,
jpoaaje yayrap usppuiaor dajiaa u dopmar ourkoa. Komangom extract-bc Bpinu
ce Baheme dopmara OUTKO U3 H3BPIIHOT (ajjia, a 3aTUM Ce BPIIM KOHBEP3Uja V
YUT/HUBU (DOPMAT, UCTO KAO Y CIAYYA]y Ca ONTHMHU3AIMJOM IEJOBUTOr ITPOrpaMa.

Omnuja -g nomaje aebar mudopmanuje yayrap mehypenpesenramnuja. OBe wH-
dopmanuje omoryhapajy mopesuBame u3BOpHOr KOAa U Melypepupesenrtarnuje. [lo-
pen wncrpyknuje LLVM, 3a xojy mocroju nebar mudopmaiiuja, jgogara je K/bydHa

peu !dbg nopes kKoje cToju OpPOj.

%4 = mul nsw 132 %0, %0, !dbg !'974

Jluctunr 5.4: TIpumep debug kbyune peun

Yuyrap mehypenpeszenraruje MoxKeMo Hahu JUHUjy TeKCTa KOja jiaje BHIle uHMOP-
Malja 0 MHCTPYKIHjaMa, TO JeCT MOBe3yje X ca u3BOPHUM (hajaoM. 3a MOBEe3UBAHE

KJ/by4aH je Opoj Koju ce Hamasm nocie !dbg.

1974 = !'DILocation(line: 8, column: 18, scope: !975)
p

Jlmectunr  5.5: [Ipumep debug swHUje Koja ToOBe3yje W3BOPHU KO ca

Mehypenpesenranujom
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N3 muctuHra 5.5 BUAU ce Ja HHCTPYKINja U3 TUCTHHTA 9.4 0/IrOBapa JUHUJA 8 H3BOP-
vor ajia. Scope naje mHMOPMAIM]Y O OICEry JaTe WHCTPYKIHje. Pexyp3uBHOM
npahemeM Sscope-a TONa3m ce 10 KOHKPETHOT H3BOPHOr (ajia, KoMme JUHUjA MPU-
najga. Oe mHbpOManuje Kopucte ce y GYHKIHjU connect_source_llvm y Ko0joj
ce, IpoIecupambeM HUCKHU, 33 CBaKW M3BOPHU (Daji Kpempa Mamnupamwe ,JJuHuja y
u3BOpHOM KOmy:simHEje y MehypempeserTtamumju LLVM’. Jeanoj jaunuju u3BOpHOL
KOJa MOKe OJI'OBapaTH BHINE JUHHja y MehypenpesenTanuju. OyHKIHja ce MO3UBA
3a MehypenpesenTanujy ca u 6e3 onTUMH3aIUje TIEJOBUTOT TPOTpaMa, TaKko Jia Mo-
cTOje JiBe JIMCTe Malia. Y3 Maluparmbe JITHUja U3BOPHOI KO/a 1 Mehypenpesenranuje,
y 0BOj (OYHKIIH]H BPIIK Ce U Malupambe U3BOPHOT KOJa u 0oja.

Manupama n3 dpyHknmje connect_source_llvm npociehyjy ce dyuxmujn
show_files koja je 3ajykeHa 3a kKpeupame rpaduukor unrepdejca nomohy ou-
OmmoTeke tkinter m mHUIHMjagu3aIujy nposopa. Kimkom ma ayrme Next source
file remepume ce norahaj xkoju nosuBa GyHKIHjy parse_and_highlight_source.
Y oBoj dyuKIMju KOopucTe ce nudoOpMaImje w3 Mare 00ja U Mare MOBe3aHUX JIMHEja
U3BOPHOT KOAa 1 Mehypenpesentanuje. bojom u3 mane 60ja, tkinter 6ubanoreka
60ju oxaroapajyhy JMHU]Y M3BOPHOr KO/Ia. 3aTWM ce U3 JApyre Mmare go0uja WH-
dopmanuja KojuM JIMHAjaMa y MeljypenpeseHTaluju oJropapa Ta JIMHAja T3BOPHOT
kOja u Te JjuHuje ce 6oje mcrom 6ojom. OBo 6Gojere m3BpmiaBa ce y (QyHKIHjU
parse_and_highlight_1lvm. IloHOBHMUM KJHMKOM Ha IyTMe, ODHIIY ce TPeHYTHE
6oje n 6oju ce caenehn daju (caegehn mo TomMe KaKo €y HaBeJIeHH TPH MOKDPETaHy
nporpama). [Ipuankom nprukaza mMehypenpesenTaryje HIHODHIIY ce JuHuje Meljype-
Ipe3eHTalnje IpuKa3aHe y JUCTUHTY 9.D.

Omnucano je mobmjame Mehypempesenrtanuje ox yiaasaux dajaoa. Y HACTaBKY
npukazahe ce xkpenpame diff dajra ox mehypepenpesenranuja. Yayrap dyHKIIje
generate_diff_string xopucte ce MelypemnpeseHTaryje T00HMjeHe Ko Pe3yJaTaT
dyuknuje compile_files 3a Kpeupame dajaoBa Koju he ce KOPUCTUTHU 3a MPH-
kazuBame diff-a. Y dyuknuju generate_diff_string Bprim ce eHKOIUpame JIH-
nuja Mehypenpesenranuje. EHKOjUpame je U3BpIIEHO 11A0JOHOM ,,MME HU3BOPHOT
dpajna:nurnja m3BopHOr kKOma:LLVMIR”. llMe dajna je obaBe3Ho ma Ou ce Hampa-
BHUJIa paszjinka u3Mely mcTux JimHUja KOJA Y JBE Pa3/JMYUTE jeUHUIE TTPEBOhemba.
V3 enkojupaHy JUHUJY, Y Malld, 4yBa Ce€ W OpUTHHAJIHA JuHUja. [[pm Kpeupamy

dajioBa 3aHEMapEHH CY:

1. mmena IIPOMEH/bUBUX — TOKOM KOMHI/IJIaIJ;I/Ije nMeHa IIpOMEHJbUBUX KOje KOM-

najjep remepuiine yuyrap Melypernpesenranuje nucy crabuina, ma cy u30CTa-
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B/baHa IPUJIMKOM Kpeupamba diff dajia;

2. nmHuje KOIa Koje cayzxe 3a aebar mwadopmarmje (Idbg 6poj). Bpojesn y nBa
dajna ve mopajy 6urn ucru, a yruay Ha diff (camdHO KAO MMEHA IPOMEH/bH-

BHX);
3. KOMEHTapH.

Kankom wa ayrme Show diff Non LTO-LTO renepwuiie ce gorabhaj Koju mo3msa
dbyukiujy show_diff. V osoj dbyukunmju kpeupa ce diff dajra ox dajaoBa rexe-
pHUCAHUX Yy IPETXOAHOM Kopaky. IIpukasyje ce pasymka Melypenpesenranuje 0e3
ONITUMU3AUIIjE [EJOBUTOT TIPOTPaMa y OJHOCY Ha Mehyperpe3eHTalujy ca OmTUME-
zamujom 1eqoButor nporpama. [lomohy dynkmuje difflib.unified_diff xkpeupa
ce diff dajny unified dopmary. YKOIMKO HAKOH 3aBpIIeTKa GpyHKIHje u3Mehy
HeKe /IBe JINHUje HeMa pa3juKe, OHJa Ty €HKOJIWpPaHYy JUHUjY 3aJpzkaBamo y diff
dajay m npukasyjeMo Ha m3ja3y. ¥ CyHpOTHOM, HpuKazaheMo JIMHUje KOje 0/iroBa-
pajy HeeHKogupaHuM Bep3ujama. To ject, 3amennhemo y dajry eHkoanpane JUHTje
IbUXOBUM IPABHM BPEIHOCTUMA Yy MehypelpeseHTalnjaMa. 3aTUM ce Kpeupan diff
dajn npukasyje asarom kompare.

Ha counu 5.4 na 55. JiMHUju BUJU ce pUMEp €HKojuparma. Buju ce ja je ta
JuHHja 3 dajramain. cpp U Ja je TO meceTa IuHUja y ToM dajay. Ta nuanja je ucrta
y obe Bep3uje (6e3 akTHUBHE W ONTHMHU3AIHje [EeJOBUTOT MPOrpaMa M ¢a aKTHBHOM
ONTHMHU3AII]OM [EeJOBHTOr porpama). /oK Ha npumep eHkogupane jgunauje 59 u 46

HUCY WCTe, A Cy MpUKa3aHe BUXOBE OJroBapajyhe HeeHKOIWpaHe JIMHI]E.

5.2 Ilpuka3 pajga aJjiata

Y macraBky Ouhe mpukazan paj anara wajl dajaioBuMa u3 jguctunra 5.6, 5.7 u
5.8.

int calculate(int num);

Jlucrunr 5.6: a.hpp

#include "a.hpp"

int g_i = 1;

int calculate(int a){
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if (g_id{
return a * aj;

}
elsed{

return a + aj;

Jluctunr 5.7: a.cpp

#include "a.hpp"

#tinclude <iostream>
int main(){
int n;
std::cin >> n;
int result = 0;
for (int i = 0 ; i < n; i++){

result += calculate(i);

return result;

JImcrunr 5.8: main.cpp

ITokperamem aJiara, gobujamo ciaenehy cianky 5.1:

Y cpenmbeM MPO30PY BHJAM Ce Jla je TPeHYTHU W3BOPHH (Dajil, KOju TOBe3YjeMO
ca onroapajyhmm mehypenpesensamnujama, dajar a.cpp. Ca merose JeBe cTpaHe
HaJa3u ce Mpo30op Mehypelpe3eHTalldje T/ie HUje W3BPINeHa ONTUMHU3AIN]a [1eJT0BU-
TOT Iporpama, u obojeHe ucTuM OojaMa oarosapajyhe suauje y u3BopHOoM U hajry
LLVM. Ca smeche cTpane ce HaJa3d IPO30p Ca ONTUMH30BAHOM Melyperpe3eHTalm-
JOM e BUAMMO Jia Huiita nuje obojeno. To je 3aTo mTo je meo k67 a.cpp dajia
OIITUMU30BaH U HE HAJIA3U Ce y U3BPIIHOM (ajiLy.

Knukom na nyrme Next source file, nmpuka3syje ce main.cpp ¢aj u oaroBapa-
jyhe manupame nunuja. Hapasno, Buiie ce ne npukasyjy Malnupama U3 MpeTxoHOT
u3BopHOr baja, Beh camMo U3 TPEHYTHOT.

Knukom na gyrme Show diff Non LTO-LTO mobuja ce mpukas3 pasjiuka usMmehy

HEONTUMU30BaHe U OIITUMHU30BaHEe Bep3uje, MpuKa3ane y ajary kompare.
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include "ahpp”  ModulelD = /imp/tmpcOb8i27alexe.0.5 precodegen b

126-08:16:32:64-5128°

enme-i64:64-180:
g =1 . 5_64-pe-linux-gnu”

it calculae(inta){ s bt~ e (1)
{32 04 s o'}

rewma*a; basic_ostream™, 8, 8, %'class,
] " clas std:ctype’™, " class.sidzum.
clsel ype (132 ()1, 164, 16, 132, 132, 132, % st
.18 % %"structtdios_base: Words'l, i
lback lst” = type { %'structstdios_base:;_Callback lst*, void (132, % type { %'structstdsios_base:_Callback list™, void (32, %
B2 2.2
i
o, 164, %" y -, 64, %'
ey
o clss.sdslocalesfacet” = ype <( e
class std:basic_ios” } o4 clss st basic_osiream” Fo (o2 ssstdzbasic_los” )
8%, B, B, 67, 8", i8°, %' class. s locale” ) 96" clas.sd: bsic_sizeambuf 8%, 8°, B°, 6%, i8°, 8, % class.std-locale’
oo, 4 Bl Hemic_locl_scr, .0 o4 class stdcype” = type et foceubase. 4 o it _Jocale_smce B
.16 01> 7 x18], 132", 132°, 116", 8, 256 8], 1256 x 8,
eclasssid-ocale:face o o ook~ <1182 525
Sistruct_locale_struct e, i16°, 327, 132°, [13x8°] ) Séstruct._locale_struct = type { [13 x %struct_locale_data*],i16*, 32+, 132°, [13 x8%]
struct_Jocale_data = type opaque Séstuct._locale_data = type opaque
6" lasssdmum_put” = type { %"class.sd:localecfacet base”, [4.x 8] | 96" class.sidzum._put” = type { %" class st locale:facet base”, 4 x i8] )
(@g.i = local_unnamed_addr global 32 1, align 4, 1dbg. (@bl cuors - ppencding bl 15 22,v0id 0,1 132 ol 0, ) (2265525
(@l goblcors = ppencinggobal 1 x (2, mm 80 12,0 0% 8 ) (26559 . void (* @_GLOBAL__sub_L_main.cpp, 16* null }1
void ()* @_GLOBAL__sub_I_main.cpp, i8* null }1 @218 _oinit = intemal global %'class std-ios_base: Init” zerinitalizer, align 1, dbg 10
(@-251L6_ioit = ema bl dasssld <ios_base:Inlt” zeroinitalize, align 1, 1dbg 17 @_dso_bandle = extemal dso_local hidden global 16

@_dso_handle = extemal hidden global @_2503cin = extermal globel %" class.sd basic_istrean”, align 8
@lsxxdn el gl 3 s s, algn &

Functon Atrs: nounwind readnone speculaiable
 Function Atas: nounwind readonly uwtable declare void @lvm.dbg,value(metadata, metadata, metadaa) #0
eine 132 @_Z9calculatei(32) local_unnamed._aci #0 ldbg 1964

o otd @l vt 55, e 95 e IDIExpression)). tdbg 967  Function Ats: uwable
defineitemal void @ GLOBAL _sub_1_main.cpp() #1 section " txt statup” 1dg 19
1l cll void @ ZNSilos.biseaCIES4clss s b nonml @JS(LB Joinit),

dbg
2= a2 @_ox_atxi(void us»)» hums\(\old (" dass sdios_base:Init"*)* @_ZNSIB

)i  base:nit’, %'class
ret132 %6, 1dbg 1979 Sion basenic @ 7561, 140,13 0, 1* nonnll @_ s _hane 4 b 1966
)
tion Atrs: nounwind readnone speculatable
declare void @Ivim.dbg,value(metadata, metadata, metadata) #1 Next source file eclare void @_ZNStBios_basedInitC1EV(%"clas.sid:os_base:ic"*) unnamed_adds #2

 Function Aws: uwable : Funciion Atws: pounwind
efine internal void @ GLOBAL _sub,_|_main.cpp() 42 secton " text.sartp Idbg 1980 ( on eclare void @_ZNStBios_base4initD1Ev(%%"classsi:ios_basexnit"*) unnamed_addr #3
tal call void @_ZNStBios_basedIniCEN (% clas.sd:os_bese:Init"* nonnull @_ZSL6_loini), ffNon 70170

Cnuka 5.1: [loBe3uBame JHEUja W3BOPHOT KOIa U MehypernpesenTanuje y dajmy
a.cpp

o -
NonLTo main.cop o

include "ahpp” declare void @_ZNSios_basedInitD1Ev(%'class.sid:ios_baseznit"*) unnamed_adds #3
declare void @_ZNS1Bios_basedInitC1EV(%"class std:ios_base: Init"*) unnamed_addr #3 #include <iostream>

: Function Atus: nounwind
 Functon Atrs: nounwind intmain)( declare 132 @_cxa_aexitvold (8%), 18, 18°)local_unnamed_addr #4
eclare void @_ZNSi8ios_basedInitD 1Ev(36"clas stcios_ basesInic) unnamed_addr #4 i

suicin>> ;.  Funrion Atms: norecurse wtable
 Functon Atrs: nounwind eine do loa 32 @i ol umamed e 5 g 56
declare 32 @_cxa_atexi(void (18", 1, i8*) local_unnamed_addr 45 ntresuli=0; Tloca 132, align 4
%2 = bitcast 32" %1 to 8%, Idbg 1975
 Functon Atrs: norecurse uwiable for =031 <n: i) call void @l ifetime.sar pOB(54 4, 8% nonnall 62) 4, 1dbg 1975
et 52 @i ocal_wameddi 50 55 e call void @l g et 2" 1, e 97, e DIEsresion). g 1976
oca 32, align 4 ) @ (06" clas idbasic_sre
lmaz'%noln- 191 ™ nonnl @._25¢icn,132* nonnul dereferenceable(4)%1) dbg 1977
allvoid @ O 4 18 ol K25, W 1081 e resul cll void @lIvm.dbg value(metadaa 132 0, metadata 1972, metadata DIExpression(), s
all % mrmd\m 1967, mrmdm ) tdbg 1992 1 call void @1vmn.dbg val o 2.0, et | w metadota 21979
93 = call dereferenceable(280) %" class.std: basic. irsERI(%" class.std:-basic_istre %4 = load 132, 132* %1, align 4, !dbg 1980, !thaa 19¢
‘"™ nonnull @_753cin, 132 nonnull d(-rdrmvcmMc(M%! g o0 il i vieeados 350 e 1971, mesdt DIEspresion), b 576
da dbg 1994 965 = icmp 51132 %4, 0, dbg 1985
all n\mdmm mm metadaia 1dbg 1995 bril %5, abel % loopexit, label %24, tdbg 1987
964 = load (32, 132° %1, align 4, ldbg 1996, tbaa
i i 07, e 1dbg 1992 oopesi preds =540

jcmp sgt 132 %4, 0, Idbg 1998
o bt 1dbg 1999

 <label>6:  preds = %0
b label %9, dbg 11000
<label>:7: preds = %9, %0

568 = phi 132 [0, %01, [ %13, %9 |
call void @llvm lifetime.end.p0i8(i64 4, i8* nonnull %2) #5, Idbg 11002

>  preds = %6, %9
%10 = phi 32 [ %14, %91, [0, %6 ]
%11 =phi 32 (%13, %9 1 L0, %6 1

‘metadata 988, metadat [
(et 325610 meiiots 90 mdots DIEspresion), g 595

cll void @livm.db

%14 = add nuw nsw 32 %10, 1, 'dbg 11005

al 5614, meadata 1969, metadata g 995

metadta 1965, metadta dbg 99  <label>24: preds = % loapext, %40
15 o 15,355 1ol . g 96, o 070 21050142 g

metadsta 1987, metadta abg 1992 call void @l iferime.end piB(54 4, 8% nonnul 62)#4, dbg 1990
5616 lmp l 32 %14, %15, g 1996 e g 01
briL 616, abel %9, Label %7, dbg 1995, vloop 1006 )

Next sourcefle  Funcion Aurs:argmemonly nounwind
 Funcon Aurs: argmemonly nounwind declre void @I fecme s pOiB4, i ocaprure) 76
decare vold @I fetme Sar pOIB64, 8* nocapure) £7
- decare dereferenceble(280) 4 clas basic_seant™ @_ZNSISERI(’class s basic_iswam
- jsream™ @_ o foream Show diffNon LTO - LTO s, 32* dereferenceable(d))local_unnamed_add #2

Cnuka 5.2: lloesuBame JimHHMja W3BOpHOT KOJa n Mehypenpesentamnuje y dajmy
main.cpp

Y mpuMepy 5.1 BLANMO J1a je ca aKTUBHOM ONTHUMMU3AIINjOM IIeJIOBUTOT MMPOTpaMa,
eTMMUHICAHA TJI00aTHA MPOMeH/pbHBA g 1 Kao u ¢pyHKnuja calculate. 3arum Bu-
JIUMO ¥ pazJiuke y pyHKuju main. 300r Tora mTo He Buu Te10 (pyHKIUje Y Bep3uju
0e3 aKTUBHE ONTHMHU3AIMje HMEJOBUTOI IIPOrpaMa, KOMIIajJaep TreHepuiine KO KOjH
no3uBa (pyuknujy calculate. V Bep3uju ca aKTUBHOM ONTUMU3AIUJOM [EJTOBUTOT
nporpamMa, BHJIUMO He camo Jia je pyHKnHja calculate ymerHyTa, Beh je uzdpucan

neo GbYHKIMje KOjU HUKaIa HUje JOCTYIAH jep je BPeIHOCT IVIoDaJIHe ITPOMEHbUBE
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]
2289 3 = Local_unnaned addr global 132 1, align 4, 1dbg 0 e
ZStLe_ininit - dnternal global veclass.std:dog base: Init” zeroinitializer, align 1, 1dbg 10

init = internal global % Classstdssios bosesInit” zeroinitiatizer, atign 1, 1dbg 17 e dso hane - external dso_Loca. hidden lobal
andle - external hidden global i z

A I ST LS e i s U oen meniin oo
968, Itbaa 1970 tail call vold @ ZNSteios baseAIniTCIEV{vclass.std: :i0s base::Init™ nom

L o et Tuaiartioe eiicast (vele (a-class.sea: o boser

,_toinit), 1dbg 1
" o stsios. basersc

32 %0, 976
32 % = select 11 43, 132 %5, i32 %, tdbg 1978
33 ret 132 %, ldbg 1979

34}

T3 declare void @ ZNStBios basedInitClEv (A class.std: tios base: :Init") unnamed addr #2
[ 35 dectare oid @ 2N5tBios basedTnitDIE (Wiclass st ios base: 1nit*+) umnaned addr 43
$7define internal void @ GLOBAL sub I main.cpp() #2 section . text.startup" ldbg 1980 { 7

140 Ditaies el CIev(clas st s bas: Init romll 0 sstesoiniv, 10
35 1% oL CalL (330 con atexit(void (160)+ itcast (vaid (arcloss std: 105 bases Taiirs)+ @ BUSCELos basedtn
e

37dectare 132 @_cxa_atexit(void (i8%)%, i8%, 18%) local_unnaned addr #4

39define dso,
o -

cal 132 @nain() local unnased_addr #5 1dbg 1969 {
132, align 4

n by > o
| 22 call void @llvn. Lifetine.start pois(i64 4, 18+ nonnull 32) #4, ldbg 1975
43dectare void @ 25t8ios basesIni tCiev(W"class.std: ios_base::Init) unmaned addr #3 & 8 e

1 dectare Void @ 2iStaios baseATnYtO1EV W Class. st ios_bases e unnaned addr 84

&

17declare 132 @_cra atexit(void (89)%, 18%, 18%) Local umamed addr 5 -

19define 132 @main() Local_unnaned addr #6 1dbg 1985 { + preds - 50
| s

52 call void @llvm. lifetine. start.poi8(iss 4, i8* nonnull %2) 45, tdbg 1981

56 br i1 %5, label 36, label 7, 1dbg 1999

57 wla - Lshr 133 913, 1, tdba 1988

Cauka 5.3: [IpBu jeo diff npukaza HeONTHUMHU30BaHE U ONTUMH30BAHE Bep3Hje

/45 declare void @ ZM5tBios basedTnitDIEv(x"class. std: :ios_base: {Init™*) unnaned_addr 44 w -
i a 32 51 to i

47 declare 132 @__cxa_atexit(void (18%)*, i8%, 18%) Local_unnaned_addr 45 42 call void @llun.Lifetine.start.pois(i6a 4, 18 nonnull 2) 44, Idbg 1975
P a3 2 =

|49 define 132 @nain() local unnamed addr #6 !dbg 1985 { N

as
45 br 135, label %.loopexit, label 224, Idbg 1987

52 call void @Uvm. lifetine. start.poi8(i64 4, i8% nonnull %2) #5, ldbg 1991 4
5 i ferenceai , t > 48 . Loopexit: + preds = %0
s 49 46 - a0d 132 %4, -1, 1dbg 1988

5 . p sot 132 4 so
55 br i1 %, label %, label %7, Idbg 1999 L=
50: <, + preds - %0 5
o ar et lavg 11000 sa

55 132
61; <labels:7: + preds - %9, % 36413 -t 139 90, a2,
62" e g 132 0, w1, [ v 57
53 CaLL bald Gtivn:1fetLhe and oIS 4, 158 monnull 2) 5, 1abg 11682 8
o0 e 325, 1dbg 1003 50

o
56 <tabetsio:  preds = 16, %9 o1
67 10 - phi 132 (314, 391, [0, % ] &
68 11 phi 132 (313, 39 1, [ &
0 %12 - call 132 @ Z9calculated(i32 310), 1dbg 11600 o
76 313 = add nsw 132 312, 311, 1 o5
71 14 - add nuw new $32' 30, 1, 1dbg ! o ST
72 call void @llun.dbg.value(metadata 132 513, netadata 1988, metadata IDTExpression()), ldbg 1994 67 br label %24, 1dbg 1990
73 % - load 32, 1320 %1, align 4, !dbg 1980, !thas 198; i
70 call void @llum.dbg.value(metadata 132 15, netadata 1987, metadata IDIExpression()), ldbg 1992 59; <label:2 + preds - %.loopexit, %0
75 %16 - icnp slt 432 14, 315, tdbg 1998 70 %25 - phi 132 [ 6, %0 1, [ %23, %.loopexit |
76 br i1 a16, Label %9, Label 47, tabg 1999, 1Llva.Loop 11006 7 cott vold alive.tifetine.end poIBIISH 4, 16+ nownull 32) 44, 1dbg 1999

72 ret 132 ws, 1dbg 1991

79 declare void QLLun.ifetine.start poialiss, 16+ nocapture) 47 7
75daclare void @llva. ifetine.start.poia(i64, 18* nocapture) #6
81 declare dereferenceable(280) 4+class.std: thasic istrean's @ ZNSirsERi ('class.std:sbasic istream's, i32% derefer U

77declare dereferenceable(280) 3"class.std: :basic istreas™s @ ZNSirsERi(¥'class.std::basic istrean™s, 132+ derefer
63 dectare void @llum. ifetise. end.pOia(i64, 16" nacapture) #7+declare void @llvn. Lifetine.end. poia(ice, i6% nocapt 7

Chnuka 5.4: [pyru jgeo diff npukasa HeONTHMU30BAHE W ONTHMHU30BAHE Bep3Hje

yBeK 1, a TO ce MOXKe BHIETH TeK IMOCJe TPoIeca JUHKOBama. Takohe, Buan ce na je
300r yMeTarma W3BPIIEHA U ONTHMU3AIKja HeT/be. AJaT 3a ONTUMU3AIN]Y UMA HH-
dopmanujy o Teqy calculate dynkiuje, nomohy Tora oH 3aK/bydyje Ja ce y meT/bu
BpIIK W3padyHaBame 30nupa KBajpara npBux n 6pojesa. 306or Te madOpMaIje OBO
n3padyHaBambe MOZKe J1a ce u3Bpiiu 0e3 nerbe, MmaremMarudkom ¢gopmyaom. [lemba
je m3badeHa u J00OHjeHO je MoboJbIIaIbe epdopMaHcH, jep HeMa norpede jia ce BpTH

n myTa.
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3aKJbydak

Y paxay je mpeacrtaB/beHa Kommajiaepcka uHdpacrpykrypa LLVM ca mocebnmm
AKIEeHTOM Ha ONTUMHU3AIN]Y TEJOBHTOr MporpaMa. Buaennm cMo Ja onTuMHU3aIuja
MEJIOBUTOT MPOTPaMa JOHOCH HEKa 3HAJajHa MODO/BIIAA MITO ¢ THYe BPEeMeHa h3-
BpIlIaBaba U CMalbUBalba BeJIMUNHE U3BPIIHOI aj/ia, ajlu y3 CIOPU]Y KOMIIUJIAIKI]Y
nporpama u BehiuMm 3ayseheM MemMopuje TOKOM ToOT mmporeca. OBu mpobeMu ¢y JoHe-
KJI€ PEIeHr HOBUM TIPUCTYTIOM y onTuMu3anuju mnegosutor nporpama ThinLTO, ann
y3 HemTo Joiiuje nepdopmance jodujeHor u3spirHor dajia. ¥ oyayhaocru LLVM
3ajeqnuia he akTMBHO HACTABUTH Ha pellaBamby TpobJeMa Kol 00a IMPUCTYIIA.

Kao neo pajia uMiLieMeHTHPaH je ajlar KOju BU3yaJau3yje mpomene uzmMehy mely-
perpe3enTaIja MpeBeIeHnX ca u 0e3 aKTHUBHE ONMTHMU3AIN]e TEeJTOBUTOT TPOTPAMA.
Auat omoryhasa mporpaMepy 1a BHAM KOje ONTHMM3AIMje je KOMIIAjaep yCIeo Ia
U3BPIIU TeK HAKOH YK/bydeHe ONTUMHU3AIMje MeJOBUTOr nporpaMa. OBo je moceOHO
KOPHCHO y edyKaTHBHE CBPXe Kao W 33 MpoTrpaMepe KOjU pajie Ha CAMUM KOMTIaj/ie-
puMa, J1a 6W TPOBEPUJIN KAKO ONTUMU3AINje Paje U eBeHTYATHO MpoHahy Ipemky y

AMILTEMeHTallHjaMa HeEKAX ONTHMHA3AIH]a.

42



Jluteparypa

[1] LLVM Compiler Infrastructure — https://llvm.org/docs/index.html

[2] LLVM Language Reference Manual — https://llvm.org/docs/LangRef. html

[3] Appel, A., & Ginsburg, M. (1997). Static Single-Assignment Form. In
Modern Compiler Implementation in C (pp. 433-473). Cambridge: Cambridge

University Press. doi:10.1017/CB09781139174930.020

[4] RISC — Berezinski, John. ,RISC — Reduced instruction set computer”.

Department of Computer Science, Northern Illinois University.

[5] Abstract Syntax tree — Harper, R. (2016). Abstract Syntax. In Practical
Foundations for Programming Languages (pp. 3-11). Cambridge: Cambridge
University Press. doi:10.1017/CB09781316576892.003

[6] Optimizer — https://llvm.org/docs/CommandGuide/opt.html

[7] LLVM Code Generator — https://llvm.org/docs/CodeGenerator.html

[8] Just In Time Compilation — Languages, Compilers, and Runtime Systems,

University of Michigan, Computer Science and Engineering.
[9] Unity build — https://onqtam.com/programming/2018-07-07-unity-builds/
[10] Link Time Optimization — https://llvm.org/docs/LinkTimeOptimization.html

[11] BbLTO - https://llvm.org/docs/Link TimeOptimization.html#liblto

43



JINTEPATYPA 44

[12] Gold linker — https://llvm.org/docs/GoldPlugin.html
[13] llvm-link — https://llvm.org/docs/CommandGuide/llvm-link.html

|14] Function inlining — https://www.cs.cornell.edu/courses/cs6120/2019fa/blog/llvm-

function-inlining/
[15] The Architecture of Open Source Applications ~https://www.aosabook.org/en/llvm.html

[16] Dead code elimination — https://www.ibm.com/docs/en/adfz/developer-for-

z0s/14.0.07topic=code-effects-dead-elimination

[17] Devirtualization — https://blog.llvm.org/2017/03/devirtualization-in-llvm-
and-clang.html

[18] Internal linkage — https://www.learncpp.com/cpp-tutorial /internal-linkage /

[19] Unnamed namespace — https://www.ibm.com/docs/en/i/7.37topic=only-

unnamed-namespaces-c

[20] ThinL.TO — https://clang.llvm.org/docs/ThinL.TO.html

[21] http://blog.llvm.org/2016,/06/thinlto-scalable-and-incremental-1to.html

[22] https://godbolt.org/

[23] https://github.com/filipl41/master

[24] Diff — MacKenzie et al. ,Binary Files and Forcing Text Comparison” in
Comparing and Merging Files with GNU Diff and Patch. Downloaded 28 April

2007.

[25] Kompare — https://apps.kde.org/kompare/



JINTEPATYPA 45

[26] Undefined behavior in theory and practice — https://queue.acm.org/detail.cfm?id—3468263

[27] — https://llvm.org/docs/CommandGuide/llvm-dis. html

[28] Clang optimization levels — https: / /stackoverflow.com /questions /15548023 /clang-

optimization-levels



	Увод
	Компајлерска инфраструктура LLVM
	Међурепрезентација LLVM
	Компајлер LLVM
	Предности LLVM-a

	Оптимизација целовитог програма
	Ортимизација током линковања
	Оптимизација целовитог програма без подршке линкера
	Уметање функција
	Елиминација мртвог кôда
	Девиртуализација

	ThinLTO
	Алат за визуализацију промена
	Детаљи имплементације
	Приказ рада алата

	Закључак
	Литература

