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Cyeepenumem cmpanvl He AGIAEMCA NOJHLIM, €clU CMpaHa He oOenaem Ul He
KOHmMpONuUpyem onepayuonHHvle cucmemvl, 6a3vl OAHHBIX U YNPAGIAIOWUE CUCTEMb,
makoice uHCmpymenmul 01 paspabomxu smux cucmem. Knouegvimu uncmpymenmamu
paspabomku  AGIAIOMCA  A3bIKU  NPOSPAMMUPOSAHUs U Komnuramopel. Cmamovs
nepeuucisem OCHOGHvle MpebOo8aHus K  COBPEMEHHOMY  A3bIKY — CUCIEMHO20
NPOCPAMMUPOBAHUA.

BBeneHue

CyBepeHUTET CTpaHbl SBISETCS HE TMOJHBIM, €CIIH CTpaHAa HE WMEET CBOU WJIM KOHTPOIUpPYEeMbIe eit
CpelcTBa MPOM3BOICTBA. HammpumMep, U3roTOBIICHHE CHAPSIOB (MJIN BBIPAIIUBAHKE OBOIIEH) HAXOIUTCS TIOT
YIpo30#, eciau cTpaHa HUMIIOPTHPYET CTAaHKU JJii U3TOTOBICHHUS CHAPSIOB WM 3aKymaeT ceMmeHa. Ecmu
3arsiHYTh TITyOXe, TO HY)XHBI CTaHKH IS MPOM3BOJCTBA CTAHKOB, Ha KOTOPBIX NENAIOTCA CTaHKH IS
W3TOTOBIICHUS CHApSANOB M Tak majnee. IIpu aToMm, 3amada MOJTHOTO KOHTPOJIS BCEX CPEICTB MPOU3BOJICTBA
SBIIAETCA DKOHOMHUYECKH OECCMBICIEHHOM H HENOCTHKUMOW. CBOMMH HOJDKHBI OBITH  KIIFOUEBBIE
WHCTPYMEHTHI U TEXHOJIOTUH, IUIFOC T€ MHCTPYMEHTHI U TEXHOJOTHH, KOTOPHIMH MOXHO OOMCHHBATHCS B
paMKax KOOIIepaIuy ¢ ImapTHEPaMH.

B mporpammHO# WHIyCTpUM KITIOYEBHIMH HHCTPYMEHTAMH SIBJISIFOTCSA (B TOM 4HCIIE) S3BIKA
MPOrpaMMHUPOBAHMSI, KOMITMISITOPBI W HHCTPYMEHTHI DPa3paOOTKH, a KIIOYCBBIMU TEXHOJIOTUSIMU —
TEXHOJIOTHU Pa3pabOTKH 3TUX HHCTPYMEHTOB.

IIpeanonoxkuM, 4To y HEKOW OpraHU3allid B HAIIEH CTPAaHE €CTh HaMEPEHHE, PELIMMOCTh, IEHBIU U
JFOAU TS pa3paboTKH s3bIKa MporpaMMHUpoBanusi. Bompoc: ¢ kakoii 001acTi MpUMEHEHUS! CTOUT Ha4aTh?

YTO4HIO, SI3BIK IPOrPAMMHUPOBAHUS — 3TO MHCTPYMEHT, U JUIS Pa3HBIX 00JacTel MPUMEHEHUS HY>KHBI
pa3HbIE UHCTPYMEHT, ISl OJHUX JIy4lle MUKPOCKOIL, a ISl APYTUX — MOJIOTOK.

Ha w™mo#t B3rmsg, camodl akTyainbHOM celidac 0O0JacTbl0O TMPHMEHEHHS SBISETCS CHCTEMHOE
mporpaMMHupoBaHre. HyXHBI WHCTPYMEHTHI JUISI CO3JaHHUS OIEPAIlMOHHBIX CHCTeM, 0a3 MaHHBIX |
YOPAaBISIONIMX CHCTEM, BKIIIOYash BOCHHBIC, KOCMUYECKHE W JIpyrue HUHQPACTPYKTYPHBIC CUCTEMBI,
obecneunBarone pyHKIMOHUPOBAHUE M OE30ITACHOCTb.

JIBe odeBUAHbBIC IPUYUHBI, BEIACIIAIONINE CHCTEMHOE IMPOTPaMMHPOBAHHS:

e B3lOM ONEpalMOHHBIX W YIPABJISIONIMX CHCTEM W OMIMOKM B HHUX SBIAIOTCS TPEICIHHO

OITACHBIMU;
e B Mupe OoTCyTCTBYIOT aJeKBaTHbBIE SI3BIKH IPOTPAMMHPOBAHHUS M WHCTPYMEHTHI IJII CHCTEMHOTO
MPOTPaMMHPOBAHUSL.

Bropoii myHKT Hano nosicHuTh. CyLIECTBYIOIINE ONEPALIMOHHbBIE CUCTEMBI Hanucanbl U nuiryTes Ha C,
C++ wmm Rust. Bo3M0XHO, 9TO B KaKHX-TO CIIy4asX HCIIONB3YIOTCS JAPYTHE S3BIKH, Harpumep, D, Zig wmm
Nim, HO MHE HE M3BECTHBI Takue cHUCTEeMBI. UTO ke KacaeTcs HCIOJB3YEMBIX A3BIKOB, TO UX HCIOCTATKHU
CJIMIIIKOM BEJUKH U MPUHIIUIHAIBHEL.

HenocraTrkm si3pikoB C, C++:

e PyuHOE yIpaBIeHUE AMSTBIO;

HebGe3onacHast cucTeMa THIIOB;
HebGe3onacHbie ykazarenu;

JlomyCTUMOCTD HEOTIPEICIICHHOTO MTOBEACHNUS;
Het moxnepxku MOy TbHOCTH.

Henocratku s3bika Rust: HecMOTpst Ha To, YTO Bee NepeyncieHHble Boiie Hepoctatku C, C++ B Rust
TEM WM UHBIM CIIOCOOOM YCTpaHEHBI, B HEM €CTh IPUHIUIUAILHBIA HEAOCTATOK:
e OrpaHnYeHHs, HAJIO)KEHHBIE Ha CTPYKTYpPbI NAaHHBIX W aITOPUTMBI HACTOJIIBKO BEIHMKH, YTO OHHU



BBIHYX/Ial0OT pa3pabOTYMKOB THCAaTh 4YacTh Kojxa B HeOezomacHoM (unsafe) pexume. Ilpuyem
MPOIIEHT HEOE30MaCHOT0 KOJIa TOCTATOYHO BEITUK.
DT0, KaKk HU MapaoKcalibHO, Ae1aeT Rust TakuM jxe HeOe30MmacHbIM A3bIKOM, Kak U C++, Ipu 3TOM eliie
U CYIIECTBEHHO MEHEe “IpYKEeIO0HBIM” JUIsl pa3paboTumKa.

S me O6yay paccMmaTpuBarth s36Iku D, Nim, Zig u apyrre, B KauecTBe MOTSHITMAIBHBIX KaHANIATOB JJIs
CHUCTEMHOTO sI3bIKa MpOrpaMMuUpoBaHus. [IpocTo MOTOMY, YTO ¢ TOYKH 3PEHUS CYBEPEHUTETa pa3padoTKa
CBOETO CUCTEMHOTO S3bIKa HEO0X0IuMa.

B03MO0KHO, UTO MOTYYUTCS UCIIONB30BATh KAKUE-TO UJIEU U3 3TUX S3BIKOB, WK U3 SKCIEPUMEHTAIbHBIX
s13bIKOB, Takux kak Carbon, VLang, Pony, Verona, HO HM OJUH M3 3THUX S3bIKOB HEJb35 B3STh B KA4eCTBE
oOpasia uin 3a 0OCHOBY. JlyMaro, 4To 3TO yTBEPKICHUE CTAHET OUYECBUHBIM TIOCJIEC TOTO, KAK MBI BEIpaboTaeM
TpeOOBaHHUS K MPOEKTUPYEMOMY S3BIKY CHCTEMHOIO IporpaMMupoBaHus. s ompeneneHHocTH Oynem
Ha3bIBaTh €ro SIc, coKkpamenne oT “S3bIK CHCTEMHBII .

O6wedunocodckue TpedboBaHuA

IMepen TeM, Kak mepedTH K TPeOOBaHUSM JUIS KOHKPETHOTO SI3bIKA, TIEPEUUCITIO TO, UTO s CKOpee ObI
Ha3Ball GUII0COPCKUMHU TpeOOBaHUAMHU. BhIOTHEHNE X TPYAHO MPOBEPUTH U TeM 00JIee U3MEPUTD, OLICHKH
UX BBINOJIHEHNUS, KaK NpaBuiio, CyObeKTUBHBL. HecMOTps Ha 3T0, yKa3aHHBIC TPeOOBAaHMUS OYEHb BaXKHBI, OHU
MO3BOJIAIOT IOCMOTPETH CO CTOPOHBI HA IPUHUMAEMBIE B S3bIKE PEIICHUS, U, YTO €lIE BaXKHEE, O0bEAUHAIOT
KOMaHJy pa3paboTKu TeM, 4TO sl ObI Ha3BaJl dMUYeCKUMU HOPMAMU PA3PAOOTKH.

[Nepeunciio TpeOoBaHUs, KOTOPHIE 51 CYUTAIO IPUHIUITHATILHO Ba>KHBIMH:

IIpocrorta si3p1Ka

Y1006CTBO ¥ CKOPOCTH MPOTPAMMHUPOBAHUS
Peryissprocts

bananc

Pacniuiry moapoOHee TO, 4TO JJIsi MEHsI CTOMT 3a KaXIbIM U3 3TUX TPeOOBaHMI B NMPOU3BOJIHLHOM
MOPSAKE:

IIpocToTa s3bIKa:

B s3bIKE €CTH TOJIBKO TO, YTO HYXKHO
B s13pIKe HET TOTO, YTO HE HY)KHO
OpTOroHaJILHOCTh KOHCTPYKLIUH
PerynsspHOCTE KOHCTPYKIUI
HenpoTtuBopeunBocTh

Y106CcTBO M CKOPOCTH MPOrpaMMHUPOBaHMS (BKITIOUYAst HE TOJHKO HAMMMCAHUE KOJA, HO M KU3HCHHBII
IIUKJ POTPAMMHBIX CHCTEM B IIEJIOM):
e JlerkocTh uTeHHS, JIETKOCTH TOHUMAaHUS
HarnsgnHocTh A3bIKa
JlakoOHMYHOCTH 3amnucu
B si3b1ke (vtn OMOIMOTEKax) €CTh BCE, YTO HYKHO JIJIS IPEAMETHOM 001acTh (HO He 0OJIbIIe)
HarmsimHocTh (ceMaHTHKa BHIHA CKBO3b CHHTAKCHC)
IMomnepxka xopoIero kojaa (Harmucarh OIMOOYHBIN KO CIIOKHEE, YeM MPaBHIIbHBIN )
Pannee oOHapyxeHHE OMTUOOK
CKOpOCTh 1 yI00CTBO HCIIOIB30BaHUST KOMITAJIATOPA U IPYTUX WHCTPYMEHTOB
KauectBo coobmiennii 00 ommbdkax KOMIHUIATOPA U APYTUX HHCTPYMEHTOB
MuHuM#3aIus OmUO0K, 00HAPYKUBAEMBIX BO BPEMSI HCITOJTHEHUYSI
MuHuM#3anus MoTpeOHOCTH B OTIAIKE
Y 106cTBO MOTH(HUKAITAN M COITPOBOKICHHS
[IpocToTa KCI0JIb30BaHUSI HHCTPYMEHTOB (CaMH HHCTPYMEHTBI MOTYT OBITh CJIOKHBIMH, HACKOJIBKO
3TO HEOOXOIHMMO)
e MynbTUIUIaTGOPMEHHOCTh, KaK BO3MOYKHOCTh THCATh KOJ, pabOTaromuil Ha BCEX aKTyaIbHBIX
wiardopMax, BKIIoUasi, Kpocc-pa3padoTKy.

Perynsipaocts:
e PerynsapHbIil CHHTaKCHC (TIOXOKHANW CHHTAKCHUC JUTSI OJM3KUX KOHCTPYKIIMM, Pa3HbIH I pa3HBIX )



e PerynspHas ceMaHTHKA (MUHHMYM HCKITFOUCHHIA U3 TIPABHII)

e Her nyOonmupyrommx KOHCTPYKIHAH

bananc:

e KOHCTpPYKIINH sI3bIKa IPUMEPHO OJTHOTO YPOBHS

e KoHCcTpyknmu He JoBoAsATCS mo abcypra (Hampumep, kak B unified type system, o6 3ToM Hamo

TOBOPUTH OTJCIBHHO)

ITonHOCTBIO YIOBJIETBOPUTH 3TU TPeOOBAaHUS HEBO3MOXKHO, YacTh M3 HUX WM MPOTHUBOPEUHUT IPYT
JPYTY, WU HE MOTYT OBITh JOCTHTHYTHI OJTHOBPEMEHHO.

He 3Haro, kak 4uTaresnto, HO MHE Cpa3y XO4eTCs pacCTaBUTh IPUOPUTETHI, HO 3TO CTOUT JENATh I
KOHKPETHOTO S13bIKa WJIN MPEIMETHON 00J1acTH, U1 pa3HbIX NPEAMETHBIX 00J1acTeil MPUOPUTETHI MOTYT OBbITH
pa3HBIMU.

OT npeameTHOM 06MACTU K TEXHUYECKUM TpeboBaHUAM

[lepeitnem Ttemeps cobcTBeHHO K SIc M OyaeM TOBOPHUTH O MPOU3BOAUTEIHLHOCTH, O€30MaCHOCTH,
YIPABJICHUH MTAMATHIO U IPOYUX HMPUBBIYHBIX JJISI MPOrPAMMICTA BEIaX.

CHayasa oCMOTPHM Ha MPeIMETHYI0 00J1acThb. SIc HalleneH Ha co3aHne 00IbIINX, KPUTHYECKHUX (U,
3HAYUT, CIOXHBIX) W AOJrOKUBYHIUX cucTeM. Bo3pMmeMm, Il mpuMepa ONeparioOHHBIE CHCTEMBI, OHHU
MEHSIOTCS, Pa3BUBAIOTCS U JKUBYT 0JT0: Beixo JIunykca 1991 rop, Beixoa Windows NT — 1993 rog u atu
OC Bosce He ymuparoT. Tak uto Bpems xxu3au OC ToyHO He MeHblIe 50 neT.

Yro 310 3HauuT Wi Sc:

1.

JIro60i Ko, KpOMe OJHOPA30BOI0, YUTACTCSA Yallle, YeM muirercs. Koa cHecTeMHOro ypoBHS YUTAlOT
B JCCATKHU WJIM COTHU pa3 vame, 4€M MUIyT, U 3TO 3HAYUT, YTO IJIA Slc JerkocTb UYTeHusl M
TMOHUMAHUS SBJSIETCS OJTHUM M3 CaAMBIX IPUOPUTETHBIX TPeOOBaHUH.
Tak kak CHCTEMBI CJOXHBIE, TO HAa YPOBHE S3bIKa MIOJKHO OBITh yIEJIEHO 0c000€ BHUMAaHWHE
0€30macHOCTH KOJIa, HAJC)KHOCTH ¥ KOPPEKTHOCTH CUCTEMBI,
Kputrnueckn BaXXHBIM SBIISICTCS MOAIEPKKA Pa3padoTKN MPABHIBHOTO KOIA, BKIIFOUYas

O paHHee 00HApY:KeHHUe OUTHOOK

O rapaHTHM OTCYTCTBUS OIIMOOK, I10 KpaliHEe#H Mepe, OIMO0K CaMbIX OIIACHBIX KJIACCOB

O MHHUMU3AIUS OMIMOOK BPEMEHH UCIIOTHCHHUS

O MHHUMHU3AIUS HEOOXOJUMOCTH TECTHPOBAaHHMS W OTJIAJKH, BKIIOYas BO3MOXKHOCTH

TECTHPOBAHMS M OTIAJIKH TOJIHKO HOBBIX WJIM M3MEHEHHBIX YaCTEW C TapaHTHEH M3O0JISIIUH,
OTCI0JIa MOAYJIbHOCTh 1 KOMIIOHEHTHOCT.

BosMoxkHOCTE (IIpocToTa) (popMasbHOW BepupuKAIMHM, ¥ OTCIOJA TOXE CIEAyeT TpeOOBaHUs
M30JIAITUH (HaIO “‘€CTh CJIOHA ITO YacTsIM”).
HyxHo nymaTh 0 3ammTe KojJa OT B3jJoMa, AJIS Si3blKa — 3TO OTCYTCTBHE Ys3BUMOCTEH. Bech
WHCTPYMEHTapuii JOJDKEH cpa3dy JellaThCsid C ydYeToM TpeOoBaHWMH HH(OPMALNHOHHOMN
0e3omacHOCTH.
¢ eKTUBHOCTDH, BO BCEX €€ COCTABJIAIONTNX (MTOApoOHEee HIXKE), TOXKE 00s3aTeIbHOE TPEOOBAHHE
K Slc.
PacmmmpsiemocTh: 1ipu xu3Hu 50+ JeT, MBI HE MOXEM PacCUUTHIBATh, YTO YU BCE TPEOOBaHUS.
Hapmo gymaTs mpo TOYkH pacuivpeHus sI3bIKa, 1, B TIEPBYIO OYepeib, HA BO3SMOXXHOCTh PACIIPEHHS
Ha ypoBHE OMOIUOTEK.

Tenepb MOKHO IEPEXOAUTH K OoJiee TOAPOOHOMY PacIUChIBaHNIO TpeOoBaHUU. S Oyay pacnuchIBaTh
TpeOOBaHMs B HEKOTOPOM yI00HOM Jjist ceOst TIOpsIKe, mojiarasi, YT0 CUCTEMATU3AIHI0 U CTPYKTYPH3AINIO
JydIle Jenarh, KOor/ia IMepBUYHbII MaTepHral yke coOpaH.

Be3onacHocTb
PaCKﬂaHHBaeTCﬂ Ha

be3omacHOCTh TUIOB: OPTOrOHANILHAS TUIIOBAs CHCTEMA C JOKa3aHHOH (OpPMaNTbHBIMU METOIAMH)
KOPPEKTHOCTEIO (type system soundness),

Be3omacHOCTh CCBUIOK: HET SIBHBIX YKa3aTeleil, HeT oOpalleHuss Mo OIIMOOYHOW WU
HeorpeneneHHo cepuike (null safety),

O0s13aTeNnpHas HHUIHATHA3AIUS BCEX TIEPEMEHHBIX JI0 UCIIOIB30BaHUS,

be3onacHOCTh MaMATH: HET OIIII/I6OK, CBs3aHHBIX C HEBEPHBIM YIIPABJICHHUEM ITaMATBIO, HE3aBUCUMO



OT crioco0a yrpaBJIeHUs NaMsIThIO,

e Her nmeficTBuil I1st KOTOPHIX MTOBeAeHNEM He onpeaeneHHo (undefined behavior),

e Her s3BIKOBBIX HCKIIOUEHHI (runtime exceptions). llpu BbIMONHEHMH BO3MOXKHBI TOJBKO TE
WCKJIIOUYHUTENIBHBIC CUTYaIMH, OT KOTOPBIX Ha YPOBHE 53bIKa HEJIB3S 3alIUTUTHLCS, HAIIPUMED, OITUOKH
anmapaTypbl WIA HEBO3MOXHOCTh BBIJICITUTH ITAMSTH,

e MoIyJIbHOCTE: UCXOTHBIA KOJT pa3aelieH Ha TOCTAaTOYHO CHIILHO M30JUPOBAHHBIC YACTH,

e KOMITIOHEHTHOCTh: €CTh BO3MOXKHOCTh 3aMEHBI KOMIIOHEHTHI WJIU JIOOABJICHHS H30JIMPOBAHHBIX
KOMIIOHEHT MCKITIOYas BIUSHHE Ha OCTAIBHEBIC YACTH CUCTEMEL.

Ecnu BHMMAaTENHHO PacCMOTPETD OTU ITYHKTHI, TO CTAHET ITIOHATHO, YTO, B IICPBYIO OUCPEAb, B HUX PEYb
HUIACT O MPOBCPKAX U rapaHTHUAX BO BPEMA KOMIIUJIALIUU. Taxkum 06pa30M, B Tpe6OBaHI/I}IX HCJABHO 3aJI0OKCHA
3aaavda CACIaTb KOMIIHIIATOD, BKJ'IIO'{aIOH_II/Iﬁ MNPOABUHYTHIC aHAJIN3AaTOPBI, TO €CTh TO, YTO IS ABIPSABBIX
SA3BIKOB, THUIIA C++, IIBITAOTCA ACJIaTh OTACIIBHBIMU CTATHYCCKUMU aHAJIU3aToOpaMu U CaHHTaﬁSCpaMH.

Cpa3y BO3HHMKaeT BOIpOC: MOXXHO Ju HanucaTh Bclo OC Ha OezomacHoM kone? Iloka Takas
BO3MOXXHOCTh HE JIOKa3aHa, XOTs Obl KOHCTPYKTUBHO, 51 Oyly cuuraTh, 4TOo Henb3s. Kak e torma ObITh €
TpeboBannemM Oe3omnacHocTu? OTBET, ¢ (popMaIbHON TOYKM 3PEHHS, BIOJIHE OUEBHICH: HEOE30MacHBIH KO
HaJI0 MHCaTh Ha JPYTOM SI3BbIKE.

IToaHOCTBIO T 3TO APYToH A3BIK MM 3TO MOJ(HAA) MHOKECTBO HaM celdac He BakHO. BaxxHo To, uTO
Koz Ha Sc (6e3omacHsIii s1361K) 1 Ha Sc-Hb (Slc HebesomacHsIit) A0KHEI OBITH pa3iesieHbl, 10 MEHbBIIEH Mepe,
pasMelICHbl B pa3HBIX MOAYJISIX WM (aiijiax ¢ pa3HbIMHU PaCIIMPEHUSIMHU, SIBHO BBIICIIEHHBIMH 3ar0JIOBKaMU
u 1.0. Ecnin B Monyne/daiine ectb XoTh oxHa HeOe3omacHasi CTpOKa, TO Bech (hailm HeOGe3omaceH.
Hcrnonp3oBanue (MMIOPT) HEOE30MaCHOTO KOAa TOXE JODKHO OBITH SIBHO BBIIEICHO. Takoe pasmencHue
MO3BOJUT HaM BBECTH JIOTIOJHUTENBHYIO 3alllUTy, BO3MOXKHO Ha YPOBHE IIpel M TOCT YCIOBHH U, B
JanbHEeWIeM, MepedTH K JOKa3aTeNIbCTBY KOPPEKTHOCTH HeOe30macHoro kozaa. st 3TOro >kenaTeabHO
caenath Slc-Hb xak MokHO MeHbIe, ¢ TOUKH 3peHus (yHKIoHanpHOCTH. Eciim mucare Ha Slc-HbB Oyner
TPYZHO, 3TO CYIIECTBEHHO YIYYIIUT OOIMNH YPOBEHb O€30I1aCHOCTH pa3pabaThIBA€MOM CHCTEMBI.

A numy 3meck Mpo J0KA3aTENbCTBO KOPPEKTHOCTH TOJNBKO HEOE30MacHOTO KOAa, TMOTOMY YTO
rapaHTHPOBATH KOPPEKTHOCTH OCHOBHOI'O KOJIA TOJKEH KOMITHIISITOP.

WTak, MBI MOITYYHITN TOTIOHUTENBHBIN TyHKT B pa3zene bezonacHocTh:
e Pasznenenue (OTCYTCTBHE CMEMIMBaHUs) O€30IaCHOTO M HEOE30MacHOTO KoJa.

3ameuy, Kak MUHUMYM Ha MEPEXOJHBIA MEPHO, KOTOPHI MOXKET OBITh OYeHb UINTENIBbHBIM, HAI0
o0ecreunTs BO3MOKHOCTH BbI30Ba C koja. [IoHATHO, uTO M000# BHEIIHNUN KO ABIsieTCsl HeOe30MmacHbIM, H
HaJ0 AyMaTb, KAKUMH IPOBEPKaMH €ro 0OKJIabIBaTh.

B xauectBe omnoro w3 BapuantoB Sc-HB MoxHO paccmoTpeTs ucHoib3oBaHue (OIHOTO H3)
BHYTPEHHHMX MpeiacTaBieHuil kommuistopa. Hampumep, xommumsatop Rust wncnmomezyer MIR [1], a
kommmsitop Swift SIL [2] B kauecTBe BHyTpeHHETO MpeAcTaBiIeHUs 0oiee BBICOKOTO YpoBHs, ueM LLVM
IR.

Mgl MO’KeM HCTI0NIb30BaTh aHAJIOTHYHOE BHyTpEHHEee MpecTaBieHue B kauectse Sc-Hb ecnu ono:

1. SIBnsiercst mepeHOCUMBIM (MAIIMHHO-HE3aBUCUMBIM),

2. Wwmeer TekcToByto hopmy,

3. Tlo3BousieT NCIONB30BaTh OTPaHINUCHHBIH Ha0Op HeOE30MacHBIX Olepanui,

4. Bxio4aeT IOMOTHUTENIBHBIC IPOBEPKH JJIsl TAKUX OIEpaLUil.

MO,D,y.H bHOCTb U KOMINMOHEHTHOCTb

51 ye ynmoMuHax BbIie 00a 9THX TepMUHA. Ha MOM B3IJIsi/I, OHM ONKCBHIBAIOT JIBA Pa3HBIX MOJXO0A K
CTPYKTYpHU3aIHH:
e MoaynbHOCTh: ONpeAeiseT CTAaTHYECKYI0 CTPYKTYPH3AIHI0 Yepe3 HWHKAICYISIIUI0 (YacTHYHYIO
W30JISILMIO) U UMIIOPT/3KCIIOPT;
e KOMIIOHEHTHOCTb: ONpeneNsieT, B OOIeM ciydae, TUHAMHYECKYIO CTPYKTYPH3AIHIO, KOTOpas
MOYKET CBOJUTHCS K CTATHYECKOM MMOCPEICTBOM OITUMH3AIINH.

KOMMOHEHTHOCTh MMEET Cephe3HbIC MPEHMYIIECTBA JJI OOJBIIMX W Pa3BUBAEMBIX MPOTPAMMHBIX
cucteM. IlompoOuee cm. [3]. 3amedy, YTO XOTS TEPMHUH KOMIIOHEHTHOCTH B YKa3aHHOH cCTaThe HE



HCIIOJIB3YCTCA, HO p€Yb UACT UMCHHO 00 3TOM.
I[J'IH SIc s cunraro H€O6XOHHMOﬁ MOAACPIKKY U MOAYJIBHOCTU U KOMITIOHEHTHOCTH.

AdchekTnBHOCTDL

Sl TpennouyMTad HKCIONB30BaTh CIOBO A(PQEKTUBHOCTh, & HE MPOU3BOJUTEIHHOCTh, TaK Kak
3¢ (HeKTUBHOCTh — 3TO 00JICE IHUPOKOE MOHATHE, KOTOPOE BKJIFOYACT B CEOs:

®  [POU3BOJUTEIHLHOCTh (CKOPOCTH PabOTHI),

®  KOJIUYECTBO MCIOIb3yEMON MaMSATH,

® OTCYTCTBHE 3aJepKEK Ha CIy)KeOHBIC JCHCTBUS (HampuMep, Ha COOpKy Mycopa),

® CKOPOCTh MHUIIMANM3ANUU (startup time),

® OSKOHOMHIO Darapeu.

JIyist pa3HBIX 33724 Ha TIEPBBIN TJIAH BBIXOJSIT Pa3HbIe CTOPOHBI () (HEKTHBHOCTH.

I'oBopst 00 3¢ deKTUBHOCTH, I HE UMEIO B BHIY TOJBKO YPOBEHb ONTHUMH3ALMHU KOJAA, MBI JTOJDKHBI
YUUTHIBATH, 9TO d()(PEKTUBHOCTh MOXKET JIOCTHTATHCS HA HECKOJIBKUX YPOBHSX:

® ApPXUTCKTYpHBIH YPOBEHb,

® ANTropuTMHYECKUH YPOBEHb,

e YpoBeHb Ko/a (ONTUMH3AIHS KOZA).

O4eBUAHO, YTO TIEPEXOJ, HAlpHMEp, OT COPTUPOBKU ITy3BIPBKOM K OBICTPOil COPTHPOBKE IaeT
BBIMTPBIII, KOTOPBIN HEBO3MOYXHO JOCTUYb ONTUMHU3aLKel Koaa. Ha ypoBHE apXUTEKTYpB! BHIMTPBIII MOXKET
OBITH ellle Ha OPAIKH OOJbLIe, HAPUMEP, 3a CUET yIaJICHHUSI HeHY>KHBIX IeHICTBUI, YMEHBLICHUS KOJINYECTBA
YPOBHEW apXUTEKTYpPhl UM YMEHBIIECHUS IOTOKA JAHHBIX MEXAY YCTPOMCTBaMHU.

Mpbl JOJDKHBI JyMaTh Ha BCEX YPOBHIX, M TOTNA CTAHOBHUTCS IOHSATHO, 4YTO 3(PPEKTUBHOCTH
CYLIECTBEHHO CBsI3aHa C HOHATHAMH MOIYJIBHOCTH M KOMIIOHEHTHOCTH.

Brpouem, 370 TeMa TpeOyeT OTIeIBHOIO Pa3sroBoOpa, a OKa, Ha YPOBHE SA3bIKa MOXKHO c(hOpMyIMpPOBAThH
TOJILKO camble o01re TpeboBaHus:

e [lpunnmn “He HaBpenw’: KOHCTPYKIMH, KOTOpPBIE MPUHIMIIMAIBHO yXyIAIOT 3QQEeKTUBHOCTD,
JOJKHBI OBITh MCKIIIOYEHBI U3 SI3BIKA,
e [Ipunnmn “BropudHocTH’: 3PPEKTUBHOCTH HENB3sI JOCTHTATh 33 CYET HAPYIICHUS O€30MaCHOCTH.

TunoBasa cucrtema

TpeOGoBaHuUs K TUIIOBOM CUCTEME TSI MCHSI OYCBHIHBI:

bezomacHOCTS,

[lomHoTAa, C TOYKH 3peHHsI HA0OPA MOAAEPKUBAEMBIX MAPATUTM,

OpTOrOHATEHOCTS,

[Momnepxka pa3HbIX BUAOB OJUMOP(HU3MA, BKIIOUAs 0000IICHHOE TPOrpaMMHUPOBAHUE.

B mocemneM myHKTE st HAMEPEHHO HE MCTIONB3YI0 TEPMHUH 0000IICHHBIC THITHI (generic types), Tak Kak
32 3TUM TEPMHHOM CTOMT HAa0Op NPUBBIYHBIX PEIICHHH, KOTOpPbIE J00ABISIOT B S3BIK HEOINPaBIAHHYIO
CJIOHOCTh. Halo HaliTH TOCTaTOYHO MPOCTOE U JIOCTATOYHO MOIIHOE penieHne. HamMeTku Takoro pemieHus B
TpuBuiie y MEHS MPOJyMaHbI, HO HE C/ICTAHBI.

YHpaBHEHMe namMmATbIO
YpasneHue NaMsAThI0 — 3TO KJIFOUEBOH ITyHKT, KOTOPBIA BO MHOTOM ONPEAETHUT YCIEITHOCTD SI3bIKA.

Kak yxe ckazano B paszene bezonacHoCTb, B SIc Hy»HBI TapaHTUX 0€30MIACHOMN MaMSTH, 2 UMEHHO

e Hert BUCSYNX CCBUIOK,

e Her ncnonb3oBaHus 0JIOKA MAMATH IIOCIE OCBOOOIKICHUS,

e Her nocrymna k HepacnpeaeIeHHON NaMsITH, BKIToYas JOCTYII Mo MmycToMy ykazarento (null pointer
dereference),

e Her yTeuek namsTu.

JIrobombiTHO, uTO RUst cunTaer yreuku maMsiTi AOMyCTUMBIMU [4]. Hekas oruka B 3TOM €CTh, TaK Kak
YTEUKH HE NPUBOJAT K aBapHsM, IOKa MaMATH A0ocTaToyHo. Ha Mol B3mmsn, mis SIc yTedku maMsTé TOXe
SBIIAIOTCS KPUTHYECKHMH, XOTS MOXET OBITh MPEIyCMOTPEHO KOPPEKTHOE OCBOOOXKICHHWE HEIOCTYITHOM
MaMSATHU I10 €€ UCYEPIIAHHUIO.



Kak mbI 3HaeM, OGe30macHoe yrpaBlieHHE MaMAThI0 MOXKET OBITh PEa30BaHO TOCPEACTBOM
Co6opku Mycopa,

CueT4rKOB CCBUIOK U CIIa0bIX yka3aTelel (weak pointers),

CraTH4YeCcKOro pacrpe/elcHHs MaMsTH,

KoHTposieM cchiIoK BO BpeMst KOMITWIISIIUK C aBTOMATHYECKUM yIAICHHEM,
KomOuHalueit moaxo/10B, BKIIt04Yas pa3/eJICHUE Ha PETHOHBI C Pa3HBIM YIIPABJICHUEM.

Kaxxaplil 13 3THX MOAXOAOB UMEET CBOM HelocTaTKH. Ha MoIT B3Isin, MBI HE MOXKEM M HE OJIKHBI
orpaHn4mMBaThca B Slce omHMM moaxomoMm. B mio0oi cucteme MOryT OBITH pa3HblE YacTH, AJIS OJHUX
KPUTUYHBIM OyZET OTCYTCTBHUE 3aJePKEK, IS APYTUX YA0OCTBO MPOrpaMMHUPOBAHUS, U TaK Aajee.

[Tosromy mobaBumM TpeboBaHueE:

e B03MOXHOCTb BBIOOpPA YIIPABICHUE NAMSTHIO HA HEKOTOPBIX WIIH BCEX IIEPEUHCICHHBIX YPOBHAX:

O  IPOrpaMMHOI CUCTEMBI,
O  KOMITOHEHTHI,
O KOHTeiHepa (CTPYKTYpHI JaHHBIX).
e BO0O3MOXHOCTH HCITOJIb30BAaHUS 0OBEKTOB M3 00JIACTEH MaMATH C pa3HBIMHU YIIPABICHUEM.

s obecnieueHHs 3TUX BO3MOXKHOCTEH, Hajo AyMmMarb 00 orpaHu4YeHMsX Ha ccbuiku (reference
capabilities). Cm. HanipuMmep, orpaHndenus B s3bikax Pony [5] u Verona [6].

CaMbIM HUHTCPECCHBIM JJIA Sc moAXoA0M SABJACTCA YIIPABJICHUEC IMaMATBIO BO BPEMA KOMITWIALWU,
OCHOBHOM Ip00JIEMOH 3/1€Ch SIBIISAETCS HAKJIAAbIBAEMbIC OTPAHUYEHUS, KOTOPBIE MOTYT CYILIECTBEHHO CHU3HUTh
TrMOKOCTh, MOIIIHOCTB SI3bIKa M YA00CTBO IIPOTPAMMHUPOBAHUS, a TAKXKE CIIEJIaTh IPOOIEMaTHIHON pa3ieIbHYIO
kommusinuio. OQUH U3 BapUaHTOB, KOTOpBIE ceifuac obcyxkmaeTcs Ha paboueil rpymie 1mo ynpaBiIeHUIo
NaMAThIO, 3TO IBYXYPOBHEBBII MOJAXOJ C MEHBIIMMH OTPaHHMYCHHUSMH U OOJbIIEH TMOKOCTHIO Ha ypOBHE
KOMITOHEHTH! (HMKHUK YPOBEHB), M CO CTPOTUM OIPAaHMYCHHUSMH Ha B3aUMOAEHCTBHE KOMIIOHEHT (BEpXHUN
YPOBEHB).

Mapannenuam

Eme oquH KIFOYEBOI MYyHKT, HApALY C yrpaBlieHHeM namsathio. OueBuaHO, 4To B SIc HamO JAymarh
Oomplie O KOHKYPEHTHOCTH (concurrency), 4eM O mNapaielbHoil o0paboTke maHHbIX (parallelism). K
COXaJICHHUIO, MMOAXOASAIIETO PyCCKOTO TEPMUHA AJISl CONCUrrency st He 3Halo.

CambIM 0€30MacHBIM ITOJIXO0M BBIMJIAJUT aKTOPHAs MOJENb WM MOJAEND C AKTUBHBIMH OOBEKTaMHU.
Hampumep, B s3bike Pony, MOCTPOEHHOM Ha 3TOM MOJENH, TAPAaHTUPOBAHO BBINOIHEHUE CIEAYIOLIUE
CBOICTB:

e OrcyrtcTBre TOHOK nmamsTH (data races)

e OrtcyrcrBue Tynukos (deadlocks)

Ho B fIc Hago nymaTh UM O pacmnpefesieHHd MPOLECCOB WM MOTOKOB Ha SApa MpoLEeccopa, a 3TO
CYIIIECTBEHHO 0ojiee HU3KUU M OMAaCHBIA ypoBeHb. Kak TOTBKO MBI TOBOPHUM 00 OJHOBPEMEHHOM JIOCTYIE K
JAHHBIX, MBI BBIXOAUM Ha YPOBEHb MOHUTOPOB, CEMa(OPOB M MBIOTEKCOB U TEPSIeM T'apaHTHH.

JocTatoyHo 1 HaM B SI3bIKE MOAJCPKKH aKTHBHBIX O0BEKTOB, HE TPEOYIOUINX OJIOKMPOBKH, a Oojee
HU3KOYPOBHEBBIC M OTIACHBIC KOHCTPYKIIMH TOJDKHBI OBITH B s13bIke SIc-HB? S He 3Haro.

Y MEHSI HET rOTOBBIX OTBETOB, IIPE/IIOJIAral0, YTO IMyCTh K MapajuIeIn3My JICKUT Yyepe3 MOHITHS
e Hewmsmensemocts (immutability),

e Brnanenwus (ownership) B cmpiciax Rust [7] m Argentum [8],

e He Gnokupyromux konteliHepax (lock-free),

e 3omsauuu B cmbiciax Pony [5] u Dart [9],

C UCTIOJIE30BaHNEM METOIOB (POPMAITEHOTO JJOKA3aTEeIbCTRA.

CeMencTBO A3bIKOB

I'oBoOpst 00 s13pIKE CUCTEMHOTO IIPOTPAMMHUPOBAHUS HEJb3s1 3a0bIBaTh O TOM, YTO B 3TOM SI3bIKE JOJKECH
OBITh CYIIECTBEHHBIN CIBUT B CTOPOHY 0€301acHOCTH U 3((EKTUBHOCTH, U3 4ero 0€3yCI0BHO CIeIYyI0T Ooliee
BBICOKHME TpeOOBaHuUs K pa3paboTUMKaM, U YMEHbLICHHUE MPOAYKTHBHOCTH TeX pa3padOTUYMKOB, KOTOPHIE HE
JOTSATUBAIOT 10 HYXKHOTO YPOBHS.

W3 3Toro, B CBOIO 0OUEpEh CIEAYET TO, UTO IS Pa3pabOTKH MPHIIOKEHUH, TOMKHBI OBITH JPYTHE A3BIKH.



OueHb KenaTeabHo, 51 OBl cKa3al, HeOOXOUMO, YTOOBI 3TH SI3BIKK OBIIIM COBMECTUMBI C SIc, MUHHUMHU3UPYS
npo0OJIeMbl B3aHMOICHCTBHSI.

HaHpHMep, €CTCCTBCHHLIM U BBIT'OJJHBIM PCHICHUEM SBJISACTCA pa3pa60TI<a Ha SIc cucrteMbl MMOAACPIKKHU
BBITIOJIHEHUS (runtime) Jist sI3bIKa IPUIIOKEHUN. OTCYTCTBHE JIMIITHUX 0aphepoB, OTCYTCTBUE HEOOXOIUMOCTH
KOHBEpPTAlMK TIPH Tepeaadye JaHHBIX OT OJHOTO sI3bIKa K JPYyroMy, yaoO0CTBO pa3pabOTKM THOPHIHBIX
OPUIOKEHHH — 3TO OYeHb CYMIECTBEHHOEC JBW)KCHHE B CTOPOHY YBEJIHYEHHS TPOIYKTHBHOCTH
pa3pabOTYNKOB MPUIIOKCHUH.

U3 BCcero 3Toro cieayet, 4To pa3padbarsiBas SIc MbI TOJDKHBI AyMaTh O pa3pabOTKe CeMEHCTBA A3bIKOB,
COCTOSIIIIEM M3 HECKOJIBKHUX SI3BIKOB JIJIS Pa3HBIX MPEIMETHBIX 00aacTell. OLeHUBast PEIUIOKECHUSI, B TIEPBYIO
oyepeab, 1o TUIIOBOH CHUCTEMC, YIIPABJICHUIO MMaMATBIO U MMapauICIIU3MYy B Slc MBI OOJIKHBI IyMaTb U O TOM,
KaK 3TO OTPa3UTCS Ha JAPYTHX SI3BIKAX CEMEHCTBA.

HabnwpaemocTb

[Non Ha®M0A2€MOCTBIO 51 TOHUMAIO BO3MOXKHOCTh BUJICTh (BU3yalIM3UPOBATh) PEIICHUS U MPOLIECCHI.
Hanpumep, eciu KOMIUIATOP JAENaeT HEUTO aHAIOTHYHOE CO3JaHUI0 MHTepdeiica mo o0bekty B Go wiu
nepedpackeiBacT CTPYKTYPY JaHHBIX O cTeka B Kydy (Go escape analysis [10]), To y pa3paboTanka qoiKHA
OBITH BO3MOXHOCTbH IMOJIYYHUTh CIIMCOK BCEX MECT B KOTOPBIX TaKOe MpeoOpa3oBaHue IPUMEHEHO.

A ecim B cucTeMe M3MEHMJIACh WIHM J00aBWIACH HOBas KOMIIOHEHTa, TO JOJDKHA OBITH TpocTas
BO3MOXXHOCTh BO BPEMsI HCIIOJTHEHHsI BKJIFOUUTh 3aMKCh (IIPOTOKOIMPOBAHKE) BCEX B3AMMOJICHCTBUI C ATOI
KOMIIOHEHTOH. 3amedy, Takas BO3MOXKHOCTh JIOJDKHA OBITh peajn30BaHa B HMHCTPYMEHTaX M Cpele
BBITIOJTHEHUS ¥ HE TPe0OBaTh OT Pa3pa0d0TUYHMKa BCTABKH BBI30BOB IS TPOTOKOIMPOBAHUS.

Pa3pabatbiBast sI3bIK U MHCTPYMEHTHI HaM HAJIO MEPEUYHCIUTh MECTa HESIBHBIX MPeoOpa3oBaHUN WITH
B3aUMOJICHCTBHNA U JyMaTh O BO3MOXKHOCTE CIEJIATh UX HAOIIOJaeMBbIMH.

MHdopmaumMoHHaa 6e30nacHOCTb

C TouKH 3peHHS SA3bIKa BCE OUYEBUIHO: B SI3bIKE HE JIOJDKHO OBITH yS3BUMOCTEN. EMMHCTBEHHBIH crI0c00
JOOHTHCS 3TOTO, 3TO BKIIOYUTH CIIEIHATIMCTOB HYKHOTO MPO(MUIISL B COCTAaB IPYMITBI Pa3pabOTYMKOB S3bIKA U
UCIIOJIb30BaTh (hOpMajIbHbBIE METOMBI AJIS 1OKAa3aTeNbCTBA BCET0, YTO MOKHO JI0Ka3aTh.

be3onacHOCTh HHCTPYMEHTOB — 3TO OOJIbLIas TEMa, 0 KOTOPOH HaZ0 TOBOPUTH OTIIEJIBHO.

3anpeTbl

Kpome TpeboBanmii Buma “Hamo” W ‘“KeJaTrelabHO”, MOJKHBI OBITH TPeOOBaHMWS, 3ampelIaroIine
JIO0aBIsATh B SA3BIK ONpEAETCHHbIE KOHCTPYKIHMH. DTO COKpallaeT MPOCTPAHCTBO PEIleHHH W YMpPOIIAeT
pa3paboTKy.

BoT MOi#i THYHBIN CITUCOK “Tak HE TOJKHO OBITH
Makpochl: kKak MUHEMYM B cTiiie C, a MOXKeT U JTro0bIe,

SIBHBIE yKa3aTenH,

YHuumpoBanHas cucTeMa THIIOB,

MHoKeCTBEeHHOE HaCJICTIOBaHNE,

Ileperpy3ka omepaTopoB, pa3Be YTO KpOME CTPOTO JIOKAJIW30BAaHHOIO W KOHTPOJIMPYEMOIO
WCTIOJIb30BaHMS,

HesBHbIi uMmnopr,

HexBanupuuupoBaHHbIH UMIIOPT,

Crupanue THIoB (type erasure),

HesBras mogmena TumoB (smart cast).

Jna kaxaoro mMyHKTa y MEHS €cTh 0OOCHOBaHHE, KOTOpOE s 3/1eCh Omymry. EcTecTBeHHO, 4TO 3TO
YepHOBBIE TPeOOBaHUS, KOTOPBIE CTOMT 00CYKIATh.

3aknroyeHue

Ota craThs ompenenseT 4yepHoBoil Habop TpeboBanusa k Slc. Cnenyromuii 3Tan paboThl: KPUTHKA,
o0cyXIeHne, CTPYKTYpH3alus U IPUOPUTH3AIH Habopa TpeOOBaHHIA.
4 co3HaTenbHO HE 3aTPOHYJ YacTh TPeOOBaHUI, KOTOpasl KacaeTcsi KOHTPOJIS SA3bIKa U HHCTPYMEHTOB.
g MeHst 04eBUIHO, UTO
®  MBbI IOJDKHBI COYETaTh OTKPBITYIO Pa3pabOTKy € )KECTKUM KOHTPOJIEM U3MEHEHHUH;
e [lucaTh MCXOAHBIE TEKCTHI, TOKYMEHTAIMIO, CTaThH HA PYCCKOM S3bIKE, IyOJMKOBAaTh TOJBKO B
PYCCKHX M3/1aHUSX;



e XpaHWUTh HH(OPMAILIHMIO HA CEPBEPAX BHYTPH CTPAHbI.

OcTabpHOE JOIKHO OBITH BEIPA0OOTaHO B COTPYIHUYECTBE ¢ MpodeccuoHanaMu B 3Toi obiacti. U Mbl
HE JOJDKHBI 3a0BIBaTh IMPO TOJE3HBI YpOK, KOTOpbI man Ham Jluryc TopBaibic, BBIKHHYB PyCCKHX
pa3paboTunkoB u3 siapa JluHyKca.

Eme onHa yacte TpeOOBaHMI, KOTOpasi OCTaBJICHa 3a MpelesiaMH CTaThH, 3TO Ou3Hec TpeboBanus. O
HHUX HET CMbICJIa TOBOPHUTH A0 T€X IOp, II0Ka MJIET HHULUATUBHAS pa3paboTKa.
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Abstract

The article is the final in a series of articles describing the design of the Trivil programming language
and its implementation. In previous articles, we talked about the development of the language itself. This
article is about the implementation of the language. It examines the architecture of compilers, the course of
development, and the impact of solutions on the complexity and speed of development. The article also
describes the scope of the language.

A country's sovereignty is not complete if a country does not make or own operating systems, databases,
and control systems, as well as the tools for developing these systems. Programming languages and compilers
are key development tools. The article lists the basic requirements for a modern system programming
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