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Ckpahenuriie

CKPAREHMLE

MIPS - Microprocessor without Interlocked Pipeline Stages
ORCJIT - On Request Compilation, a Modular MCJIT
LLVM - Low Level Virtual Machine

CodeGen - Code Generation

JIT - Just In Time



YBog

1. YBOA

VY pany je pealiM30BaHO pelICHE MpeBOhema M M3BpIIABama Mporpapama momohy
OrcJIT-a na apxurekrypu MIPS32 ca nmpeBommonem LLVM. 3amarak je na mpeBoamialg

LLVM npeBoau u u3BpIIaBa KoJ y AaTOM TpeHYTKY Kopuiihemem anata OreJIT.
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2. Teopunjcke ocHOBe

2.1 [porpaMcku npesoaunal

IIporpamcku mnpeBoaMJall je padyyHapcKu mporpam (WIM HHU3 Mporpama) Koju
TpaHCc(HOpMHUILIE KO jEIHOT IMPOTPaMCKOT je3uKa y IpYrH mporpamcku je3uwk. Kom koju ce

MPEBOIM OOMYHO CE 30BE U3BOPHU KO/, @ KO I0OMjeH TpaHCchOpMaIlijoM MAIIMHCKU KO/I.

3agaTak MpPOrpaMCKUX MPEBOAMOINA j€ Ja NpPeBOjAe NporpaMe KOju Cy HAlUCaHW jEeIHUM
U3BOPHUM IPOrpaMCKHM jJE3UKOM Yy MpOrpaM MCTOr 3HayeHma KOjU j€ HANHCaH JIpYTUM
OJIHOCHO IIMJBHUM NPOTpaMCcKuM je3ukoM. [Iporpamcku mpeBoauiiall npeBoau Mmporpame ca
BUILINX IPOrpaMCKUX je3MKa Ha jJe3UK HUKer HuBoa (HOp. AceMOJepcKH je3UK, MallMHCKU

Je3HK).

AcemOnepcku je3uk je crenu@uuaH 3a CBaKy apXUTEKTYpy, Tj. aceMOJIepCKHM je3HK je
pasIMYMUT 3a pa3iauuuTe apxuTekType. OH MAIlMHCKU je3UK MpPEICTaB/ba y UYUTIHUBHjEM
005Ky, jacHHjeM OOJMKY. AcCeMOJepCKH Je3WK OJIMKYje MOTYhHOCT cllama JAUPEKTHUX
KOMaHIM TIpoIecopy W MoryhHocT wckopumihaBama MENOT JWjana3oHa padyHapcKe

APXUTCKTYPC.

MalmHCKH je3UK WM MAIIMHCKU KOJ jé CHCTEM HEIeJbUBUX MHCTPYKIMja KOje M3BpIIaBa

nporecop. CBaka MHCTPYKIIMja U3BpIIIaBa Crienn(prdan 3a/1aTax.
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Cauka 1: Hayun pyHKIIHOHNCAKA TPEBOAUOLA.

[IpeBoheme nporpama ce cactoju u3 Bule ¢asza:

1. Jlekcnuka aHanu3a (Ipeno3HaBame CUMOOJIA Tj. PEUH, OTKPUBAME IMOTPELIHHX

cumoOo1a)
2. Tlapcupame (Iperno3HaBame HCKa3a, OTKPUBAE MIOTPENIHNX UCKa3a)

3. CemaHTHYKa aHannsa(npeno3HaBaH>e 3Ha4YCHa HCKa3a, OTKPUBAKLE CCMAHTUYKHU

MOTPEIIHUX UCKa3a)

4. CuHTe3a MIBHOT je3uKa(IIpeBoleme MPETXOIHO MPETO3HATHX CUMOO0IIa H3BOPHOT

MIPOTPaMCKOT je3UKa Ha IUJbHU JE3HK)

5. Ontumwuzanuja xkona
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2.2 Apxutektypa MIPS

[Mporiecopu MIPS cy tunmunm npeacraBuuim RISC xonnenra ca LOAD/STORE
apxutektypoM. To 3ampaBo 3Ha4M Jia ce CBE Olepalrje U3BpIIaBajy HaJl onepaHauMa KOju ce
Haja3e y pEerucTpuMa, a MEMOPHjU ce TpHUCTyna uckbyunBo mpexko LOAD(Memopwuja-
perucrap) u STORE(perucrap-memopuja) wHcTpykimja. Ha Taj HauuH 3Ha4ajHO ce
no0oJpIaBajy nepopmance mporecopa jep je BpeMe MPUCTyIia MEMOPHjH 3HATHO TyXKe Off

BpEMEHa MPUCTyIa perucTpuma.

Taxohe, cnosmpHy Maructpary MIPS mpouecopa unHe nBe mocebHe marucrpaie, jeqHa 3a
OPUCTYN WHCTPYKIMjaMa, a JApyra 3a OpUCTYN mojanmuMa. Tume ce mpuctyn oOaBipa
napajgeqHo ca NpuOaBibakbeM HWHCTPYKIHMja YHME C€ CIUMHHUNLY KOHQUIMKTH wu3Mehy
WHCTPYKIIMja ¥ TIO/IaTaKa KOjH PEallHO IMOCTOje KOJl CHCTeMa 3aCHOBAaHHMX Ha jEMHCTBEHO)]

MarucTpay.
MIPS32 apxutekrypa nedunume cieaehe mporecopcke perucrpe:

-32 peructpa ONIITE HAMEHE KOJU Cy IIMpuHE 32 OuTa, MOpe] HUX HUMaMO U PETUCTpE
crienyjajgHe HameHe kao mro cy peuumo HI u LO peructpu koju ce Kopucre 3a UyBame

Meljype3ynTaTa KO M3BpIlIaBama onepaqua MHOXCHa U ICJbCHA.

-porpamcku 6pojau PC, koju dyBa agpecy HapenHe HHCTpYKIHje. Kako cy cBe HHCTPYKIIH]je
MIPS apxutekType 32 6urta oqHocHO 4 0ajta (6ajT Ha 0BOj rutardopmu 8 Outa), PC ce HakoH

U3BpIlIEeHa CBake MHCTpyKLUje yBeha 3a 4 6ajra.
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Perucrap bpoj perucrpa | Kopumhemwe, QyHKIIMOHAJTHOCT perucrpa
zero 0 KoHcranTHa Hyna
at PesepBucan 3a morpebe acemOnepa
VO 2 3a TpeHoCc TOBpaTHUX BPEOHOCTH U3 T03MBA
vl 3 (b YHKIIM]a/I03KBA TOTIPOrpaMa.
a0 4 3a npeHoc apryMmeHara GpyHKIjama,
al 5 WY TIOTIPOTpaMuMa.
a2 6
a3 7
t0 8 Tako3BaHM TpPHUBPEMEHHM pPErHCTpH. Bpennoct
t 9 NPUBPEMEHUX perucrapa HE Mopa ce 4YyBaTu
t2 10 :
NPUIMKOM MO3KMBA MOTHPOrpaMa/pyHKIIHja.
3 11
t4 12
t5 13
t6 14
t7 15
sO 16 Peructpu ca mamheme NPOMEHJBUBUX. YKOJIHMKO
s 17 No3BaHa (YHKIMja KEJU Ja KOPUCTU OBE PETUCTpPE
s2 18
MOpa WX cadyBaTd M HEMOCPEIHO Mpe IOBpaTKa
s3 19
OOHOBUTH HHXOBE BPESAHOCTH.
s4 20
s5 21
s6 29
s7 23
t8 24 OyHkHIje y ne/beHuM OHOIMOTeKaMa 04eKyjy CBOjY
© 25 azpecy y peructpy t9
kO 26 PesepBucanu 3a kepHen
k1l 27
ap 28 [Toxa3uBau Ha r100AIHY MEMOPH]CKY OOJIACT.
sp 29 Crex TOKa3WBay, MOKasyje Ha MOCICbY JOKAIH]y
Ha CTEKY.
fp 30 [Toka3uBay OKBHpPA
ra 31 [ToBparHa agpeca 3a GyHKIIHjCKE TTO3UBE

TabGena 1: Ilpuka3 cBux 32 perucrpa ommre HaMeHe €a JeTa/bHUM O0jalimbemeM

(PYHKIIHOHAJHOCTH CBAKOI perucTpa
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2.3 ®dopMaTM MHCTPYKLUMja Ha apxuTtekTypu MIPS32

I-tip (neposredni-immediate)

31 225 2120 16 15 0

op ts 1t imm

J-tip (grananje-jump)

31 26 25 0

op ciljna adresa

R-tip (registarski-register)

31 26 25 2120 16 15 11 10 6 5 0

op 1s 1t rd shamt funct

Cauka 2: [Ipuka3 ¢popmarupama HHCTPYKIUja Ha apxuTekTtypu MIPS32
Kopunthenu cy cnenehu cumbonu:

- Op- 6 OUTHU OMKOJ UHCTPYKIHje

Is- 5-0uTHM cnenu(UKaTOp U3BOPUIITHOT pErucTpa
- rd- 5-OutHH crierUKATOP OIPEAUIIHOT PETUCTpPa

- It —5-6utHu crienu@UKaTOp HUIBHOT (M3BOPUIIHOI/OIPETUIIHOT) PETUCTPA WU YCIIOBA
rpaHama.

- Imm- 16-0MTHHM HEMOCPEHU Pa3MeEIIITaj KOjU Ce OJJHOCH Ha FpaHame WM aJPeCHU
pasMenITaj

- ciljna adresa — 26-6uTHa 1MJbHA aJipeca rpaHamba/CKOKa
- shamt- 5-OutHa nHdOpMaIHja Koja yKasyje Ha H3HOC ITOMeparma

- funct- 6-6utHO yHKIIMjCKO MTOJBE

Cge uncTpykuje Ha apxutekrypu MIPS32 cy 32 Gura.
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2.4 Npesopunay LLVM

LLVM je mpeBomunan HamucaH y mporpamckoMm jeswky C++, nu3ajHupan je 3a
npeBoheme, YBe3UBakE U ONTUMHU30BAE MTPOrpaMa MUCAHUX y MPOU3BOJEHUM MPOrPAMCKUM
jesunuma. Penpesenranuja LLVM koza je mpojekToBaHa Tako Ja MOke OUTH KopuiiheHa y
Tpu  pazauuuTe ¢dopme: |y  MeMopuju  Kao  Mehykom — mpeBoauona,  OUTKOA
penpesentanuja(moroqua 3a JIT mnpeBoxuone), 4UT/bUMBUjE aceMOuepcku koxa. OBo
omoryhaBa LLVM mnpeBonuony Beoma norojnan mehykos 3a edukacHe TpaHchopmaiuje u
aHanuse, 1ok o0e30elyje 1 oakIIaHo yKiiamame rpemiaka. [[ppeHcTBeHO OBaj mpeBoauIall je
nucaH 3a nporpame pahene y C u C++ jesunuma, anu ¢ 003UpoM Ja MMa ITHUPOK CIIEKTap
NpeIbUX JeJ0Ba, KOPUCTE Ta M MPOrpamMH IMUCAHM y JPYIHM je3WlIUMa Kao MTO CYy: :

Fortran, Python, C#, Objective C, Haskell u npyru.

CUDAGIGH —> | COACL* — PTX
LLVM IR LLVM IR
—
Clang C/C++
CiCH —= front-end rl —* xB6
—
LLVM optimizer
llvm gee
Forfran —= frnntgnd = PowerPC
—
Haskell —=  GHC front-end —= ARM

|

Camuka 3: Ctpykrypa npesoauona LL VM

LLVM wmoxe na mpeacTaBiba Cpeme CII0jeBe KOMIUIETHOT CHCTEeMa 3a IMpeBoheme,
y3umajyhu mehykon on mpeBoguoma u mpaBehw ontumuzoBaH Mehykoa. HoBonacramu

Melhykon Moxke OUTH TIpeBElIeH y aceMOJIEPCKU KO HAMEH-CH 33 HEKY LIMJbHY IIaThopMy.
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LLVM wmoxe na npuxsatu mehykon oq GCC mpeBoauona mro JoaaTHO moOosbliaBa
merose kapakrepuctuke. LLVM monpikaBa je3ndky HE3aBHCTaH CET MHCTPYKIMja 3a pa3He
TUroBe cucrema. CBaka HHCTPYyKIHja je y popMu 1mojeuHavYHOr 3a/1aTKa IITO 3HAYH J]a CBaKa
IIPOMEHJBUBA j€ JI0/IeJbCHha JETHOM U ,,3aMp3HyTa” je. OBO 3HATHO IOjeAHOCTABIbYjC aHATHU3Y
3aBucHOCTH M3Mely npomensbuBux. [lomohy mpeBoguona LLVM moryhe je xon mpeBectu
cratnuku, o TpaaunuoHanmnoM GCC cucrtemy, uiam OANOXKUTH TipeBoheme 3 mehykona y
MamuHCKH Koxa 3a kacHuje mo JIT cucremy. TumoBm cuctema ce cacTtoje 01 OCHOBHUX
TUIOBAa Kao INTO Cy I[eidM OpojeBH WM pealHd OpojeBM U MeT H3BEICHHUX THUIIOBA:
MOKa3MBauu, HU30BH, BEKTOpH, CTPYKType U (pyHKuuje. KoHCTpyKIHja THIIa Y KOHKPETHOM
JE3WKy MOXE C€ MPEJCTAaBUTH KOMOMHOBAaWmEM OBHUX OCHOBHMX THmnoBa y LLVM-y. Ha
npumep, kinaca y C++ Moxke OUTH MpefcTaB/beHa KOMOWHAIMjOM CTPYKType, QyHKIHUja U
HU30Ba (QYHKIUjCKUX mokasuBada. LLVM je mpBoOutHO Hamucan ga Oyne 3ameHa 3a
nocrojehu xon reneparop y creky GCC um muoorm ox GCC mnpeamux pgenoBa cy
MonupukoBanu ga pazae ca wuM. LLVM TtpenyrHo mnoapxkaBa mnpeBohemwe crenehux
NPOTrPaMCKHX je3uKa KOpUCTehM pa3iuuuTe Tpelnme JeloBe, HEKH Cy HW3BEACHH U3
npesoauona GCC: Ada, C, C++, D, Fortran, Objective-C. Benuka 3anHTEpecOBaHOCT 3a
LLVM npeBoaunar goBerna je 10 OpOjHUX HaIopa Jia ce pa3BHje MOTITYHO HOB MPEIHH JIE0
3a pasHe nmporpamcke jesuke. OHaj KOjH je IPUBYKAo HajBHINE Maxkibe 30Be ce Clang, HoBu
npesoauiarn, noapxkasa C, Objective C, Objective C++. Clang uma 3a nnsb 1a 3aMeHH
npeoaunan C/Objective C y cuctemy GCC ca cuCTeMOM KOjH je JIaKilie HHTerPUCaTH ca
MHTETPUCAHUM Pa3BOJHUM OKpYXEHUMa U UMa LIUpPY MOAPUIKY 3a pax ca Hutuma LLVM
nojip>kaBa OpojHE MHCTPYKIHUjcKe ceToBe ykibyuyjyhu: ARM, Hexagon, MBlaze, MIPS,
Nvidia PTX, Power PC, x86_64.
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2.5 CLANG

Clang je mpenmu nmeo mpeBoauoria 3a nporpamcke jesuke C, C++, Objective-C u
Objective-C++. Kopuct LLVM kao 3aamu 1eo u aeo je npesomuoria LLVM on Bep3uje
LLVM 2.6. [Iuzajuupan je na nonyau 3ameny 3a npesogmiany GCC (earn. GNU Compiler
Collection). Clang ce mosxe OecrutaTHO TIpey3eTH, pa3BHujeH je o1 cTpaHe komnanuje Apple, y
pa3Boj Cy ymelllaHe W JApyre Beluke kommanuje kao mro cy Google, ARM, Sony u Intel.
[enokymnan npojekar Clang ykpyayje Clang npensmu geo u Clang crarnuku anamusarop.
Clang je namemen fa paau npBeHCTBeHO ca npeBoauorieM LLVM, komOunanuja Clang-a u
LLVM-a naje 3a pe3yaTar mpeBOAMIIAIl KOJH Y MOTIIYHOCTH MOXE Ja 3aMEHHU TPEBOAMIIAIL
GCC. C 003upom j1a je 6ba3upan Ha OHOIHOTEKaMa Kao U octarak mpesoauona LLVM, Clang
je BeoMa JlaKo YrpaJuTH y Jpyre amikkaiuje. JemHa on ocHoBHEX mpeanoctu Clang-a je
OoJba TOJpINKA 32 MHKPEMEHTATHO TMpeBoherme Kako OW 03BOJHO TMPEBOAMOILY Aa Oyre

yspurhe Be3an 3a IDE GUI.

I'maBuu koHkypent Clang-y je GCC. Ilpu uemy ce Hactoju na Clang ycme aa ra 3ameHH, y
HeknM ctBapuma je Clang mocra HanpenHuju, 60JbM U KBATMTETHUjU, CAMAM TUM JIAKIIH 32

Kopuiheme, aid 1 JAajbe mocToje cTBapu y kojuma je GCC u nase 60sbu.
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ITpennoctu GCC-a:

GCC noapxasa jesuke koje Clang ne moxe kao mro cy Java, Ada, Fortran, Go,
UT/I.

GCC noxapykapa Butie apxutekrypa on LLVM-a

GCC mnoapkaBa BuUIlIe €KCTCH3HMja Pa3IMYUTUX MPOTPAMCKUX je3HMKa, HEKE O HhHUX

HHCY UMIIeMHeTupane o crpane Clang-a.

[Mpennoctn CLANG-a:

e Cunrakca Clang-a je nocra pa3ymsbHBa, T€HEPAIHO LIEO H3ajH je pa3yMJbUB HEKOME

KO TIO3HAje je3WKe KOjH Cy YKJbYYCHH U OHOME KO MMa OCHOBHO 3HAamE O TOME KaKo
npeoawian pynkuunonume. GCC numa Beoma crapy 6a3y KoJoBa.

Clang je muzajuupan kao APIl(enrn. Application programming interface), amu on
BEroBor camor nodverka. Jlo3BospaBajyhm nma Oyzme moHoBo kopuutheH off cTpaHe
ajaTa 3a aHaIM3Mpake U3BOPHOT KO/, 3a pehaKkTOpUCcame, HHTETPHCAHOT Pa3BOjHOT
okpyxkema Tj. IDES. GCC je HanpaBbeH Ka0o CTaTUYKHU MPEeBOAMIIALL, 300T TOTa ra je
€KCTPEMHO TeIKo Kopuctutu kao Heku AP, a na je unrerpucan y apyre anare.
Clang je nocra Opsxu 1 KOpHCTH Janeko Mamwe memopuje o GCC-a

Clang je nuszajHupan ox camMor crapra Tako Ja omoryhaBa MOTIIYHO YHCTY U
MPEUU3HY JHjarHOCTHKY.

GCC je munennupan mox GPL munennom a Clang nox BSD swuienmom. BSD
munennia Clang-y omoryhasa mpaBo ma Oyme y yrpahjeHum cuctemuma (€HIIL.
Embbeded software) kao mro GCC ca GPL nuieniiom Hema Ty MOryhHOCT, TIpaBo.

Clang-osa moapika 3a C++ cranmape je maoro axxypuuja oq GCC-ose.

10
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2.6 IR

IR (eurn. Intermediate representation) je melypemnpeseHnraiyja Ha HUCKOM HHUBOY,
NPWIMYHO ciauvaH acemOnepy. Paznmmka m3mely mammHckor jesuka u |IR-a mpeBommorna
LLVM je mro ne xopuctu ¢ukcan cer perucrapa. IR je ymasz y amatr ORC/LLVM, 1j.
u3BpIIaBa ce mnpe oBor amata. OBaj Mehykon Hacrtaje Kao pesynraT MNpeamer elna
npeBojauona (eng. Frontend) mro je y oBom ciyyajy Clang u ciyxu kao yna3s 3a 3aibu €0
npesoauona (eurn. Backend) wan kojum ce Bpiie gogaTHE ONTHMH3ALHUjE U TECHEPUIIE

MAIIMHCKH KOJ.

[Tpumep npeBohema C koma y IR:

C jesuk:

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

}

IR mehypenpesenTanuja:

define 132 @square unsigned(i32 %a) {
%1 = mul i32 %a, %a
ret 132 %1
}
2.7 JIT

JIT npeBonunan nokpehe ce y ucTo Bpeme ca MporpaMoM KOju ce€ MPEBOAN U MPEBOIU KOI Y
TPEHYTKY KaJ je MoTpeOHO (Kao mTo ra u 30By Just in time) y ¢opmy koja je oOmuHO OpiKa,
7). IIpeBoau ra y mammHCKM je3uK Ipolecopa Ha koM ce npesoau. JIT mma mpucryn
OMHAMAYKAM HWH(OpMalmjaMa y TOKY HW3BpIIaBaka NporpaMa Kojeé HHCY TOCTYITHE
crangapaHoM npesoauolly. Takohe JIT oOuyHO mpeBoaM caMo OHE JIeoBe Koja Koju he ce

3aIpaBO U3BPIINUTH.

360r Tora je JIT cympoTHOCT TpaAUITMOHAITHOM MPEBOIUOITY KOjU MPEBOIU 110 KOJ Y

MAIIMHCKH J€3UK MIPE HEro IITO Ce MPOorpaM IpBH MyT U3BPILU.
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Konuent pemema

3. KoHUyenT pewemwa

Anar OrcJIT uma Beh mocrojehy monmpmiky 3a apxutekrype kao mro cy AARCH, x86.
OrcJIT je anmar (JIT mpeBoauian) y okBupy npesoauona LLVM, koju HakoH mpeBolema
mporpaMa He MpaBU M3BPILIHY NaroTeky Hero ce oamax u3BpmaBa. OrcJIT je Besan 3a
npesoaunany LLVM jep mera kopuctu 3a mnpeBoheme Koma, acemOnupame Kao U

MpOHAJIAKEHE CUMOO0JIa MOTPeOHUX Aa OU ce mporpam U3BPIIHO.

ORC je wmoapynapna peumiuieMeHtanvja MCJIT-a koja omoryhaBa QuexcubmiHujy
KOH(urypamujy, 6ojpe ynpaBbambe MEMOPHJOM, MPELU3HU]jE TECTUPakE U JIAKIIe 10aBambe
HOBHX QyHKIHja. then m300p ¢pyHKnMja ykibydyje cBe TperyTHe pyakuonanmnoctn MCJIT-

a u taxkole yrpaheny moxpiiky 3a jgemo npeBoheme (enrt. lazy compilation).
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Konuent pemema

Compile Layer

CodeGen

MC

Object

Link Layer

RuntimeDyld

Raw Bits

Cauka 4: Ipuxa3 pynkaunonucama OrcJIT-a mo ciiojeBuma
CodeGen- I'enepucame koaa
MC- Acembnupame
Object- OGjexTHH dajn koju ce Hehe kperparu npu npeBohermy nporpama
RuntimeDyld — /lunamuuky JIMHKEp y TOKY W3BpIIaBamka Koaa

RawBits — 3aBpiiHu 1e0 IpeBOaANOLa, OJHOCH Ce Ha OUTE Y MEMOPHjH
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Konuent pemema

Kao 1mrro ce Buan Ha ciaunu 4, Kommajnepcku cimoj(erri. Compile Layer) mrase cum6oir Ha
cioj Be3e (enrmn. Link Layer), e npaBu ce oOjekTHu ¢ajn Beh aupektHo ckaue Ha Link
Layer. CiojeBu Mory OWUTH TECTUpaHH y W30JallUju, HIpP. ca UNIt TectoBuMa Tectupa ce

camo Link Layer.

Compile Callbacks2

1s
fooSeeh
foo: ///”’ h £ K
Jmp *fooSpEr I S

jmp Resolver

bar:

.pte fooSpte l

call foo 5. Resolver

foo$impl:
ORC/LLVM
e

Cauka 5: Ilpuka3 pynkounonucama ajnara OrcJIT mo kopanuma.

1. Tlo3uBoMm oapehene yHkIMje Koja joII YBEK HHje MpEBEICHA pean3yje ce CKOK Ha
Be3uBHU 010K (eHri1. Stub).

2. Tlomrto QyHKIMja joll YBEK HEMa CBOj M3BPILIHHM KOJ, Y BE3UBHOM OJIOKY CKade Ha
TPaMIIOJNIMHY TM03BaHe (yHKIMje Koja peajau3yje CKOK Ha paspemmBay (€HIJ.
Resolver).

3. Merona npensul)eHa 3a paspeniaBame, Tj. pazpemmuBad, ckade y anmat ORC, ogHOCHO
anat npesoauona LLVM u omoryhaBa na ce ¢ynkuuja npeseme. Ilopen Tora,
paspermBay je 3aJyXeH je /1a cauyBa TPEHYTHO CTame Iporpama.

4. Haxkon no3uBa ORC-a, mpou3Bou ce U3BPIITHU KO (DYHKITH]E.

5. Haxkon cTBapama M3BpIIHOT Koja Bpaha ce Ha Jeo koja Tje je mo3BaHa Ta QpyHKIHja,
Caaku cienehu nyT kaja ce mo3oBe ucta (QyHKIMja Hehe mposa3uTH Kpo3 11e0 HaBEICHU
mpolec jep Hema moTpede. JemHOM Kaj je pa3peld Hema moTpebe omeT Aa paspeinaBa
ucry ¢yHkuujy. [IpomackoM jemHOM Kpo3 I1eo MpoIlec, MOKa3uBad y OJIOKY ce Mema Jia

JTUPEKTHO TMOKa3yje Ha U3BPIIHM KOJ jep HeMa MoTpede Ja MPeBOaU UCTY (YHKITH]Y BUIIIE

nyTa.
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IIporpamcko pemieme

4. MporpaMcKo peliemwe

4.1 Knaca OrcMips32

Kiaca OrcMips32 je kiaca Koja caapkd cBe MOTpeOHE JeKapaluje U MPOMEHIbUBE
koje amat OrcJIT tpaxu 3a wusBpmaBame Ha apxurekrypu MIPS32. Jlepunucane
IPOMEHJbMBE KOj€ C€ OJHOCE Ha BEIMYMHY IIOKa3MBauya Ha AapXUTEKTYypH 3a KOjy je
peanu3yjeMo, BeIWYNHY TaKO3BaHE TPAMITOJUHE M BEIMYMHA MEMOPH]CKOT MPOCTOPA KOJH je
noTpeOHO 3ay3eTu Ja OM ce KaCHHje CMECTUTH MAIIMHCKE HHCTPYKIIM]j€ KOje UMIUIEMEHTHPA]y

onpehene komnonente OrcJIT okpyxema.

e VY 0BOM ciyd4ajy nomro je ped o apxutektypu MIPS32, Bennunna nokasusaua
je ¢pukcHo 4 Gajta.

e BenuuuHa TpammonuHe 3aBUCHM OJl TOra KOju Opoj HMHCTPYKLHUja YHWHU
TPaMITOJIMHY, OJHOCHO CBaka WHCTpyKIHWja Ha apxutektypu MIPS32 je 4
O6ajta. C 0o03upoM Ha Ty CTaBKY BeJIMYMHA TpammosuHe he Outu Opoj
MHCTPYKIIMja IOMHOXEH ca BETMUMHOM MHCTPYKIIHje OJHOCHO 4 OajTa.

e BenuunHa 6710Ka UCTO 3aBUCH O] Op0ja MHCTPYKIIHja KOje YMHE Taj OJIOK.

e BenuunHa HU3a MHCTPYKIIM]a 32 METOY pa3pelinBada UCTO 3aBUCH 0] Opoja
UHCTpYKLHMja. Taj HU3 ce cacToju 0] MHCTPYKIMja KOje UMajy yJIOoTy J1a CTama
perucrapa caudyBajy Ipe IO3uUBa MeTojJe Koja Bpaha azapecy ozapehenor
cuM0o0I1a, 3aTUM J1a ce peaju3yje MO3UB METOJIe ca MOTPEOHUM apryMeHTHMa U
HAKOH TOTa BPATH CTamke PErHcTapa KojuMa Cy MPeTX0JHEe YyBaHEe BPEITHOCTH.

e Kiaca mopen oBUX MPOMEHJBUBHX CAAPKU U JCKJIapalnje MOTPeOHNX MeToaa

KOj€ ce MOpajy UMILIEMEHTHUpATH Ja Ou ce peasm3oBana moapmka 3a OrcJIT.

15



IIporpamcko peueme

Ha crienehem uceuky npukasana je nedunucana kiaaca OrcMips32:
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IIporpamcko pemieme

4.2 MeTtoaa writeResolverCode

Jexmnaparje MeToe:

void writeResolverCode (uint8 t

void *CallbackMgr) ;

*ResolveMem, JITReentryFn

Reentry,

Ha cnenehem wmceuky mpuka3aH je HU3 WHCTPYKIHja KOje 4YyBajy TPEHYTHO CTambe

nporpama, Tj. BpeTHOCTH CBHX pErucTapa.

const uint32 t ResolverCode[]
// resolver entry:
0x27bdf£98,
0xafa20000,
0xafa30004,
0xafad40008,

//Callback manager addr.
0x00000000,
0x00000000,
0x03e02825,
Ox24a5ffec,
//JIT re-entry fn addr:
0x00000000,
0x00000000,
0x0320£809,
0x00000000,

0x8fa40008,
0x8£a30004,
0x27bd0068,
0x0300£825,
0x00400008

{

//
//
//
//

//
//
//
//

//
//
1/
//

//
//
//
//
//

0x00
0x04
0x08
0x0c

Oxéc
0x70
0x74
0x78

Ox7c
0x80
0x84
0x88

Oxec
0xf0
Oxf4
0x£f8
Oxfc

addiu S$sp, Ssp,-104
sw $vO0,0 (Ssp)
sw $vl,4($sp)
sw $a0, 8 (Ssp)

lui $a0,callbackmgr
addiu $a0, $a0,callbackmgr
move $al, Sra

addiu $al, $al,-20

lui $t9,reentry
addiu S$t9,S$t9, reentry
Jalr S$t9

nop

lw $a0,8 (Ssp)
lw Svl,4 ($sp)
addiu $sp, $sp,104
move $ra, $t8

Jjr $vO

17



IIporpamcko peuieme

Pa3zpemmBau mopa nma mo3oBe merony reenter koja je meo OrcJIT-a ummiemenranuje
npociehyjyhu joj ampecy Callback manager-a u ID Ttpamnonune kao aprymente. Ilo
M03MBHOj KOHBEHIIMjU MIips-a aprymeHTr Mopajy OuTH cMelnTeHu y peructpe al u al, jep tu
pEerUCTpH Cy pe3epBHCaHU 3a aprymMeHre mnosuBajyhe ¢yHukuje. [lopen HaBemeHor
paspermmBay Mopa Jia 04yBa CTambe IporpaMa Koje je OWIIo Mpe mo3uBa pa3peninBadya i HAaKOH
TOra YCMEpH W3BpIIaBak¢ Ha HOBOHACTAIM M3BPIIHH KOJ 4Hja ce ajapeca no0Hje Kao
noBpaTHa BpemHocT reenter merone. Hakon wus3BpmaBama reenter merome mnoBpaTHA
BPEITHOCT je aJapeca M3BPIIHOT KoJa Ha Koju he ckounTH HakoH Bpahama BPEIHOCTH CBUX

YyBaHUX pErucrapa.

Ha cnez[eheM HCCUKY IIpHUKAa3aH je J€0 MCETOAC KOjI/IM CMCIITAMO HHM3 MAIIMHCKHX

MHCTPYKIMja pa3pelinBaya.

memcpy (ResolverMem, ResolverCode, sizeof (ResolverCode))

unsigned addr = reinterpret cast<uintptr t>(CallbackMgr) + 0x8000;

unsigned CallMgrLUi = 0x3c040000 | (((addr >> 16) & OXFFFF));
unsigned CallMgrADDiu=0x24840000 | (reinterpret cast<uintptr t>(CallbackMgr) &
OxFFFF) ;

memcpy (ResolverMem+CallbackMgrAddrOffset, &CallmgrLUI, sizeof (CallmgrLUI)) ;
memcpy (ResolverMem+ (CallbackMgrAddrOffset+4),
&CallMgrADDiu,

sizeof (CallMgrADDiu)) ;

unsigned addr2 = reinterpret cast<uintptr t>(ReentryFn) + 0x8000;

unsigned ReentryLUI = 0x3cl190000 | ((addr2 >> 16) & OxFFFF) ;

unsigned ReentryADDiu=0x27390000 | (reinterpret cast<uintptr t>(ReentryFn) &
OxXFFFF) ;

memcpy (ResolverMem+ReentryFnAddrOffset, &ReentryLUI, sizeof (ReentryLUI)) ;
memcpy (ResolverMem+ (ReentryFnAddrOffset+4),
&ReentryADDiu,

sizeof (ReentryADDiu)) ;
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IIporpamcko pemieme

4.3 Metoaa writeTrampolines

Jexmnaparija MeToe:
Void OrcMips32::writeTrampolines (uint8 t *TrampolineMem,

void *ResolverAddr, unsigned NumTrampolines)

VYiora oBe MeTojAe je Ja YIHWIIE OHOJMKU Opoj TpamIojMHA KOJHMKO MY 3ajaje
napamerap NumTrampolines. CBe TpamiognHe Cy HIACHTHYHE W OArOBapajy JJoJie

HaBCACHOM aCCM6J'ICpCKOM Konay.

move $t8, Sra

lui $t9, resolveAddr

addiu $t9, $t9, resolveAddr
jalr $t9

nop

JenHa o OMTHHUX CTaBKH je cadyyBaTH BPEAHOCT PETHCTpa Ia OJHOCHO ajpecy OloKa ojaxie
je mmo3BaHa oBa METO/1a, 3aTO ILITO IMPU HOBOM NMO3UBY (pyHKIIM]je perucrap ra he 1o0uTu HOBY
BpenHocT. HakoH dyBama TpeHyTHE BPEAHOCTH PErHcTpa Fa MOTpeOHO je yuyuTaTu ajpecy
paspemmBaya Koju Tpeba jaa paspem cumOon Koju ce mpeBoiu. Anpeca ox 32 Outa je
JIOBOJPHO BEJIMKA Jla HUJe je Moryhe yuWTath jeJHOM HHCTPYKIHjOM. 300T TOTa My OBO]
METO/HM PEATM30BAHO TAPIM]jaTHO YUHUTaBamkE aapece, Tj. JeIHOM HHCTPYKIIMjOM BHIIUX 16
OuTa, a OHJa IPYrOoM MHCTPYKIM]OM HIDKUX 16 OuTa M Ha Kpajy CKOK Ha perucTap y Kome je

yuuTaHa ajgpeca.
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IIporpamcko pemieme

Peanu3anuja meToze je npukazana Ha cieachem uceuky:

uintptr t*Trampolines =reinterpret cast<uintptr t *>(TrampolineMem) ;

uintptr t ResolveAddr = reinterpret cast<uintptr t>(ResolverAddr);

for (unsigned I = 0; I < NumTrampolines; ++I) {

uint32 t RHiAddr = ((ResolveAddr + 0x8000) >> 16);
Trampolines[5 * I + 0] = 0x03e0c025;

Trampolines[5 * T + 1] = 0x3c190000 | (RHiAddr & OXFFFF) ;
Trampolines[5 * I + 2] = 0x27390000 | (ResolveAddr & OxXFFFF);
Trampolines[5 * I + 3] = 0x0320£809;

Trampolines[5 * I + 4] = 0x00000000;
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IIporpamcko pemieme

4.4 Metopa emitIndirectStubsBlock

brnok ce cactoju o JBE MEMOpHjCKE CEKIMje jeHa CAAPKH HW3BPIIHE MAIIUHCKE
WHCTPYKIIMje, a Apyra MojelMHavyHe aJipece Koje Ccy noaesbeHe cBakoM Ooky. IIpe ymorpede
MojeIMHAYHEe ajpece y JPyroj MEMOPH]CKO] CeKIMju TIokazuBahe Ha oparosapajyhe
TpammonuHe. Jlpyrm myT kaga ce mo3oBe (yHKIHja y IPYroj MEMOPH]CKOj CEKIUjH
nojeJMHaYHe ajpece rmokazuBahe Ha agpecy M3BPIIHOT KOJAA KOjU C€ MPOU3BEO MPU MPBOM
MIO3HBY.

[Tomro agpecy koja je 32 OUTa BEIMUYMHE HE MOXKE CE€ JETHOM UHCTPYKIIMJOM YUYUTATH Y

perucrap, Mopa ce€ YYUTaTH BUIIM OUTH MPBO 1A HAKOH TOra HUXKHU OUTH.

OBe 1Be MEMOPU]CKE CEKIIHje U3IJIea]y OBAKO:

.section orc_stubs

stubl:
lui $t9, ptrl
lw $t9, %lo(ptrl) (S$t9)
jr $t9

stub2:

lui S$t9, ptr2
1w $t9,%lo(ptrl) ($t9)
jr $t9

.section  orc ptrs
ptrl:

.word 0x0
ptr2:

.word 0xO0
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IIporpamcko pemieme

HajOutHuju 1eo oBe METO/Ie jecTe €0 KOoJa KOjU MPOU3BOIM OJIOKOBE Ca OBUM CEKIIHjaMa:

uint32 t *Stub = reinterpret cast<uint32 t *>(StubsBlock.base());
uintptr t PtrAddr = reinterpret cast<uintptr t>(Stub) + NumPages ¥

PageSize;

for (unsigned I = 0; I < NumStubs; ++I) {
uint32 t HiAddr

((PtrAddr + 0x8000) >> 16);

Stub[4 * I + 0] = 0x3c190000 | (HiAddr & OxFFFF);
Stubl[4 * I + 1] = 0x8£390000 | (PtrAddr & OxXFFFF);
Stubf[4 * I + 2] = 0x03200008;
Stubf[4 * I + 3] = 0x00000000;

PtrAddr += 4;

PtrAddr-onHocu ce Ha Apyry MEMOpPHU)CKY CEKIHjy T C€ Haja3H ajpeca TPaMIlOJIHHE,

OJIHOCHO HU3BOPHOI' KOJA.

Stub - Hu3 koju he campkaTi cBe 0JOKOBE KOjU Cy MOTPEOHHU, MAIIMHCKE HHCTPYKIHjE KOje

qiHEe T€ OJIOKOBE.

MIPS He no3BosbaBa armconyTHO ajpecupame. Jla OM CMO MNPHUCTYNMIM HPOU3BOJHHO]
JoKaluju yHyTap 32 OWTHOI agpecHOr IMPOCTOpa MOTPEOHO j€ HEHY aapecy y4duTaTH Y
perucrap u uckopuctuTH HeKy oa MIPS mHCTpyKIHja KOje ToapkaBajy perucrap+momepaj
ajipecupame.

OBo ce peannzyje Tako IITO C€ y4uTa MpBO ropmux 16 Oura aapece ca LUl unctpykuumjom
JIOK ce 3a Aowux 16 6urta agpece nckopuctu 16 outHu nomepaj LW uncrpyxkuuje. Ilomro
LW wunCTpyKIMja MHTEpOpETUpa CBOj TIOMEpaj Kao o3HayeHy 16 OUTHY BpeIHOCT MOTPEeOHO
je KOMIIeH30BaTH ropmy BpeaHocT ajnpece ca 0x8000, na 6u ce y cinydajy aa je 16 6ut agpece
nocraBJbeH Ha 1, Tj. Aa je momepaj LW uHcTpyKkuuje HeraTHBaH, Kpajiba BPEIHOCT ajpece

OuJia jeHaKa OPUTHHAIIHO)].
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Pesynraru

5. Pe3yntatu

Tectupamem anara ORCJIIT, ognocno npeBonuona LLVM oapehenum jeauHuaHuM
tectoBuMa Koju cy npensuhenu 3a ORC (ykynHo ux uma 7) nmotBpheHo je GyHKIHMOHATHOCT
meroBa Ha apxutekTypu MIPS32. CBu TecToBH Cy ycnemHo U3BpIIEHH ca OAroBapajyhum

PE3YATATOM.

g

PASS: LLVM :: ExecutlonEngxne/OrcLazy/hello 11 (1 of 1)
Testing Time: 12.02s

Expected Passes 1
root@utm4: /home/rtrk/work/llvm integrate/build-mips32be# ./bin/llvm-1lit ../1lvm/test/ExecutionEngi
ne/OrcLazy/
Inputs/ global_aliases.1ll module-flags.1ll
anonymous_globals.1ll hello.11l private_linkage.1ll
common-symbols. 11l 1lit.local.cfg weak-function. 1l
root@utm4: /home/rtrk/work/1llvm-integrate/build-mips32be# ./bin/1lvm-1it ../1lvm/test/ExecutionEngi
ne/OrcLazy/global_aliases.1ll
-- Testing: 1 tests, 1 threads --
PASS: LLVM :: ExecutionEngine/OrcLazy/global_aliases.ll (1 of 1)
Testing Time: 2.69s

Expected Passes = 5l
root@utm4: /home/rtrk/work/1llvm-integrate/build-mips32be# ./bin/llvm-1it ../1llvm/test/ExecutionEngi
ne/OrcLazy/module-flags.1ll
-- Testing: 1 tests, 1 threads --
PASS: LLVM :: ExecutionEngine/OrcLazy/module-flags.ll (1 of 1)
Testing Time: 2.57s

Expected Passes >l
root@utm4: /home/rtrk/work/llvm integrate/build-mips32be# ./bin/1llvm-1it ../1lvm/test/ExecutionEngi
ne/OrcLazy/anonymous_globals. 11l
-- Testing: 1 tests, 1 threads --
PASS: LLVM :: ExecutionEngine/OrclLazy/anonymous_globals.1l (1 of 1)
Testing Time: 2.78s

Expected Passes o
root@utm4: /home/rtrk/work/1llvm-integrate/build-mips32be# ./bin/llvm-1it ../1lvm/test/ExecutionEngi
ne/OrcLazy/private_linkage.1ll
-- Testing: 1 tests, 1 threads --
PASS: LLVM :: ExecutionEngine/OrcLazy/private_linkage.ll (1 of 1)
Testing Time: 2.70s

Expected Passes 2
root@utm4: /home/rtrk/work/1llvm-integrate/build-mips32be# ./bin/llvm-1it ../1lvm/test/ExecutionEngi
ne/OrcLazy/common-symbols.1l1l
-- Testing: 1 tests, 1 threads --
PASS: LLVM :: ExecutionEngine/OrcLazy/common-symbols.1ll (1 of 1)
Testing Time: 2.67s

Expected Passes =1
root@utm4: /home/rtrk/work/llvm integrate/build-mips32be# ./bin/llvm-1it ../1lvm/test/ExecutionEngi
ne/OrcLazy/weak-function.1l
-- Testing: 1 tests, 1 threads --
PASS: LLVM :: ExecutionEngine/OrcLazy/weak-function.l1ll (1 of 1)
Testing Time: 2.80s
; Expected Passes : 1

Camka 6: ITpuka3 tectupama ca Orc/LLVM tectoBuMa

23



3akibydak

6. 3aksbyuak

Moryhe je npommpeme moapuike 3a apxutekrypy MIPS64. Ha apxutekrypu MIPS64
MHCTpYKIIKja je Takohe Benmunne 32 Outa, anu mupuHa Memopuje je Beha. Axpece ca kojum
paguMo cy Behe, caMMM THM yYUTaBameM HEKE ajJpece y HEeKH perucrap Ouhe npyrauuje,
JpyradujuM MHCTpYKIHjaMa ce Mopa yuuTtaBatd. OBa pasiiuka JOBOAU 10 MoTpede 3a Behum
OpojeM MHCTPYKIIH]a, IITO Takohe yTude Ha noBehame Opoja HHCTPYKIMja y OJIOKOBUMA(EHIII.

Stubs), TpammnonuHama a u 6pojeM UHCTPYKIM]ja y METOAM pa3peiirnBava (eHri1. Resolver).
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