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AHHOTanua

C pocTOM NONyJIIPHOCTH MOAYJILHOM MapaZurMbl IPOrpaMMHPOBaHHUs KOJIMYECTBO KOCBEHHBIX Iepe-
XOJI0B B NIPOAYLIMPYEMOM KOJle 3HAYUTEIbHO BO3POC/IO. AIapaTHbIE CIIOCOOb!I YMEHBIINUTD 3aJepPXK-
KM, CBSI3aHHbIE C TAKMMHU [IePeXoZiaMU, TPeOYIOT CI0KHOW JIOTHKY HENOCPECTBEHHO Ha KPHUCTAJLTE,
KOTOPY!O 3a4aCTyI0 HEBBITOLHO PeaJM30BbIBATh U3-3a JONOJHUTENBHOTO 3HEPTONOTpe6IeH s IPo-
neccopa. CyuectByroumue B koMnuiasTope GCC-nogxozb! Mpeo6pa3oBaHUst KOCBEHHBIX IEPEX0/10B M0~
3BOJISIIOT CYLECTBEHHO YBEJIMYUTh IPOU3BOAUTENBHOCTD IPOrpaMM, OJHAKO 6e3 c6opa CTaTUCTUKH
Y epeKOMIMJISILIMY KOJia BCe ellle 0CTAeTCs 60JIbLIoe KOJMYECTBO HelTPeo6Gpa3oBaHHbIX IEPEXO/IOB,
KOTOpble MPUBOASAT K YMEHBIIEHHUIO IPOU3BOJUTEIbHOCTH NPOrpaMM. B 3TOH cTaThy MpejiaraeTcs
JiIBa MeTOJia MOBBIIIEHUS] TPOU3BOAUTENIBHOCTH, CBI3aHHBIX C ONTHMHU3Alell KOCBEHHBIX MEPEX0-
JoB. CTaTUYeCKUi MeTOo/| T03BOJISIET PACIIMPUTD CYILIECTBYIOIHE ONTUMHU3ALHOHHbBIE BO3MOKHOCTH
KOMIIUJIATOpPA. JJMHAMUYeCKUI MeTo[| SIBJISIeTCS HOBBIM IIOJX0/0M IOZACTAaHOBKH IleJIEBBIX aJIpecoB
[IePeXo/i0B BO BpeMs BBINOJIHEHUsI IporpaMMbl. Hallle HcciejoBaHUE TOKA3bIBAET, YTO 3TH HOAXO/bI
CIOCOGHBI YBEJIMYUTD NPOU3BOAUTENBHOCTD OTJe/IbHBIX Y4aCTKOB IIPOrpaMM, COZIepKalUX KOCBEH-
Hble nepexopbl, 10 2,3 pasa. [[pyMeHeHHe CTaTHYECKOr0 METO/A M03BOJIMIIO YIYYLIUTh IPOU3BOAU-
TeJIbHOCTb OT/Je/IbHbIX TecTOB U3 naketa CPUBench Ha 15 % npu yBesinueHHH 3aTpayeHHOr0 Ha KOM-
MUJSILMI0 BpeMeHU He 6oJsiee yeM Ha 1 %.

Ki1roueBbi€e €/10Ba: KOMOWIATOPDI, ONTHMH3AI[H, KOCBEHHBIE epexo/ibl, BHI30BLI pYHKIMH, CHT-
HaTypbl QYHKLIUH, JeBUPTYaIn3aLUs
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Abstract

With the growing popularity of the modular programming paradigm, the number of indirect branches
has increased significantly in the produced code. Hardware approaches to reduce the delays associated
with such branches require complex logic directly on the chip, which is often unprofitable to implement
due to the additional power consumption. In the GCC compiler, existing approaches of converting in-
direct branches can significantly increase program performance. However, without collecting statistics
and recompiling the code, there are still numerous unhandled branches that lead to a decrease in pro-
gram performance. In this article, two methods are proposed to reduce the cost of indirect branches. A
static method that is a continuation of existing solutions, which allows you to expand the existing opti-
mization capabilities of the compiler. Dynamic method, an innovative approach to substitution of target
transition addresses in real time. Our measurements show that these approaches are able to increase
the performance of individual indirect branches up to 2.3 times. The application of the static method to
the CpuBench test suite allowed improving the performance of individual tests of the package by 15 %,
while the compilation time increased by no more than 1 %.
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BBeael-me (inlinng), yTO cyllecTBEHHO OrpaHUYMBAaEeT ONTHUMHU3ALMOHHbIE

HecMmoTpsi Ha aKTMBHO pa3BUBAlOLIMecs HaNpaBJeHHs rpadpuye-
CKMX WU TEH30DHBIX YCKOpUTeJseH, LleHTpaJbHOe MpOLiecCOpHoe
YCTPOMCTBO OCTaeTCs OYeHb PacpOCTPAaHEHHbIM BbIYMCAUTENEM,
MOCKOJIbKY SIBJIIETCA MPUIOAHBIM JJIS1 BbIOJHEHUS LIMPOKOIo
CIeKTPa BbIYMCJAMTENbHBIX 3afady [1, 2]. OCHOBHBIM YyC/JOBHEM
MPUMEHUMOCTH LIeHTPaJbHOTO MNpOLEeccopa ABJSETCA CKOPOCThb
BBINOJIHEHUS 1leJIeBOM NPOrpaMMbl, KOTOpas onpejesseTcs Ta-
KUMHU paKTopaMH, KaK BbIOOP aJIrOPUTMa, IPOU3BOJAUTENBHOCTD
anmapaTypbl U ONTHMHM3allMsl HamMcaHHoOro koja. Eciu 3agaua
MPOrpaMMHCTa COCTOUT B HAlMCAHUM OGBICTPOTO U KayeCTBEHHO-
ro Koja, To Ha 3pPeKTUBHOCTb ero paboThl CyLeCTBEHHOE BJIHS-
HUe OKa3bIBaeT UCII0/1b3yeMbld Habop cpejcTB pa3paboTku 10, B
YaCTHOCTH KOMITUJISITOP, KOTOPBIH IpHU3BaH 06J1erYUTh Ty 33Jja4y
HAaCTOJIbKO, HACKOJIbKO BO3MOXHO, 0CO6EHHO B OTHOILIEHHUU MPU-
MeHeHHMs] HU3KOYPOBHEBBIX ONTHMU3ALUH, TPeOGYIOIIUX Crelua-
JIN3UPOBAHHbBIE 3HAHUS L[eJIEBOU apXUTEKTYPHI [3, 4].
CoBpeMeHHble BbICOKOYPOBHEBblE 06'bEKTHO-OPHUEHTHPOBAHHbIE
SI3bIKU IPOTPaMMUPOBaAHUs, TaKue Kak Java, C++ 1 C#, peannsyiot
napajgurmMy nojruMopdusMa c MoMouLiblo JUHAMUYECKHUX TabJIHLL
BbI30BOB QyHKUMH [5, 6, 7]. B Takol cxeMe ajijpec GYHKIMH, KO-
Topasl Gy/eT BbI3BaHA, U3BECTEH TOJIbKO BO BpeMsl MCIIOJHEHUs
nporpaMMbl. BbI30BbI BUPTYaIbHbIX QYHKIMH B 06'b€KTHO-OPHEH-
TUPOBAHHbIX I3bIKaX NPOrpaMMUPOBAHUSA SBJISAIOTCS 3HAUYUTEIb-
HBIM, HO He eJJUHCTBEHHbIM HCTOYHHKOM KOCBEHHBIX IEPeX0/i0B
B nporpamMmax. Hanpumep, B sizbikax C/C++ MOXXHO HCII0JIb30BaTh
yKaszaTesu Ha QyHKIMY, a B pacumpeHuu GCC focTynHbI yKa3aTe-
JIM Ha METKHU BHYTpPH NporpaMmel'. B Takoi napagurme nporpam-
MHpOBAHHUs M0JIb30BaTe/lb CaM CO3/laeT KOCBEHHbIE BBbI3OBBI U
nepexozbl [8]. MicriosiHeHMe HeTPHUBUAIbHBIX MHCTPYKLUH yNpaB-
JIeHUs 3a4acTylo 3aMejJisieT paboTy LeHTPaJbHOI0 MpoLeccopa,
TaK Kak AJ151 9peKTUBHOU 06pabOTKH MHCTPYKIUNA yIpaBeHUs
cynepckaJsipHOMYy NPOLEeccopy Heo6XoAMMO NpejcKa3blBaTh lie-
JIeBOM ajipec mepexoja. [l 3TOr0 UCNOJIb3YIOTCA CleltalbHble
ycTpoicTBa-npeckasarenn? [9]. OfHakKo mpeJicKka3aHWe KOCBEH-
HOTo Iepexofia OT/IMYAeTCs OT INpeJCKa3aHUs YCJIOBHOrO, IO-
CKOJIbKY B IIEPBOM CJIy4ae KOHEYHBIX aJ[pecoB MOXKeT ObITb MHO-
»KECTBO, M UX He06X0MMO JlepKaThb B aMATH NpeJcka3aTesis. ITo
OKa3bIBAaeTCs JOCTATOYHO 3aTPaTHBIM, TaK KaK NMPUBOAUT K HC-
M0J1Ib30BAHMIO JIMIIHEH miowmaau Ha kpuctasie [10]. CoBpemeHn-
Hble MeTOZbl pa3paboTKH anmnapaTypbl MO3BOJIAIOT NMPUMEHSTH
MPUHLHMI BUPTYAJbHOTO CYeTYHKA MHCTPYKIMH, HO TaKOM MOAXO0/
BCe PaBHO TpeOyeT JJ0MOJHUTENbHON JIOTUKH HENOCPeACTBEHHO B
anmapatype [11].

Texyuive nogxoApl K pelleHUI0 JaHHOM 3a/ladyi B OCHOBHOM OpH-
eHTUPOBaHbl Ha pa3pellleHHe BbI30BOB BUPTYaJbHbIX QYHKLHUN
151 06'beKTHO-OPMEHTHPOBAHHOTO MporpaMMupoBanus [12, 13].
OTcyTcTBHe MHGOPMALUU O LieJieBbIX QYHKIHMAX B rpade BbI30Ba
(call graph) 3aTpyaHsieT MeXXnpoLefypHble ONTUMHU3ALUH, JleJIaeT
HEBO3MOXHBIM MOJCTAaHOBKY QYHKLUHH HENOCPeACTBEHHO B KOJ

BO3MOXKHOCTH KoMnusitTopa [14, 15].
MoTuBauua Mccjaea0BaHUsI

B pa6ote [11], mocBsilleHHOW MCNOJIb30BaHUIO B ammnaparype
BUPTYaJIbHOTO CYETYMKA MHCTPYKLHUH [J11 KOCBEHHBIX Iepexo-
JIOB, /I IPUJIOXKEHUH omeparuoHHON cucteMbl Windows 6b110
MOJCYUTAHO CpejiHee KOJIMYeCTBO OLIMOOK NpeJicKa3aHUH Ha ThI-
¢4y MHCTPYKUUM. CorylacHO pesysibTaTaM, OHO COCTaBJAET MPH-
6JIM3UTEIBHO 6 JIJ1s BCeX Nepexo/ioB U 1,9 /151 KocBeHHBIX. Takum
06pa3oM, KOCBEHHbIe MepeXo/ibl CTAHOBATCS MPUYMHON OCTaHOB-
KM KOHBelepa H3-3a HeNpe/CKa3yeMOoro M3MeHeHHUs CyeTyHKa
KOMaH/| B O/IHOM TPeTH cJiy4aeB. ABTOPBI APYroro Uccae0BaHUsA
annapaTHOro yjy4lleHUs NpeJCKa3aHUs KOCBEHHBIX MEepeXo/oB
[16] BBIACHMIM, YTO [0JI1 KOCBEHHBIX I1€PEX0/I0B 110 CPABHEHUIO C
JIPYTUMH TUIIAMU IEPEX0/10B cocTaBJisieT MeHee 10 %.

Hame co6cTBeHHOe Mcce/joBaHMe /IS cepBepa Ha 6ase uccie-
nyeMoro npoueccopa ARM nokasaso caeAylolylo 3aBUCUMOCTb
cpeJiHell CTOMMOCTH HCIIOJIHEHHSI KOCBEHHBIX ME€PEX0/l0B OT KO-
JINYecTBa LeJeBbIX azpecoB (puc. 1). s uaMepeHus 3aZepx-
KM OBbLIM MCII0JIb30BaHbl Hape3aHHblE C MOMOILbI0 TEXHOJOIHMU
SimPoint [17, 18] y4acTKu Tpacc UCIOJHEHUs NPUJIOKEHUN U3
naketoB SPEC CPU2017 [19] u CPUBench [20]. [Tox 3a1ep>KKoii MbI
MOHUMaeM pacCTOsTHUE B TaKTax Ipoleccopa Mexzay yJajleHueM
MHCTPYKIUH (retirement) u3 6ydepa MCIOJHEHHBIX UHCTPYKLUHN
(retirement buffer).

CPEAHAR 330EPHKE B TaKTax
[

1 2 3 4 5 L1 7 8 9 10+

KonwuecTso uenessx agpecos nepexona

P u c. 1. 3aBUCHMOCTB 3a/IePXKH UCITOJIHEHUSA OT KOJIMYeCTBa LieJIeBbIX aZipecoB
KOCBEHHBIX [Iepexo/loB
Fig. 1. Dependence of the execution latency on the number of target addresses
of indirect branches
HcmouHuk: 3Aechb 1 Jjajiee B CTaTbe BCe PUCYHKHU M TabJIHIbl COCTAB/I€HbI aBTOPaMH.
Source: Hereinafter in the article, all tables and figures are compiled by the au-

thors.

Ele ofHO npeMeTHOE HCCle/[oBaHNEe B 06J1aCTH KOCBEHHBIX Tle-
PexoJi0B® MOKa3bIBaeT, YTO UX Mpeobpa3oBaHHe C UCIOJIb30BaHU-

1 Labels as Values [3siexTpoHnHblit pecypc] // GCC, the GNU Compiler collection online documentation, 2023. URL: https://gcc.gnu.org/onlinedocs/gcc/Labels-as-Values.

html (zaTa o6pamenus: 16.03.2023).

2 McFarling S. Combining Branch Predictors: WRL Technical Note TN-36. Digital Western Research Laboratory, 1993 [3sexTponnsiit pecypc]. URL: https://www.hpl.

hp.com/techreports/Compaq-DEC/WRL-TN-36.pdf (zaTa o6pamenus: 16.03.2023).

3 Baev I, Center Q. I. Profile-based Indirect Call Promotion [3siekTponHsIii pecypc] // LLVM Developers Meeting, 2015. URL: https://www.llvm.org/devmtg/2015-10/

slides/Baev-IndirectCallPromotion.pdf (gaTa o6parenus: 16.03.2023).
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eM npodusa ucnosHenus nporpammel (PGO) nossosiseT f06UTh-
cq cpefiHero yckopeHus B 4 % TectoB u3 nakeros SPEC CPU2000/
CPU2006. OgHako ucroab30BaHue Mpodus ABJSETCS He BCerjaa
npuemseMblM U TpebyeT 3HAuHUTeJbHOE KOJMYECTBO JONOJHU-
TeJIbHOM JIOTUKH CO CTOPOHBI KOMIIMJIATOpPA W anmnapartypsl. Ha-
npuMep, 3alycKaTb INPOLECC PEKOMIHJALUM NpPU HU3MEHEeHUHU
BXO/IHbIX JJaHHBIX, I0BE/IeHUs IPOrpaMMbl UM HMETb

HECKOJIbKO BepCUM KoJa JiJIsi CBOEBPEMEHHOI'0 MCNO0JIb30BaHUA*
[21]. B naHHO# cTaTbe paccMaTPUBAIOTCA JiBa METO/a, KOTOpble
MOTYT ObITh 3 PEeKTUBHBIMH, HEB3UPAsA HA U3MEHSIOIIUICA MPO-
¢unp nporpamMMbl. CTaTHUYeCKUH MeTOJ, ABJSETCA pPa3BUTHEM
KJIaCCUYeCKOro MoAXoZa ONTHMHU3ALMU KOCBEHHBIX IePexo/i0B, B
TOM yuc/e A1 GyHKLHOHAJIBHBIX S3bIKOB MPOrpaMMHPOBAHUS.
JIMHaMHU4YeCcKUH — Mo3BoJISIeT pa3peliaTh Iepexo/ibl B OTCYyTCTBHE
CTAaTUYeCKOro NnpeJcKa3aHus HENMOCPeACTBEHHO BO BpeMsl UCIOJI-
HEeHHUS.

IlereBas niiatrgopma

B kayecTBe OCHOBHOM MIAaTPOPMBbI JJI1 UCCAe[0OBaHUN ObLI HC-
[0JIb30BaH PacCpOCTpaHEHHBIN Ha pblHKe cepBep ARM64 ¢ apxu-
TekTypoid ARM V8.2-A [22], 61mKalIIMM KOHKYPEHTOM KOTOPOTo
saBysiercss Ampere Altra Server [23]. Uccnenyemass Mmosiennb U3ro-
TOBJIEHA C UCI0JIb30BaHHWEM 7-HaHOMETPOBOTrO TeXIpolecca, a ee
TaKTOBasi yacToTa coctasJsieT 2,6 ['Th. BaxHOM XapaKTepuCTUKOHN
HCCJIelyeMoro npoleccopa ABJIsEeTCS BO3MOXHOCTb CYUTHIBATD 4
WHCTPYKLIMHU 3a TaKT. Paamep kama 1, 2 1 3-ro ypoBHS y LAHHOTO
nporeccopa coctasssieT 64, 512 K6 u 64 M6 Ha 0/1HO sI/[pO COOT-
BeTCTBEHHO. CTOUT OTMETHUTb, YTO KILI-JIMHUA TPETbEro YpoBH:A
HccleyeMoro mpoueccopa cocrasiseT 128 6aiiT, yTo B 2 pasa
60JIbliIe pa3Mepa K3II-JIUHUH 60J1ee HU3KOT0 YPOBHS UM K3LI-JTH-
HUH NpOLEeccopoB KOHKYpeHTOB. CyllecTBeHHOM 0COGEHHOCTbIO
JIAaHHOW MOJieJIM Ipoleccopa ABJseTcs 60JIblIoe KOJUYeCTBO Bbl-
YUCJIUTEJbHBIX f/lep, 0OlHAKO Hallle KCcle/JoBaHMe HallpaBJeHo Ha
yJly4llleHHe NPOU3BOAUTEbHOCTH O HOSAZEPHBIX IPUJI0KEHUH.

CTaTU4eCcKU# MOAXO0/,

EcTecTBEHHBIM MOAXO/OM JIJIsl pEelleHHs 33/a4u yJaJeHUs: Koc-
BEHHBIX BBI3OBOB IpoleAyp 6e3 HCNo/b30BaHUs NPOPUIMPOBa-
HUs SIBJISIETCS OlpefiesIeHHe aZipecoB [epexo/loB Ha OCHOBE CTaTH-
YecKoro aHasnsa nporpamMmbl. O6GbIYHO AJI1 3TOTO NPHUMeHSeTCs
aHaJ/IM3 NOTOKA JAHHBIX WJIM aHA/IM3 TUIIOB, a TaKXKe CYLeCTBYIOT
peasnusanuy, copMeniawye o6a Buja aHaausa [15], [24, 25].

B kommnunsatope GCC peann3oBaHo nMpeo6pa3oBaHUEe KOCBEHHBIX
BbI30B HAa OCHOBE 000MX CTaTHYECKUX MeTOo/0B. JIOKa/JbHbIN aHa-
JIU3 yKasaTeJiell (BMecTe C pacpocTpaHeHUeM KOHCTaHT) MO3BO-
JIIeT ONTUMHU3UPOBATh NPOCThle CJy4Yah KOCBEHHBIX BLI30BOB,
KOrjJja B3sITHe yKasaTeJ/sl Ha NpoLeypy U KOCBEHHbIH BBI3OB Ha-
XOJAATCA B Npesieslax OAHOW KOMIUJINPYeMOH Npoleaypbl, epBo-
HayaJIbHO WJIM IOCJIe BBINOJHEHHUS ONTHMH3ALUU TOACTAHOBKU
(inlining). IlceBrOKOA, WJLIIOCTPUPYIOLUA NOCAESHUN BapUaHT
ONTUMM3ALUY, IPUBeJIeH Ha PUCYHKe 2. 3aTpaTbl BpeMEHU KOM-
NUIALMYA Ha TaKOM aHa/U3 He3HAYMTeJbHbI, OZIHAKO B CHUJY JIO-
KaJIbHOCTU 06J1aCTh €ro MpUMeHeHHUsl JOCTAaTOYHO OTrpaHHUYeHa.

PacminpuThb ee MOKHO GbIJIO GBI 32 CYET BbIITOJTHEHUS I7106aJIbHOTO
aHasm3a ykasatesieil. B GCC cyuiecTByeT ero peanusanus [26, 27],
HO M0 YMOJIYaHHUIO OH BBIKJIIOUEH JlaXke Ha BbICOKHUX YPOBHAX OIl-
TUMU3aLUK. [Ipy KOMIOUIALUMK JOCTAaTOYHO GOJIBIIMX MPOrpaMm
BpeMs paboTbl aHa/IU3a MOXeT ObITh BEJMKO, HAIpUMeD, OH 3a-
HHUMaeT 6oJiee 5 % BpeMeHH NPHU KOMIUIALUY HEKOTOPBIX TECTOB
n3 naketa SPEC CPU2017 [19]. [Ipu c60pKe COBpeMeHHBIX BEPCUH
GCC Ha ypoBHe ontuMmusanuu «-03 -flto» Bpemss pa6oTbl KoMnu-
JIITOpA BO3pacTaeT B HECKOJIbKO pas, HanpuMep, A GCC Bepcuu
9.0 aBTOPBI NOJYYU/IH NTOYTH JleCATUKpPATHOe 3aMe/ileHHe. boee
TOr0, 3TOT aHAJIM3 He pean30BaH JiJIsl yKa3aTeJsiel Ha NpoLeayphbl
B cMbIC/Ie QYHKIMOHAIBHBIX S3bIKOB IPOrPAaMMHUPOBAHMUS, I03TO-
My B HAaCTOSILIUH MOMEHT OH HelpUMEHHUM JiJIs Npeo6pa3oBaHUs
KOCBEHHBIX BbI30OBOB.

float bar(int parm) { float bar(int parm) {
} }
1‘1t foo(float (*fp) (int)) { int foo(float (*fp) (int)) {

(int) fp(R);
} }

(int) fp(a);

int caller() { l"lt caller() {

} }

Puc 2. yﬂaﬂeHl/le KOCBEHHOT'0 BbI30Ba 0CJI€ ITOACTAHOBKHU MPOLIeyphbl

Fig. 2. Indirect call promotion after procedure inlining

struct base {
virtual int foo():

struct base {
virtual int foo():

+i 1i

struct derived : public base [
int foo() override {

struct derived : public base [
int foo() override {
} }
}i }i

int caller(derived *p) { int caller(derived *p) {

}

P u c. 3. YcnoBHas AeBupTyanusanus

Fig. 3. Speculative devirtualization

Jlpyro#i craTUuecKHid MeTo/; OCHOBAH Ha aHA/IM3e HepapXuu KJjac-
coB sA3blka C++. Ha ero 6ase BBINOJIHSETCA JeBUPTyaau3alUs
(devirtualization) — 3amMeHa BbI30Ba BUPTyaJbHOW QYHKLIHUH Ha
npsiMo#t BbI30B (puc. 3). O4eBUAHO, UTO JAHHBIN MOAXO[ MpUMe-
HHM TOJIBKO /IJIS1 ONTUMHU3ALMU IPOrpaMM, HallMCaHHBIX Ha I3bIKe
C++ WM APYruX 06'beKTHO-OPUEHTUPOBAHHBIX sA3blKaX. BinsaHue
JleBUPTYa/IM3allUM Ha YyJydlleHHe NPOU3BOAUTESBHOCTH MOX-
HO OLIeHUTb Ha NpUMepe ONTUMHU3ALUMU TecTOB K3 nakera SPEC
CPU2017. Ha gByx 13 9 TecToB, HAIMCAHHBIX C UCIOJIb30BaHUEM
a3bika C++, aBTOpaMU paboThl ONpe/iesieHbl CleAylolye ycKope-

* Saxena R. Profile merging and code versioning for automated profile guided optimization systems: Dissertation for a Master of Science degree University of Colorado
at Boulder, 2007. URL: https://www.proquest.com/openview/91ad9e73f680586023e84c4e34da06e5 (naTa ob6paueHus: 16.03.2023).
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Hus: 5 % Ha 520.omnetpp_r u 2.5 % Ha 523.xalancbmk_r. Takum
06pa3oM, CylleCcTBYIOIMe METO/bI AA0T 3aMeTHbIH MPUPOCT NPo-
HU3BOAUTEJIBHOCTH, OJJHAKO He MO3BOJISIOT ONTUMHU3UPOBATh BCe
CyIleCTBYIOILLMe CJIydau KOCBEHHbIX 1epeX0/l0B.

[Ipy KOMIUJIALMHY LjeJIOW NPOrpaMMbl eCTb BO3MOXHOCTb COOpaTh
nHdopMaluIo 060 Bcex UCI0/Ib3yeMbIX B IporpaMMe NpoLesypax
1 060 BCex KOCBEHHbIX BbI30BaX. CONMOCTaBJASA THUIbl apryMeH-
TOB M BO3BpalllaeMbIX 3HAaYeHUN NpPOLEeAyp, MOXKHO ONpese/UTh,
KaKHMe M3 M0JIb30BaTeJbCKUX MPOLELYp MOAXOJAAT AJIA KaXJ0ro
KOCBEHHOT0 BbI30Ba. Ha 3Tol ujiee 0cCHOBaH Iy106a/bHBIA aHA/INU3
CUTHATYp Npoueayp, pea/lM30BaHHbIA aBTOPAaMH B IaHHOM paboTe.
Kaxkpo# nmpouesiype Bo BHyTpeHHeM Npe/iCTaBJIeHUH KOMIUASTOpa
GCC cOOTBETCTBYET ee THII, BKJIOYAIKMNA UHPOPMALMIO O THUIAX
apryMeHTOB, BO3BpalllaeMoro 3Ha4eHHs U HeKoTopylo Apyryio. Cie-
JlyeT 3aMeTHUTh, YTO POLelypbl, UMEIOLIMe O/HY U Ty XK€ CUTHATypy
BbI30Ba C TOYKU 3pEHUS N0/Ib30BaTeJIsl, He 06513aTe/IbHO MOJIy4aloT
OJIMHAKOBBIM THUIl BO BHYTPEHHEM NpeJCTaBJIeHUH KOMIUJIATOPA.
JTO e CIpaBeJIMBO U JIJISl N10J1b30BATEbCKUX COCTAaBHBIX THUIIOB,
TaKUX KaK CTPYKTYpbl U 06beAnHeHHUs (unions). Takas ocobeH-
HOCTb CBfI3aHa C peasiu3aluel nojaepkku MHGopMaLy o TUIax B
GCC B pexxume pa6otel LTO (link time optimization [28]), koTopblii
UCIOJIb3YeTCs [JJI MEXKIPOLeyPHOro aHalu3a U ONTUMHU3ALUU
Iporpamm, COCTOSIIIIUX U3 HECKOJIbKUX MOJlyslel. B pasHbIX Moay/1s1X
OJIHU U Te >Ke TUIIbI MOT'YT UMeTb MOJIHOE UJIM HENOJIHOe Ollpe/ieie-
HUE, YTO NPU HAJIMYUU COCTABHBIX THUIIOB C MOJISIMU-YKa3aTeJsIMU
Ha JIpyTrHe COCTaBHbIE TUIIbI JieJ1aeT CONOCTaBJeHUE TAKUX TUIIOB U3
pasHbIX MoAyJieH 6e3 o/IeP>KKH CO CTOPOHBI sI3bIKa (TaKOH, HaNpu-
Mep, KaK IpaBUJIO OJHOTO0 onpefeseHus B C++) WK cllelHalbHOr0
MEeXIPOoLelypHOT0 aHa/IM3a 3aTpyHUTeNAbHbIM. B pexxumMe LTO npu
06beJuHEHUH HHPOPMALMK U3 Pa3HbIX MOAYJIEH BBINOJIHSAETCS CO-
MOCTaBJIEHUE TUIIOB /I Psifia CJIydaeB (BBOJSATCS TaK Ha3blBaeMble
KaHOHHUYECKHe TUIIbI), HO HE rapaHTUPYeTCs, YTO OYAyT CONOCTaB-
JIEHBI BCE BAPUAHTBI OZJHOT'O U TOT'0 7K€ [10J1b30BaTe/IbCKOIr0 THUIA.
TakuM 06pasoM, [/l BBIIIOJIHEHUS aHAIM3a CUTHATYpP TpebyeTcs
Npe/iBapuTeNbHO ONpe/eIUTh, KAKHe TUIIbI SIBJISIOTCS N1CEBJJOHU-
MaMu (KaK JiJIs COCTaBHBIX, TaK U /IJIs TUIIOB poueayp). s aToro
Ha NepBO¥ CTaAUU HEO6X0MMO 06OUTH BCe NMPOLeyphl Tporpam-
MBI ¥ COCTaBUTb 6A30BYI0 TAGJIULLY 1CEB/JOHUMOB THUIIOB, aHAJIU3H-
pysi MHCTPYKLMHU C Ipeo6pa3oBaHUeM THIIA OTIEPaH/I0B, TAKUe KaK
WHCTPYKIMH BbI30Ba NpoOLeAyp U NpucBanBaHus. Ha BTopoi cra-
JIMM JUJIsl BCEX COCTABHBIX THUIIOB M THUIOB NPOLeAyp Ha OCHOBE UX
MoJiel ¥ apryMeHTOB COOTBETCTBEHHO BBIYHUCJSIOTCS Xelll-3Haye-
HUS, UCHO0JIb3Ys] KOTOPble MOXXKHO HAUTH OKOHYATEJbHbIN CIUCOK
MCeBJOHUMOB JJIs1 KOXKJ01 npoueaypbl. Takxe Bo BpeMsl IOMCKa
MCeBJJOHUMOB COCTABJISIETCS CIUCOK HeGEe30MaCHbIX /IJIsi ONTUMHU-
3alMU NPOLEeAyp, yKa3aTeJd Ha THUIIbI KOTOPBIX Pe06pasyoTcs K
yKa3aTeJisiM Ha TUIbI JAHHBIX WM Void, 1 HA060POT.

Ananus curHatyp BbI30BOB COGUPAET THUIIbI BCEX MPOLEAYp B Mpo-
rpaMMme ¥ HaxOJUT JJIs1 KQXKJ0r0 U3 HUX CIHUCOK MOJXOASIINUX MPO-
Lelyp CO B3ATBHIM a/IpecoM C y4eTOM COGpPaHHOH MHOpMaIUH O
THUINAX-NCEBJOHUMAX. Pe3ysIbTaThl aHAIM3a UCIOJIb3YOTCS JJIs1 TIpe-
06pa30BaHUA KOCBEHHBIX BbI30BOB B TeX C/Iy4asX, Korja AJs Moj-
CTaHOBKH Hali/ileHa o/jHa Ipole/iypa. B kauecTBe leMOHCTpaLuu pe-
a/IM30BaHHOI0 M0/JX0/ja pACCMOTPUM IICEBJIOKOJ, TPUBeIeHHbIN Ha
pucyHKe 4. Eciiu aHa/Iu3 onpejiesisieT, YTO B IpOrpaMMe CyIeCTByeT

TOJIBKO OJ{Ha IPOLieZlypa co B3AThIM afpecoM foo, MMelolas TaKy:o
’Ke CUTHATYpy, KaK yKa3aTeJb fp, To KOCBEHHBIH BbI30B I10 yKa3aTe-
sto fp B mponesnype caller MoxeT 6bITh OMTUMHU3UPOBAH.

float foo(int parm) { float foo(int parm) {

&foo; A = &foo;

fl:at (*fp) (int); fl:at (*fp) (int);

int caller() { int caller() {

—]

} }

P u c. 4. 3aMeHa KOCBEHHOTO BbI30Ba Ha OCHOBE aHa/IM3a CUTHATyp

Fig. 4. Indirect call promotion based on signature analysis

JlaHHBI aHa/MW3 U ONTUMH3AIMA 3aMyCKAIOTCS B KOMIMJSITOpE
GCC kak MexIporeAypHbIH mpoxos (inter-procedural optimization
pass) mocjie BBINOJHEHUS MEXIPOLeLYPHOU JeBUPTyaln3aluU
(IPA devirtualization pass). B nporuecce cBoel pa6oTbl OnTHUMH3a-
Ul 0GHOBJIsSIET Irpad BBI3OBOB, UTO JeJAeT JalbHeHIIe cTafun
MEXIPOIle[ypHOro aHa/IK3a 6oJiee TOYHBIMHY, a TAKXKE I103BOJISIET
KOMITUJIITOPY BBINOJHUATD NOACTAaHOBKY (inlining) niu cnenuasnu-
3anuio npoueayp (cloning) B mpeo6pa3oBaHHBIX MeCcTaX BbI30Ba.

JIMHaAMU4YeCKHUH MOAXO0/,

B aToM mojxozie aBTOpPbI JaHHOHM CTaTbU XOTeJH 33J[€HCTBOBATh
BO3MOXXHOCTb TpaHCPOpMalLMy KOCBEHHBIX MEPexoJ0B Ha OCHOBe
nHpopManry, COGpaHHON BO BpeMs UCIIOJIHEHUS ITporpaMmer® [29],
HO IIPU 3TOM 0GOUTHCH 6€3 MOBTOPHON KOMIUJISILIMY TPOrPaMMBlI,
KaK B CJlydae MCII0JIb30BaHUA MPOQUIMPOBAHUS, U 6e3 CUCTeMbl
JIT-komnunsinuu (Just-in-Time compilation). [l pemenus aTow 3a-
Jlady npejijiaraeTcst BCTPOUTD CpeJicTBa TpaHcHOopMalMu Kojia He-
NOCPe/ICTBEHHO B UCIOJIHAEMYIO0 porpaMMy. B cucremax tuna JIT
3aHOBO CT€HEePUPOBAHHBIN KO/ OT/IeJIbHOI'0 MeToJja UM QYHKLHUU
0OBIYHO MIOMENIAETCS BO BHOBb BbIJI€/IEHHBIN y4acTOK maMsaTH [30].
O/iHaKO Takoe U3MeHEeHHUe CJIUILKOM IV106aJbHO W MOTeHIMaIbHO
Pa3HOCUT TOYKY Iepexoja M TOYKY BXoJa Ha GOJIbILOe aJjpecHoe
paccTosiHue JIM60 TpebyeT NnepeMelleHHs U MOBTOPHOW KOMITUJISA-
MU BceX MoAyJiel. B HaueM ciydae Jisl pelleHHs OCTaBJAeHHON
3aJlayv co3jaHa Hebosibliasg Gubsroreka-tpaHcasTop (DDL —
dynamic devirtualization library), koTopast crioco6Ha TpaHcpopMu-
poBaTh KOJ B ONpe/ie/IeHHbIX paMKax, 3aZlaHHbIX BO BpeMsl KOMITH-
JISILUH 110J1b30BATEIbCKON TPOrPaMMBI.

BsaumojeiicTBrE KOMIUISATOPA, [|€JIEBOM MpOrpaMMbl U GUGJIH-
orexku DDL noxoxke Ha B3auMO/leHiCTBHE C OGBIYHBIMU JIMHAMUYe-
CKUMHU 6UOGIMOTEKAaMH, 32 UCK/IIOYEHHEM TOro, YTO B HallleM CJ1y-
yae KOMIUJISATOP MOXKeT caM BCTaBJIATb HEO6XOJMMble BbI30BbI U
06epTOYHYIO JIOTUKY.

5 Baev I, Center Q. I. Profile-based Indirect Call Promotion [3siekTponHslii pecypc] // LLVM Developers Meeting, 2015. URL: https://www.llvm.org/devmtg/2015-10/

slides/Baev-IndirectCallPromotion.pdf (gaTa o6pamenus: 16.03.2023).
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AJII‘OpldTM BaHu#® [11], [29], MOXXHO NpEeJNOJIOXKUTb, YTO ONTHUMAJbHBIMU

Illar 0. Bb1GOp KOCBEHHBIX NepexoJoB. Hcrnosib30BaHue 61u6J1-
oteku DDL nogpasymeBaeT /iBa pexkuMa Bbl6opa MepexoioB A
ONTUMH3ALMU: 110 YKa3aHUIO [10J1b30BaTes U aBTOMaTUYeCKUH. B
[epBOM BapHaHTe M0JIb30BaTeJIb CaM pelllaeT, KaKhe C1y4yau HyX-
HO ONTHMHU3UPOBATh. /Il 3TOr0 B MCXOAHOM KOJe MPOrpaMMbl
eMy Heo6X0/JMMO 06epHYTh KOCBEHHbIN BbI30B MJIM Nlepexo/ THIA
goto creyuajJbHbIMU OGUOGJIMOTEYHBIMM MaKpoonpesesleHUsAMU
DDL_GOTO uau DDL_CALL. [Ipu ucnosib30BaHUY BTOPOTO peXuMa
pellieHHe 0 TPUMEHEeHUH AJaHHOW ONTHMHU3ALUH JIJI1 KOHKPETHOI0
KOCBEHHOT'0 Ilepexo/ia 0CTaeTcsl 3a KOMIUIATOPOM. il KaxA0ro
KOCBEHHOTO Ilepexo/ia Co3/aeTcsl MOAYJIb UHUIMAIU3alUH, KOTO-
pBIH 3amycKaeTcst B HayaJsle UCIOJHEHUS IPOrpaMMBbl U IO rOTaB-
JIUBaeT K paboTe Bce BHyTPeHHHUE CTPYKTYpbl 6ubanotrexku DDL, a
TaK»Ke Z06aBJIseT NpaBa Ha 3aIKCh JJIS CTPAHUILbI TAMSTH, COJep-
JKalleld KOCBEHHBIN epexof,.

Ilar 1. TpaHcpopmanusa KOCBEHHbIX NepexoAoB. Kaxx bl Koc-
BEHHBIH Nepexo/ 3aMeHseTCs CeAyIoll el Moc/ae/0BaTebHOCTbIO
KOMaH/L;:

1) k nHCTpYKIMH nop;

2) BbI30B QyHKIMU c6opa ctatucTuku (ddl_collect_stat);

3) BbI30B QYHKLMH U3MEHEHHs KOJia IPU YCIOBUH, YTO CGOP
CTaTHUCTHUKHY 3aBepileH (BbinoysHeHO N uTepanuii);

4) OPUTHMHA/IbHBIA KOCBEHHBIN IIEPEX0/];

INT entry count = 0;
entry count++;
START REWRITE POINT:
NOP
NOP
NOP // k-times reapeat
BOOL collect stat mode = FALSE;
INT miss_count = 0;
miss count++;
if ( entry count == N)
&& (miss_count > entry count >> 4) {
if (!collect stat mode) {
collect stat mode = TRUE;
CALL DDL DISABLE OPTIMIZATON () ;
} else {
miss_count = 0;
entry count = 1;
CALL DDL_REWRITE INDIRECT () ;
collect stat mode = FALSE;
}
}
if (collect _stat mode) {
CALL DDL UPATE STATISTICS();
}

goto *addr; // original indirect branch

P uc. 5. IlceBrokon HpeOﬁpa3OBaHHOFO KOCBEHHOTIO Iiepexoja

Fig. 5. Pseudocode of the transformed indirect jump

3aHATOE HHCTPYKIMUIMH NOP MECTO 3ape3epBHPOBAHO [IJIsl BCTaB-
KM ONTHMHM3HMPOBAaHHBIX INepexofoB. Ha aToM artame BBOAATCSA
napaMeTpsl N u K, KOTOpbIe JO/KHBI ObITH NOJO06PAHBI SKCIIEPH-
MeHTa/JbHBIM NyTeM. OCHOBBIBAsICh Ha OIBITE JPYTUX HCCIELO0-

© TaMm xe.
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n UT-o6pa3oBaHue

6yayT 3HayeHus k = 20, N = 512. O4eBU/HO, YTO eC/I1 KOJIUYECTBO
4acTO BCTPeYaloLIUXcsl aZipecoB NepPeXo/ioB OKaKeTCsl BEJHKO, TO
BbI/IeJIEHHOTO JIJIfl BCTAaBKH NPAMBIX [T€PEX0/I0B MeCTa MOXKeT He
XBaTUTb (Ha MOACTAHOBKY OZHOI0 NMPSMOI0 YCJOBHOTO Nepexosa
TpebyeTrcs 3-4 uHcTpyKyuu: 1-2 mov, 1 cmp, 1 jmp.eq). Ha sToT
clyyald aJropuTM NpejycMaTpUBaeT aBTOMATHYECKYI0 OTMeEHY
ONTUMH3ALUM C 3aMeHOM N1epBOro NOp Ha OPUTMHAJIbHbIA KOCBEH-
HBIA EPEXO/I.

Illar 2. 3anyck nporpamMMsbl ¥ C60p CTAaTUCTUKU. ITOT U TOCJIe-
Jlyloliliie 3Talbl BBIIOJHSAOTCA HENOCPeACTBEHHO BO BpeMs pabo-
ThI IPOrpaMMbl (M He MO/Pa3yMeBaIOT KaKUX-JN60 JeHCTBUH CO
CTOPOHBI N0JIb30BaTE sl UM KoMNuasTopa). Kaxkaelil pas, korja
B IporpaMMe JOCTUTHYT MOJUQULHUPOBAHHBIA KOCBEHHBIH Ile-
pexo, IPOUCXOAUT BbI30B 6UGJINOTEYHON PYHKIUU OGHOBJIEHHUS
CTAaTUCTHKHU LieJIeBBIX alpecoB JiJIst 3TOro nepexosia. CTaTUCTUKA B
6ubsroreke DDL HakanMBaeTcs OT/eJIbHO JJI1 KOXKJ0T0 Iepexo-
J1a, KOTOPBIM uAeHTUGULHUPYeTCs 10 YHUKAJIbHOMY HOMEDY, NpH-
CBOEHHOMY eMy Ha 3Talne HHULIMAJIU3aLHH.

Illar 3. Tpancdopmanys B pea/ibHOM BpeMeHU. Korjja cobpaHHo
JIOCTaTOYHOE KOJIMYeCTBO CTAaTUCTHYeCKOH MHopManuu (KoTo-
poe 3azaetcs napamMetrpoM N), 3anyckaercss pyHKIUSA MogudUKa-
LMY KoJia nporpaMMsl. LlesieBble ajijpeca COPTUPYIOTCS B MOPsIiKe
yMeHbLIeHHs] KOJIMYeCTBa COBEPIIEHHbIX 10 HUM nepexoioB. Ecau
95 % mnepexo/i0B MPOUCKOLUT He GoJiee yeM 1o k azipecam, TO BbI-
MOJIHAETCS 3aMeHa LeNO0YKH NOP HHCTPYKIUHI Ha YCI0BHbIE Nepe-
Xo/ibl (pHUc. 6). B IpOTHBHOM c/iy4ae NPOMCXOAUT BCTaBKA UCXO/-
HOT'O KOCBEHHOTO ITepexo/ia.

mov
movk
cmp
b.eqg
movk
cmp
b.eqg
movk
cmp
b.eqg
movk
cmp
b.eqg
movk
cmp
b.eqg
movk
cmp
b.eqg
movk
cmp
b.eqg
nop
nop

x28,
0x4
w9, #0xe60

%28, x9

0x400dd4
w9,
%28, x9

0x400¢

P u c. 6. [IpuMep npeoGpa3oBaHHOIO Ha XO/ly KOCBEHHOTO Mepexo/ia
Fig. 6. An example of translated on-the-fly indirect jump

Illar 4. Pa6oTa onTUMHM3MPOBAaHHOTO nepexoaa. [locie npe-
06pa3oBaHUsl Nepexo/ia peXUM cbopa CTAaTUCTHUKU IieJieBbIX
azZipecoB BbIKJIOYaeTcd. OfHAKO NpoJoJhKaeTcs HaKoIlJleHue
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HHpOpMAIUKU O KOJIMYECTBE UCIOJHEHUH JAHHOTO Mepexoja U
0 YHcJIe CJIyyaeB, KOrJa B Ipeo6pa3soBaHHOM KOJIe OTCYTCTBYET
NpsIMOY Iepexoz 10 NOoJyYeHHOMY LieJIeBOMY a/ipecy U JJOJDKEH
cpaboTaTh NepBOHAYaJbHbIH KOCBEHHBIN epexo/; (OH HaX0UT-
csl lasibllle 10 KOAY), T. €. IPONyIlleHa ONTHMU3aLus AJI M0JIy-
YeHHOro azipeca. Eciiv 3HayeHHe cyeTYMKa NPOIYLIeHHBIX llepe-
XO/I0B CTAHET JOCTATOYHO GOJIBLIMM 110 CPAaBHEHMIO C YHCJIOM
BXOZI0B B JaHHBIH y4acTOK KOZa, TO Ile0YKa MPSMbIX YCI0BHBIX
Iepexo/ioB Oy/eT 3aMeHeHa Ha IepBOHAYaIbHbIH GJIOK NOp MH-
CTPYKLUH U ONATh GyAeT 3amylieH c60p CTAaTUCTHKU. UHBIMHU
CJI0BaMHU, COBEPIIUTCS NepexoA K mary 2. [Ipu aToM co6paHHas
BO BpeMs IIpebIAYIero BbIIOJHEHHS ara 2 CTaTUCTUKA afipe-
COB y4YuTbIBaeTcs ¢ Koappunuentom 0,5, 4To HajesIeT cUcTe-
My NaMsThIO.

Pe3synbTaThl

CraTu4ecKuil NOAXOA,

PesysibTaThl paboThl aHa/IM3a U ONTUMU3ALUH /115 TECTOB C KOCBEH-
HbIMU BeI3oBaMH U3 naketa SPEC CPU2017 npezcTaBiieHbl B TabJU-
ue 1. brarogaps peann3oBaHHOMY aHa/IM3y CUTHATYpP KOMIUJISATOP
B 3HAYMTEJbHOM uHnce ciayvaeB (o 100 %) onpesessseT MHOXe-
CTBO IpOLelyp, KOTOPbIe SIBJASIOTCSA KaHAUJATaMH JIJI1 KOCBEHHbIX
BBI30BOB, ¥ onTUMU3KpyeT A0 100 % 3Tux BbI30BOB. COrIacHO Mo-
JIydeHHbIM JIJaHHbIM, UMeeT CMBICJI pean3alys ONTHUMHU3ALMU JJI5
c/ly4yaeB, KOT/Jja aHa/IM3 HaXOAWT JiBe WM TPU BO3MOXKHBIE Mpolie-
Jyphl [ KOCBEHHOIO BbI30Ba. [Ipy 3TOM TpebyeTcs BBINOIHATD
YCJIOBHYI0 (CIEKYJATUBHYIO) NOACTAHOBKY. Takke B HacTosLiei
peasusalyy He NOAJEpP)KHMBAeTCsl ONTHMH3alMs MeTOA0B B IPO-
rpaMMax Ha fi3blKe C++, 103TOMY B COOTBETCTBYIOIMX TeCTaX OTHO-
CUTEJIbHOE KOJIMYeCTBO ONTUMHU3UPOBAHHBIX BEI30BOB HEBEJIMKO.

Ta6sunal. PesyabsTaTel paGoThl aHa/IM3a CUTHATYP M ONTUMHU3aNuu Ha nakete SPEC CPU2017
T able 1. Results of the analysis and the optimization on SPEC CPU2017

KomriecTBo BEI30BOB NPOIIERyP
Teer KOCBEHHBIX ¢ HailleHHBIMI N KOCBeHHBIX ¢ | omrmmvi- | ATc,
Bcero | kocBeHHBIX| KaHAIZAaTaMH U1 HOICTAHOBKIL KaHamaatamu, | supoBano, | %
N1 [ N2 [ v | N3 i =
500.perlbench r | 301206 237 5 27 81 117 97.0 1,7 0,0
502.gce 1 20909534 3213 384 183 172 2314 95,0 12,0 0.1
505.mef 1 529 14 0 14 0 0 100.0 0,0 0.0
520.omnetpp r | 26571017 7091 1328 291 196 553 334 0.3 02
523 xalancbmk r | 183042435] 26807 1629 688 637 1879 18,0 0,0 0.9
525x264 r 228151 491 153 41 22 268 98.6 27,5 0,0
541 leela r 1416 1 0 0 0 0 0.0 0,0 0.1
557xz r 5643 44 7 8 0 28 97,7 15,9 0.3
507.cactuBSSN r | 781791 1060 20 238 593 158 95,2 14 0,0
508.namd r 3353 12 0 0 0 0 0.0 0,0 0.0
510.parest 1 16672711 4655 1170 92 159 2372 81,5 0.8 0.3
511.povray r 232313 185 8 1 47 65 65,4 1.1 0.0
526.blender r | 179576873| 11410 321 451 344 9666 94,5 25 1.2
538.1magick r 74999 60 23 4 0 33 100,0 233 0,0
544.nab 1 1169 3 3 0 0 0 100,0 100,0 0.0
CTOHUT OTMETUTH, YTO peaJU30BaHHbIe aHAIU3 M ONTHMU3ALUS 12
BBIIIOJIHAKOTCA OTHOCUTEJBHO ObICTPO: NPU KOMIMWJIALUH TECTOB L1
n3 naketa SPEC CPU2017 Ha ypoBHe onTuMu3anu «-03 -flto» oHn
yBeJIMYUBAIOT BpeMsi paboTbl cTasuu LTO He 6osee yueM Ha 1,2 %. b
Ecnm y4yecTb, 9TO B IOJTHOE BpeMsl COOPKH NPOrpaMM CIeAyeT o
BKJIIOYUTD N1pe/IBApUTEbHYI0 KOMIUJ/IALMIO OT/e/IbHbIX MOAYJIEH, § 1
TO ONITUMM3aL M OKa3bIBAET ellle MeHblIee BJIUAHHE Ha CKOPOCThb ii 095
paboThl KOMIUJAATOPA.
Ha makete SPEC CPU2017 He 6b1710 3aMeyYeHO y/Iy4IleHNs B CKO- 09
pocTu pa6oTsl nporpaMM. OJHaKO aBTOPbI pabOThl 06HAPYKUIN 0.85
3HAQUYUTEJbHOE MOBBIIIEHHE MNPOU3BOAUTENBHOCTH HEKOTOPBIX »29& L .@{90 é@‘\% _&oy & @ﬁ ¢°° & & Qé‘%a
TectoB nakera CPUBench. 3tu pesysnbpraThl nmpejcTraBieHbl Ha S : °
Gerumapi

pucyHke 7.
Puc?7. Pe3yf[bTaTbl 3aMepoB NPOU3BOAUTENBHOCTH CTATUYECKOT O ImoAxoAa AJA
TecToB naketa CPUBench
Fig. 7. Results of measuring the performance of the static approach for
CPUBench test suite
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JINHaAaMU4YeCKHI MOAXO0/

Jlna AeMOHCTpaluu JUHAaMUYeckoro nojxojia 6bL1 pa3paboTaH
Habop TeCTOB, COCTOALIUX U3 NepPexoJ0B C pa3/MUYHbIMU paclpe-
JleJIeHUAMM 1LieJIeBbIX ajZipecoB. Pe3ysbTaThl 3aMepoB BpeMeHU
HCIOJIHEHUS MOKasbIBalOT (puC. 8), YTO JaHHbIH NOAXOA JaeT
yJydiieHre npousBoauTenbHocTH 40 200 %, Korja KoJau4ecTBo
LieJIeBbIX aZIpecoB HaXOAUTCS B JuanasoHe oT 4 fo 8. Eciu xe 1e-
JIEBBIX aJIpECOB CJIMIIKOM Maslo WJIM CJAMIIKOM MHOTO, Ha TecTax
HabJtojaeTcst He6oJbLIas Jerpafamnms.
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Puc.8. Pe3y.}'leaTbI 3aMepoB MPOMU3BOAUTEJbHOCTH JUHAMUYECKOI'0 IMOAX0Aa B
3aBUCHMOCTH OT pacnpe/ie/ieH|s KOJIMYeCTBa Lie/IeBbIX aipecoB
Fig. 8. Results of measuring the performance of the dynamic approach

depending on the distribution of the number of target addresses
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Tatopa python (Bxogut B TecToBblii nakeT CPUBench) nabsroza-
eTcs 3aMejjieHue ero pa6otel Ha 10 %. Ha Tectax makera SPEC
CPU2017 yny4yineHre MPOU3BOAUTENBHOCTH He 0O0HapyxeHO. Ta-
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