I/I C H m:[l MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

Apxutektypa ARM n
WebKit

Omutpmn MenbHUK

dm@ispras.ru



WHCTUTYT CMCTEMHOr O NporpamMmmnpoBaHins

Poccnnckon akagemun Hayk

ApxuteKtypa ARM

e ARM: Advanced RISC Machine

— Obnactb NPUMEHEHUNA: BCTPaNBAEMbIE CUCTEMDI

— Pa3pabotumk: kKomnaHma ARM Holdings, nnueH3snpyet
AN3aMH npoueccopa nponssogmutenam obopyaoBaHuUA

* OcHOBHble 0cobeHHOoCT!:
— JHeprosaPpPeKTUBHOCTb
— HWU3KaAa CTOMMOCTb
— OTHOCUTE/IbHO NPOCTOoe AAPO
— PacwmnpaemocTb



Mu CTHTYT CUCTEMHOIQ NporpaMmmMmupoBaHA

HCH m:[l Poccnnckon akagemun Hayk

ApxuteKtypa ARM

ApxuTeK- CemeNCTBO NPOLLECCOPOB Mpumepbl ycTpoucTs
Typa
ARMv1 ARM1 1985
ARMv2 ARM2, ARM3
ARMv3 ARM6, ARM7 1992
ARMv4 StrongARM, ARM7TDMI, 2003 iPag 4150
ARMOTDMI
ARMvV5 ARM7EJ, ARMOE, ARM10E, XScale
ARMv6 ARM11 2007 iPhone (orig, 3G)
ARMv7 Cortex A8, A9, A15, A7 2008 N900, Galaxy 1-4, iPhone (3GS, 4, 5)
ARMv8 Cortex A57 2011 iPhone 5S




WHCTUTYT CMCTEMHOr O NporpamMmmnpoBaHins

Poccuickon akagemMun HayK

RISC vs CISC

(Reduced vs Complex Instruction Set Computer)

* [lpocTble onepauynu

— OrpaHun4yeHHbIN Habop NPOCTbIX KOMaHA (Hanpumep, HeT
neneHus)

— KomaHaa BbINoAHAETCA 33 OAMH TaKT
— @uKcnpoBaHHasA AIMHA KoMaHAabl (NpocToTa AeKoAMPOBaHUA)

 KoHBeunep

— Kaxkgan onepauuna pasbmBaeTcs Ha OAHOTUMNHbIE NPOCTbIE
3Tanbl, KOTOPbIE BbINOAHAKTCA NapPaNNeNbHO

— Kaxkabin aTan 3aHMMaeT 1 TaKT, B T.4. AeKoANPOBaHUE
* Perucrtpbl

— MHOro oAHOTUMHbIX B3aUMO3aMEHAEMbIX PETUCTPOB (MOryT
MCMOAb30BaATbCA M ANA AAHHbIX, U ANA afpecaumn)



P AH MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccnnckon akagemun Hayk

RISC vs CISC

(Reduced vs Complex Instruction Set Computer)

* Mopgenb paboTbl C NAMATLIO
— OTaenbHble KoMmaHAabl A8 3arpy3Kkn/coxpaHeHua B NamsaAThb
— KomaHapbl 06paboTkm AaHHbIX paboTatoT TONbKO C PpErncTpamm

e CNnoXHoCTb ONTUMM3ALMNI NepeHeceHa N3 NpoLeccopa
B KOMMNUAATOP

— npOM3BO,£I,MTEIIbHOCTb CUNIbHO 3aBUCUT OT KOMIMUJTATOPA

* Utoro: 6onee npocroe s4p0, Bbillie YaCcTOTa NpoLeccopa



WHCTUTYT CMCTEMHOr O NporpamMmmnpoBaHins

Poccnnckon akagemun Hayk

PeXXnumbl npoueccopa ARM

ARM (32 6uT)

— PeXum no ymos4yaHuio
— JocTynHbl BCE KOMaHAbI NpoLueccopa, paboTa ¢ conpoLeccopom

Thumb-1 (16 6uT)

— BbicoKaa nnoTHOCTb KoAa, nydllee ucnonb3osaHue |-Cache
— Ha 16-6UTHOM NamATK KOMaHAa nepeaaeTcsa 3a OAMH TaKT
— OrpaHWYyeHHbI1 Habop KOMaHA, U PerucTpos

* Thumb-2 (cmewaHHbIN 16/32 6UT)

— O6beguHaeT npeumyuwiectea ARM n Thumb-1
— Pa3mep Koaa Ha 25% meHblue Npu CPaBHUMOM NPON3BOANTE/IbHOCTHU

e Jazelle (8 6uT)

— AnnapaTHO peanun3oBaHo cBblilie 60% KomaHa Java-6aiiTkoaa
— PeXnm gocTyneH ToNbKo npousBoauTenam obopyaoBaHums



P AH MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccnnckon akagemun Hayk

Permncrpboil

* 16 perncrtpos obLlero HazHa4YeHus

— Pa3mep: 32 6buTta, MCNoNb3yOTCA B
LLleNOYNC/IEHHbIX KOMaHAax, MOJIHOCTbIO
B3aMMO3aMeHsAEeMble

— UmeHosaHume: rO - r15
— HeKkoTopble perncrtpbl UMerT cneunasibHble

UMEHA U HAa3HaYeHWNe:

e PC(r15) — Program Counter
* LR (r14) — Link Register
e SP (r13) — Stack Pointer



P AH MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccnnckon akagemun Hayk

Permncrpboil

* Peruncrtpbl COCTOAHMUA

— CPSR (Current Program Status Register): ¢narm, obpaboTKa
npepbiBaHUA

— SPSR (Saved Program Status Register): xpaHut konuto CPSR
npun 06paboTKe NpepbiBaHMA

— [Doctyn: KomaHabl MRS/MSR

* KOHTpPO/IbHblE pPerncTpsbl

— M3meHeHus napameTpoB K3WMPOBAHUA, YyNpaB/ieHUA
NamATbIO, PEXMMOB NpoLLeccopa U T.n.

— JNoctyn: KomaHabl MRC/MCR

* BeuwectBeHHble pernctpbl (FPU n BekTopHoro
conpotleccopa)



I/I C H m:[l MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

YcnoBHble pnaru

®nar OnucaHue Korpa ycraHaBnuBaercs
Q Saturation HacbiweHne/nepenonHeHne B DSP-onepauuax
Vv oVerflow MepenonHeHue (3HaKoBOE)
C Carry MNepeHoc 6buta (6e33HaKoBbIN)
VA Zero Hynesow pe3ynbraT (paBeHCTBO)
N Negative OTpuuaTtenbHoe 3HayeHune (6ut 31 ycTaHOB/EH)

®narn pacnonoxeHol B pernctpe CPSR (current program
status register)

3130292827 24 7 6 54 0
010|1(0|0 0 0|1|10| 10011
| —

I
nzCvq ] iIF t SVC



I/I C H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

YcTaHOBKa pnaros

Ecav komanga ALU nmeet cyddukc’S’, To pnarm byayT
YCTaHOB/IEHbI B COOTBETCTBUM C PE3YNbTaTOM KOMAHAbI.

[Tpumepbl:

subs rl, r2, #1
1sls rl, r2, #5
cmp r2, #1



MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccnnckon akagemun Hayk

5(81{PAH

Koabl ycnoBun

Mpean- OTtpu- >Pnarm

KaT TELTLS

EQ NE ==

CS/HS | CC/ C >= (be33HaKoBoOe)
LO

M PL N <0

VS VC nepenosiHeHue

HI LS zC > (6e33HaKoBoOe)

GE LT NV || nv >= (3HaKoBoe)

GT LE NzV || nzv | > (3HakoBoe)

AL - - be3ycnoBHaa KOmaHAaa




H C H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

YcnoBHOe BbINMNO/IHEeHune

Moyt Bce KomaHabl ARM moryT 6bITb 3anncaHbl B yC/108HOU
¢opme. B 3TOM cnyyae ycnosue NpuUNUCbIBaeTca Nocsie KOMaHabl,
M OHa byaeT BbINOJIHEHA, TO/ILKO €C/IN YC/I0BME UCTUHHO.

[lpnumepbl:
addge rl1l, rl, ril
BbluMcneHne moayna |r1—r2|:

subs rl, rl, r2
rsblt rl, rl, #0



H C H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

Moaynb caBura

BTtopoun aprymeHT ALU-KOMaHAa moXeT bbITb
npeacras/ieH B BUAe

ARG2 = R shift _op B, rpe

R — peructp
B — BennymnHa casura (0-31)
shift_op —o0uH u3 LSL, ASL, RSL, ROR unu RRX

[lpumep:
add rl1, rl, rl 1sl #2 /J/rl=r1+rl1*4=r1%*5



P AH MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccnnckon akagemun Hayk

[lpeacTaBneHne KOHCTAHT

BTtopoun aprymeHT ALU-KOMaHA MOXKeT ObITb TaKKe
KOHCTAaHTOMN, KoTopasa koaupyetca 12 butamm (8 out
3HayeHune, 4 buta BeNIMYMHA CABUra):

CONST 32 =CONST 8<<(2*N), 0<=N<16

[Mpumepsi NPasuUsIbHLIX U HENPAsUbHbIX KOHCMAHM:
and rl, rl, #255
and rl, rl, #510
and rl, rl, #0xff00ff00
and rl, rl, #0xff£f000000



P AH MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccnnckon akagemun Hayk

[lpeacTaBneHne KOHCTAHT

BTtopoun aprymeHT ALU-KOMaHA MOXKeT ObITb TaKKe
KOHCTAaHTOMN, KoTopasa koaupyetca 12 butamm (8 out
3HayeHune, 4 buta BeNIMYMHA CABUra):

CONST 32 =CONST 8<<(2*N), 0<=N<16

[Mpumepsl NPaAsUsIbHLIX U HENPAasusabHbIX KOHCMAHM:
and rl, rl, #255
and rl, rl, #510 //510=255<<1—HeyemHsnil cosue
and rl, rl, #0xff00££00 //3HayeHue «wupe» 8 bum
and rl, rl, #0xff£f000000



WHCTUTYT CMCTEMHOr O NporpamMmmnpoBaHins

Poccnnckon akagemun Hayk

RoaAnpoBKa KOMaHA,

ADDGE rO,r1, r2 asr #31 Hencrsue:
1f (flags match (GE))

rO = rl + r2 >> 31;
ADD{S}<c> <Rd>,<Rn>,<Rm>{,<shift>}

31 30 29 28 27 26 25 24 23 22 21 20 19 18 17 16 1514 13 12 11 10 9 8 7 6 5 4 3 2 1 0

cond 0 0{0|0O 1T O OfS Rn Rd imm35 type | O Rm
GE ALU ADD O 1 0 31 ASR 2
(w/reg) [Neticteue:

r0O = rl & ~0xf£f000000;

BICS r0, r1, #FFO00000 set flags () ;

ADD{S}<c> <Rd>,<Rn>,#<const>

31 30 29 28 27 26 25 24 23 2221 2019 18 1716 1514 13121110 9 8 7 6 5 4 3 2 1 0
cond O O11{0 1 0 O(S Rn Rd mimm1l2




Poccuickon akagemMun HayK

WHCTUTYT CMCTEMHOr O NporpamMmmnpoBaHins

Pexxnmbl npoueccopa ARM

ARM Thumb-1 Thumb-2
Pasmep KOMaHAbl 32 6ut 16 6ut 16/32 6ut
Kon-Bo KomaHA, ~60 30 ~60
YcnoBHoe MouTn BCE HeTt C nomouwbto IT-
BbIMO/IHEHNE KOMaHAbl 6n0KoB
Casur aprymeHtoB | Bo Bcex KomaHaax | OtgenbHble B 32-6UTHbIX
ALU KOMaHAbl KOMaHAax
JlocTynHble 15 obuwero 8 obulero 15 obuwero
perncTpsbl Ha3Ha4YeHuA + pc Ha3Ha4YeHunAa + 7 Ha3Ha4YeHuA + pc

cneumnanbHbIX + pc

Mpumepbl KOMaHA,

add rl, r2,
r3 asl #2

(A)

add rl, r2

(B)

Ob6e popmbil
AONYCTUMBI;
Pasmep (A) — 16
6uT, (B) — 32 61Ut




I/I C H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

3a0aHuA

1. YTOo AenatoT KomaHAabl
adds rl, r0, #42
bicge r0, r0O, r0, asr #31

(9kBMBaneHT Ha C: if (x >=-42){... })

2. Bbluncauntb X = X * 81 B aBe komaHAabl 6e3 ncnonb3doBaHma MUL
(81=5*16+1wm (8 +1)*2)

3. 3anucaTtb B O 4HY KOMaHAY BbipaXKeHune

X=(X>=0)?X:X-1

(Mcnonb3osaTtb ADD, ASR)



I/I C H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

KomaHabl paboTbl C NamATbIO

KomaHabl 3arpy3sku/coxpaHenmsa LDR / STR:

1dr rl, [r2, #+/-imml2]
l1dr rl, [r2, +/-r3, shift imm5]

[lpumepbl:

ldr rl, [pc, #256]
ldr rl, [sp, r2, asl #2]

Ll:
l1dr rl, L1 + 248 // no L1 + 248 HaxoauTca Tabanua agpecos
ldr pc, [rl, r2, asl #2] //table-jump ana switch



H C H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

KomaHabl paboTbl C NamATbIO

[MpenHKpemMeHT / NOCTUHKPEMEHT aZpPeCcHOro perncrpa:

ldr rl, [xr2, +/-r3, shift imm5]!
l1dr rl, [xr2], +/-r3, shift immb5

MHOXeCTBO PerncTpos:
ldmia rl, {rl-rlo}

ldmia rl!, {rl-rl6} - cobpaTHOM 3aNUCbIO B aJPECHbIN PETUCTP
CydduKcbl: MHOeCTBO PerncTpoB: N1oboe NoaAMHOKECTBO
ia —increment after B NOpAAKe BO3pacTaHNA HOMEPOB (Hanpumep,

db — decrement before {r0, rl-rl0, pc})



P AH MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccnnckon akagemun Hayk

KomaHab! paboTbl CO CTEKOM

PaboTa co cTeKom peannsyetcs yepes KomaHabl

stmdb/ldmia
push {r0-rl5} pop {rO-rlb}
stmdb sp!, {r0, rl5} ldmia sp!, {r0, rlb5}
sp —> 0x100 [locnepHee gOCTynHOe 3HaYeHue
O0xO0FC ro
0x0F8 rl

0x0CO <- sp (nocne) r15




H C H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

Bbi30B PYHKL UM

Bbi30B GYHKLMIN BbINOJIHAETCA MPU NOMOLLLM KOMAHbl
bl — branch with link

Tekyllee 3HaYeHUNe perncTpa pc CoxXpaHAeTcA B
peructpe 1r

Bo3BpaT 13 GpyHKUUU BbINOAHAETCA C MOMOLLbIO
KOMaHAbl bx 1r

some func: bl some func
push {1lr}
some func:

pop {pc} bx 1r



P AH MHCTUTYT cUCTeMHOro nporpaMmupoBaHmna
Poccuickon akagemMun HayK

KoHBenep cospemeHHoro ARM

* Cortex-A8
— KonBeunep n3 13 ctaguu
— 2 ANY ycTpoiictea, 1 Load/Store, 1 Multiply
— MoKeT BbINONHATbL A0 2-X KOMaH/, 33 TaKT

— N3 HUX AONXKHO ObITb He bonee oaHol Load/Store
n Multiply, npyyem ymHoKeHne A0NXKHO NATH
nepBbIM

e Cortex-A9: nobaBneHO AMHAMUNYECKOE
nepeynopAaaoyeHne KomaHa



WHCTUTYT CMCTEMHOr O NporpamMmmnpoBaHins

Poccnnckon akagemun Hayk

[lomepbl oNMcaHUA BpemMeHu
BbINO/IHEHMA KOMaHA, Ha KOHBenepe

Tanbl KoHBenepa obo3Hatotea E1, E2, ..., ES

MNepen Haya/IoM KaxKa0ro 3Tana KomaHaa MoxKeT TpeboBaTb rOTOBHOCTU
onepaHA4o0B B pernucrpax, a nocsie — BblgaBaTb rOTOBble ONepaHAabl
ADDr1,r2,r3

— r2, r3: TpebytoTca nepen E2

— rl: rotos nocne E2
MOV rl, r2 asl #const

— r2: Tpebyetca nepepg E1

— rl:rotos nocne E1

Cneacteue 1: mov r2, rl; add r3, r2, rl MOryrtHauyaTtb
BbINONHATLCA OAHOBPEMEHHO

Cneactene 2: add rl, r2, r3; mov r2, rl (BobpaTHOm
nopsiaKe) UMeoT 3a4ePKKY B 2 TaKTa MeXay KOMaHaamMu



I/I C H m:[l MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

CeneKTUBHbIM NAAaHUPOBLLUK

-02 Selective Scheduling
.L11: i
_ o | 1dr rd, [r3, r7]
| dr >| mov ip, #1
0 S
° | dr S| Idr [r3, r§
&> add o L mov r2,\ r3
N cmp L5
g nha " nha
% nul cmp
O bne _ | mov
E | dr ne
Q<
- ¥ | addne
I drne
nul
L bne

int foo (int N) {
int 1i;
int a=0, b=1;
for (i=0; 1i<N; i++)

{

a += x[1] * y[i]l;
b *= a;
}

return a+b;




HC H m]] MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

YnyduweHunsa koaoreHepauunmn ans
ARM Advanced SIMD (NEON)




ACIILIN| roccmmoonaamemmbaye o
YnydweHune ontuMmnlaumm GCSE wm
KOMObUHMpoBaHua koMmaHa B GCC

o e [2 GUC [Tocne ucnpasneHund
NcxoaHbIn GELEE ]z[0)
npuMep

mov rl, r2, asl #2
cmp r3, cmp r3,
(=) bne L1 bne L1
a=>b + c < 2;
add r4, r5, rl add r4, r5, r2, asl #2

else

b .L2 b .L2
Ll Ll
add ro, r7, rl add ro, r7, r2, asl #2

d =e + ¢ << 2;




{0 1PAH [ttt
ynydweHna ob6paboTKn yCNOBHbIX
KoMaHa Thumb-2

RTL nceBpo-KozA cmp rl, #0 cmp rl, #0

ite eq itete
moveq r2, moveq
movne rz2, movne
ite eq moveq
moveq r3, movne
movne r3,

Rt ncesnoon S o




I/I C H m:[l MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

YnydweHunsa ob6paboTKn yCnoBHbIX
KoMaHa Thumb-2

[Mpeobpa3oBaH-
HblI B YC/IOBHYIO

hopMy

NcxoaHbIv
npumep

mov rl, #1 moveq rl, #1

mov r2, #2 moveq r2, #2
mov r3, #3 moveq r3, #3
mov r4d, #4 moveq r4, #4
mov r5, #5 it eq

L2 moveq r5, #5




I/I C H m:[l MHCTUTYT cuCcTeMHOro NporpaMmMmupoBaHma
Poccnnckon akagemun Hayk

YnydweHunsa ob6paboTKn yCnoBHbIX
KoMaHa Thumb-2

[Mpeobpa3oBaH-
HblI B YC/IOBHYIO

hopMy

NcxoaHbIv
npumep

L2 moveq r5, #5




TACT: Tool for Automatic Compiler
Tuning

 Motivation

— GCC is multiplatform compiler, has 150+ optimizations which are not
always tuned well for the specific platform

— Goal: improve the performance of GCC for ARM

— Traditional approach: profile application, then find out what needs to
be improved in the compiler

— It’s difficult, and takes much time and expertise

* Performance analysis involving TACT:

— Use Genetic Algorithm to find best-performing compile options
 Also find default -O2 optimizations that make code worse

— Find which of the options impact performance the most

— Compare the assembly

— Fix relevant optimization in GCC to make what we’ve found the
compiler’s default behavior



How TACT Works

I
' Host machine Send flags for
: evaluation
I

> ***********
| Genetic Algorithm Core rarget devices.
| | .
I \
| Population 1 Task Queue |
| Management |
| Population 2 System " Access
| compiled
! Population N R binaries and
| Get run
| results application
o _________ of building and _

running

|
Build Pool Directories
(shared via NFS)

I

I

Allocate pool \ |
and build Pool 1: building :
|

I

|

application with —
. - Waiting for ) ]
cross-compiler A| Pool 2: et Pool N: running

- - - — = = = = = = = — — — — — - — M M 4




Tuning Results (raw)

-02 -mcpu=cortex-a9 -mtune=cortex-a9 -mfpu=neon -mfloat-abi=softfp -fno-aggressive-loop-optimizations -fno-align-functions -fno-align-
jumps -fno-align-labels -falign-loops -fno-argument-alias -fno-argument-noalias -fargument-noalias-anything -fno-argument-noalias-global -fno-
associative-math -fno-asynchronous-unwind-tables -fno-auto-inc-dec -fbranch-count-reg -fbranch-probabilities -fno-branch-target-load-
optimize -fno-branch-target-load-optimize2 -fno-btr-bb-exclusive -fcaller-saves -fcheck-data-deps -fno-combine-stack-adjustments -fno-
common -fcompare-elim -fconserve-stack -fno-cprop-registers -fcrossjumping -fcse-follow-jumps -fcse-skip-blocks -fno-data-

sections -fdce -fdefer-pop -fno-delayed-branch -fdelete-dead-exceptions -fdelete-null-pointer-checks -fdevirtualize -fno-dse -fearly-inlining -fno-
expensive-optimizations -ffast-math -ffinite-math-only -ffloat-store -fno-forward-propagate -ffunction-cse -fno-function-sections -fgcse -fgcse-
after-reload -fgcse-las -fgcse-Im -fgecse-sm -fguess-branch-probability -fhoist-adjacent-loads -fif-conversion -fno-if-conversion2 -fno-indirect-
inlining -finline -finline-functions -finline-functions-called-once -finline-small-functions -fipa-cp -fipa-cp-clone -fno-ipa-matrix-reorg -fipa-pta -fipa-
pure-const -fno-ipa-reference fipa-sra -fipa-struct-reorg -fivopts -fno-jump-tables -fkeep-inline-functions -fkeep-static-consts -floop-nest-
optimize -fmerge-all-constants -fmerge-constants -fmodulo-sched -fno-modulo-sched-allow-regmoves -fmove-loop-invariants -fno-optimize-
register-move -foptimize-sibling-calls -foptimize-strlen -fno-pack-struct -fno-partial-inlining -fno-peel-loops -fpeephole -fpeephole2 -fpredictive-
commoning -fno-prefetch-loop-arrays -fno-reciprocal-math -free -fno-reg-struct-return -fno-regmove -frename-registers -fno-

reorder-functions -fno-rerun-cse-after-loop -freschedule-modulo-scheduled-loops -frounding-math -fno-sched-critical-path-heuristic -fno-sched-
dep-count-heuristic -fno-sched-group-heuristic -fno-sched-interblock -fno-sched-last-insn-heuristic -fsched-pressure -fno-sched-rank-

heuristic -fno-sched-spec -fsched-spec-insn-heuristic -fno-sched-spec-load -fsched-spec-load-dangerous -fsched-stalled-insns -fno-sched-stalled-
insns-dep -fsched2-use-superblocks -fsched2-use-traces -fno-schedule-insns -fschedule-insns2 -fshrink-wrap -fno-section-anchors -fno-selective-
scheduling -fselective-scheduling2 -fsel-sched-pipelining -fno-sel-sched-pipelining-outer-loops -fno-sel-sched-reschedule-pipelined -fsee -fno-
signed-zeros -fno-single-precision-constant -fsplit-ivs-in-unroller -fsplit-wide-types -fno-stack-check -fno-thread-jumps -ftoplevel-reorder -fno-
tracer -fno-trapping-math -fno-tree-bit-ccp -fno-tree-builtin-call-dce -fno-tree-ccp -ftree-ch -ftree-coalesce-vars -ftree-copy-prop -ftree-
copyrename -ftree-cselim -ftree-dce -fno-tree-dominator-opts -fno-tree-dse -ftree-forwprop -ftree-fre -ftree-loop-distribution -ftree-loop-
distribute-patterns -fno-tree-loop-if-convert -ftree-loop-if-convert-stores -fno-tree-loop-im -ftree-loop-ivcanon -fno-tree-loop-optimize -ftree-
Irs -ftree-partial-pre -fno-tree-phiprop -fno-tree-pre -ftree-pta -ftree-reassoc -ftree-scev-cprop -ftree-sink -fno-tree-slp-vectorize -ftree-slsr -fno-
tree-sra -fno-tree-switch-conversion -fno-tree-tail-merge -fno-tree-ter -fno-tree-vect-loop-version -fno-tree-vectorize -fno-tree-vrp -fno-unroll-
all-loops -fno-unroll-loops -fno-unsafe-loop-optimizations -fno-unsafe-math-optimizations -fno-unswitch-loops -fno-unwind-tables -fno-variable-
expansion-in-unroller -fvect-cost-model -fno-vpt -fno-web -fno-ira-loop-pressure -fira-algorithm=CB -fira-region=all -fira-share-save-slots -fno-ira-
share-spill-slots --param ira-max-loops-num=1000 --param inline-unit-growth=50 --param large-function-growth=100 --param large-function-
insns=4800 --param large-stack-frame=264 --param large-stack-frame-growth=900 --param large-unit-insns=3000 --param max-delay-slot-live-
search=669 --param max-inline-insns-auto=220 --param max-inline-insns-recursive=950 --param max-inline-insns-single=350 --param max-inline-
recursive-depth=19 --param max-inline-recursive-depth-auto=17 --param max-variable-expansions-in-unroller=3 --param max-unrolled-
insns=330 --param max-average-unrolled-insns=140 --param max-unroll-times=10 --param max-peeled-insns=360 --param max-peel-

times=8 --param max-completely-peeled-insns=700 --param max-completely-peel-times=16 --param max-once-peeled-insns=680 --param min-
inline-recursive-probability=7 --param simultaneous-prefetches=8 --param |1-cache-line-size=0 --param prefetch-latency=800 --param |1-cache-
size=24 --param I2-cache-size=160 --param min-insn-to-prefetch-ratio=10 --param prefetch-min-insn-to-mem-ratio=0



Filtering the Results

* If compiling with and without a compiler option
produces an identical binary, we throw it out

* Typically, only 15-30% of the original options left in the
resulting set

 Example of the reduced set of options (SPEC2K’s
255 .vortex benchmark, 41 of 200 left):

-02 -mcpu=cortex-a9 -mtune=cortex-a9 -mfpu=neon -mfloat-abi=softfp -fno-aggressive-loop-optimizations -fno-auto-inc-dec -fbranch-
probabilities -fno-common -fconserve-stack -fno-cprop-registers -fno-dse -fno-expensive-optimizations -ffinite-math-only -ffloat-

store -fno-forward-propagate -fgcse-after-reload -fgcse-las -fgcse-sm -fno-if-conversion2 -finline-functions -fipa-pta -fno-jump-tables -fkeep-
inline-functions -fmodulo-sched -fno-partial-inlining -frename-registers -fno-reorder-functions -fno-rerun-cse-after-loop -fno-sched-

interblock -fno-schedule-insns -fno-section-anchors -fselective-scheduling2 -fno-thread-jumps -fno-tree-ccp -fno-tree-dominator-opts -fno-tree-
dse -fno-tree-loop-optimize -fno-tree-pre -fno-tree-sra -fno-tree-switch-conversion -fno-tree-ter -fno-tree-vrp -fira-algorithm=CB -fira-
region=all -fno-ira-share-spill-slots --param ira-max-loops-num=1000 --param inline-unit-growth=50 --param large-stack-frame=264 --param
large-stack-frame-growth=900 --param large-unit-insns=3000 --param max-inline-insns-auto=220 --param |1-cache-line-size=0



Score
10.720
10.340
9.990
10.050
9.870
9.910
9.730
9.620
9.530
9.490
9.550
9.360
9.330
9.340
9.280
9.340
9.290
9.260

%Prev

0.00%
3.54%
3.38%
-0.60%
1.79%
-0.41%
1.82%
1.13%
0.94%
0.42%
-0.63%
1.99%
0.32%
-0.11%
0.64%
-0.65%
0.54%
0.32%

Example: Tuning Results for
255 .vortex from SPEC2K INT

%Base Flags diff
-02 -mcpu=cortex-a9 -mtune=cortex-a9 -mfpu=neon -mfloat-abi=softfp

0.00%
3.54%
6.81%
6.25%
7.93%
7.56%
9.24%
10.26%
11.10%
11.47%
10.91%
12.69%
12.97%
12.87%
13.43%
12.87%
13.34%
13.62%

-finline-functions
-fno-if-conversion2
-fno-sched-interblock
-fselective-scheduling?2
-fno-tree-pre

--param max-inline-insns-auto=220
-fno-tree-dominator-opts
-fno-schedule-insns
-frename-registers
-fno-forward-propagate
-fbranch-probabilities
-fno-rerun-cse-after-loop
-fgcse-las -fno-tree-loop-optimize
-fno-tree-vrp
-fno-section-anchors
-fno-tree-ter

--param large-unit-insns=3000

RED: default -O2 optimizations
that don’t work properly (or
parameters that may have
incorrect value) with significant
impact

GREEN: candidate optimizations
to enable by default for -O2 on
this target




Tuning of Selected Open-Source Apps

« 200 original GCC options, 30 generations

30 B Number of significant best

25 options (that affect the
compilation)

20

15 B Number of options
providing 80% of

10 improvement

5 |

B Number of disabled

optimizations (-fno-...) and
C-Ray Crafty libevas SciMark x264 zlib parameters (--param) in
+17% +16% +23% +35% +24% +16% result

* There are few compiler options left for further
manual analysis



25

20

15

10

Tuning SPEC2K INT (Thumb-2)

B Tuned on train M Verified on ref

10.2%

6.4%

N/A

E

N/A N/A - N/A . N/A N/,

eon
gap

v

g

m
crafty
parser
perlbmk
vortex
bzip2
twolf

* We have tuned 6 of 12 SPEC2K INT tests
on train data set

 The results were verified with ref dataset

« Half of the speedup persists across
different data sets

GEOMEAN (all)

GEOMEAN (only tuned)



Pareto Tuning for x264

650 -
600 E%j
550 - 35% smaller binary
than -O3 for the same
performance

500
450
400 - \ o 02
30T 209% faster than -O2 for - "Ses=

theI same Icode size  ©-0s  Run time (seconds)
300

5.5 6 6.5 7 7.5 8 8.5 9



OBuxku JavaScript (SFX, V8)



UHTepnpeTupyemsble A3biku u VM

» MHTepnpeTupyeMble A3bIKU
o OCHOBHble 0COOEeHHOCTMU:

o YnpaBsneHne namMmaTtblo (Cbopka Mycopa, KOHTPOJSib A0CTyna
K o6bekTaMm, rpaHul, npu obpalleHnm K maccuBam, 1 T.n.)

o [dlMHamMmunyeckne Tunol (KJ'IaCCbI MOIYyT UIBSBMEHATBLCA, a TakKXe
CcOo3aBaTbCA HOBblE BO BPEMA BbII'IOJ'IHeHI/IFl)

o Co3gaHne HOBOro Koga Bo BpeMd BbiNonHeHUd (eval)

o T  0oCcobeHHOCTN [OenawT CTaTU4YeCKyrd  KOMMUAALMIO
3aTpyaHUTENBHOWN NN HEBLIFO4HOW

o MNMpumepsbl: JavaScript, Python, Ruby (1 B HekoTopon ctenenu
Java)

40



UHTepnpeTauua vs JIT komnunauua

»>CTaHpoapTHbIN noaxo, K peanu3auunmn cpeibl BbINOMHEHUS:

o [lporpamma koMnunupyetcsa B 06anT-kog — Habop NpOCTbIX
NHCTPYKUNKW, HAanoMuHatlowmx accembnep

o banTt-kon nHTepnpeTnpyeTcs B BUPTYyasibHON MallUuHe, KOTopas
Takxe yrnpasnaeT AuHaMmuyecknmm obbekTamun u npegocrasnsaeT
AOCTYN K PYHKUUAM BPEMEHU BbIMOJSIHEHUSA

»>JIT (Just-In-Time) Compilation — kKoMnNUNALNA «Ha NEeTy»:

o BMecTo nHTepnpetaummn, 6ant-kog cHa4dana KoMnunupyeTca B
KO LEefieBON apXUTEKTYpbl

o PYHKLMM KOMMUIIUPYIOTCA MO Mepe HeobXoaMMOCTU, a He Bce
3apaHee

o Wcnonb3yeTcs npodunmpoBaHune " CMEeKYNATUBHbIE
onTMMU3aUnm 41



JIT komnunauusa

»[1penmyliectea JIT-komnmnaTopa:
o BbinonHaeT ontummn3aauyuio Kkoaa

o MoXeT ncnonb3oBaTb BHYTPEHHEE NpeacTaBneHne
bonee HN3KOro ypoBHS, N bonee nogxogsiiee Ans
onTuMmn3sauun, yem 6ant-kopa (Hanpumep, SSA)

o MoxeT onTnuMmnanpoBaTtb NporpaMmmy nof, KOHKPETHbIE
BXOAHble JaHHble, T.K. paboTasa BO BpeMS BbIMOSTHEHUS,
pacnonaraeT JaHHbIMKU O Npodune NporpamMmmbl
(«ropsiume» MecTa, TUMbl AaHHbIX, 3HAYEeHNS
nepeMeHHbIX, BEpOSATHOCTU NepexooB)

o Ecnn npodunb n3amMeHUncs, MOXeT «Ha JNeTy»
nepekoMnunmMpoBaTb NporpamMmmy
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JIT koMnunauus

»HepocTtaTku:

o [1o cpaBHEHUIO C «OObIYHBbIMY» (CTaTUYECKUM)
KOMMUITATOPOM, CUSTbHO OrpaHNUYeH B CITOXHOCTU
BbIMOJIHAEMbIX ONTUMN3ALUMN, T.K. HE OONXEH
3aepXmBaTb BbINOSIHEHNE NPOrpaMmbl

> PelweHue:
O OHTVIMVI3VIpOBaTb TOJIbKO CaMble <<rop$|L||/|e» MeCTa

o MHoroypoBHeBbI JIT: Kaxabi ypoBeHb obpabaTbiBaeT
BCce bonee «ropsyme» MecTa, CNoXHOCTb ONTUMN3aLNK
HapacTaeT

o JlenaTtb CrnoXHble ONTUMU3aLUK O CneayoLwero
YPOBHS NapannenbHO C UCMOSTHEHUEM
HEONTUMN3NPOBAHHOIO KOJa Ha NpeablayLeEM YPOBHE
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Modern JavaScript Engines

* Major Open-Source Engines:

— SFX (JavaScriptCore)

e Used in Safari and other WebKit-based browsers (Tizen, BlackBerry)
* Part of WebKit browser engine, maintained by Apple

— V8
e Used in Google Chrome, and Android built-in browser

* Default JS engine for Blink browser engine (initially was an option to
SFX in WebKit), mainly developed by Google

— Mozilla SpiderMonkey

e JS engine in Mozilla FireFox

e SFX and V8 common features

— Multi-level JIT, each level have different IRs and complexity of
optimizations

— Rely on profiling and speculation to do effective optimizations
— Just about 2x slower than native code (SunSpider benchmark)



SFX Multi-Tier JIT Architecture

Internal
Representation:

1: LLINT Interpreter

Native Code

™ (Baseline)

2: Baseline JIT

Profile information (primarily, type info)
collected during execution on levels 1-2

3: DFG Speculative
JIT

OSRENtry

Native Code

> (DFG)

; OSREnNtry

Native Code

™ (LLVM)

4: LLVM JIT

i

When the executed code becomes “hot”, SFX switches Baseline JIT = DFG = LLVM using

On Stack Replacement technique



OcobeHHocTn JIT

»MHoroyposHeBbin JIT

o 1-n ypoBeHb: JIT ¢ 6bicTpon komnunsauuen (nmbo aaxe
NHTEPNpPeTaTop) — BKNKOYaEeT TOSIbKO CaMble NPOCThle
onTummnaauun. Cpasy Xe HaumHaeT BbINONHATL 6anTtkoa, u
cobupaeT nHopmaumio o npodune nporpammbi

O 2-1 YPOBEHb: ONTUMMU3NPYET TONbKO «ropavne» MecTa,
BbINOJTHAET B0oNee CnoXHble ONTUMN3aLUMN C UCMONb30BaHNEM
npodouns, ncnonb3yeT co6CTBEHHOE BHYTPEHHEE NpeacTaBneHne
(Hanpumep, SSA), MOXET ObITb CNEKYNATUBHbLIM

o Bo3MOXHO 60rnbllee YMCNo YPOBHEN, a TaKXe NepeknioYeHmne
MeXAy KOMMNUNATOPaMM pa3HbIX YPOBHEN Npu U3MeHeHun npoduns
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OcobeHHocTn JIT

»CnekynatueHbin JIT

o CneunanmanpyeT Kof A1 OaHHbIX, NOJSTyYEHHbIX Npu
npounupoBaHumn (Npexae Bcero Tunbl 06bEKTOB). [N
006paboTKM oCTanbHbIX CAy4YaeB NpeaycMoTpeHbl MPOBEPKN,
BO3BpallalLLlme BbiNoNHeHWe Ha npeabiaywmmn yposeHs JIT

o Hanpumep, ecnu npodunnupoBaHmne rnokasbiBaeT, YTO KOA,
paboTaeT TOMbKO C UenbiMn Yucrnamm, MOXHO MCNONb30BaTb
LIeNIOYMNCNEHHYI0 apuPMETUKY N «0bbIYHbIE» PErUCTPbI
npoueccopa, a pe3ynbTaTbl onepauun NpoBepATb Ha
nepenosyiIHeHne, U eCcnmn OHO NPOMN30LLIIO, NPOAOITIXUTb
BbINONHeHne Ha «ba3osom» JIT, Kog koToporo paboTtaeT ans
NoObIX TUNOB 0O BHEKTOB
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SFX Overhead Analysis

V8

SunSpider 1.0

0% 20%

M [Gen] AST

M [Gen] BaselinelIT

M [ReGen] DFG2

W LLINT

™ [Run] Baseline after DFG
m Garbage Collection

40%

60% 80% 100%

M [Gen] Bytecode
M [Gen] DFG First
W [Gen] DFGIJIT
M [Run] Baseline
M [Run] DFG
= Miss
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